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Dynamic of Composition and
Diversity of Gut Microbiota in
Triatoma rubrofasciata in Different
Developmental Stages and
Environmental Conditions

Yue Hu""?%", Hanguo Xie*', Minzhao Gao’, Ping Huang >3, Hongli Zhou ", Yubin Ma™?,
Minyu Zhou "3, Jinying Liang "%, Jun Yang?* and Zhiyue Lv"%%*

" Joint Program of Pathobiology, Fifth Affilated Hospital, Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou,
China, 2 Key Laboratory of Tropical Translational Medicine of Ministry of Education, Hainan Medical University, Haikou, China,
3 Key Laboratory of Tropical Disease Control (Sun Yat-sen University), Ministry of Education, Guangzhou, China, 4 Provincial
Key Laboratory of Zoonosis Research, Fujian Center for Disease Control and Prevention, Fuzhou, China

Triatoma rubrofasciata (T. rubrofasciata), one kind of triatomine insects, is the vector of
Trypanosoma cruzi (T. cruzi), which lead to American trypanosomiasis. Although the gut
microbiome may play an essential role in the development and susceptibility of triatomine,
there is limited research on the gut microbiota of T. rubrofasciata. To elucidate the effect of
the vector’s developmental stages and environmental conditions on the gut microbiome,
we employed 76S rRNA gene sequencing to profile the gut bacterial community diversity
and composition of T. rubrofasciata. Significant shifts were observed in the overall gut
microbe diversity and composition across the development of T. rubrofasciata and
specific bacteria were detected in different stages. Serratia and Burkholderia-
Caballeronia-Paraburkholderia were dominant in the 15' nymphal stage, while the
abundance of Staphylococcus was low in the 1% nymphal stage. Oceanicaulis were
undetectable in the adult stage and Odoribacter peaked in the 2" nymphal stage.
Moreover, Staphylococcus was correlated negatively with Serratia. Likewise, the total gut
microbiota diversity and composition of T. rubrofasciata differentiated significantly by
environmental conditions. The ingestion of a bloodmeal increased alpha diversity of gut
bacterial communities, and Staphylococcus was more abundant in laboratory-reared
bugs whereas Enterococcus enriched in wild-caught bugs. Furthermore, Pantoea was
negatively correlated with Staphylococcus, and positively related to Bacillus only. The
phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSHt) algorithm showed obvious metagenomic functional differences by
environmental conditions, and Chagas disease relevant pathway was enriched in wild-
caught T. rubrofasciata.

Keywords: Triatoma rubrofasciata, gut microbiota, developmental stages, environmental conditions, 76S rRNA
gene sequencing
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Hu et al.

Gut microbiota in Triatoma rubrofasciata

INTRODUCTION

American trypanosomiasis, also named Chagas disease, is a
vector-borne disease for which the causative agent is the
protozoan parasite Trypanosoma cruzi (T. cruzi), which is
mainly transmitted by triatomines. Chagas disease is also one
of the chronic, systemic and neglected tropical diseases
(NTDs); with 8 million people infected worldwide, mostly in
Latin America, at least 70 million people are at risk of
contagion (Gourbieére et al., 2012; Orantes et al., 2018;
WHO, 2020). Chagas disease had been commonly recorded
in Latin American and Caribbean (LAC) region in the past
decades, however, it is being increasingly reported as an
emerging infectious disease in North America, Europe and
the Indo-Pacific region because of the frequent international
migration of population and global invasion of the widespread
kissing-bug (Hotez et al., 2012; Dujardin et al., 2015).
Furthermore, Chagas disease ranks near the top in
terms of annual deaths and disability-adjusted life years
(DALYs) lost among all NTDs in the Americas because of
its highly debilitating chronic course with alteration of the
cardiovascular, digestive and nervous systems (Hotez et al,
2012; Sassera et al., 2013). Since a vaccine or effective
treatment for Chagas disease is still unavailable, adequate
prevention and control of the disease may be achieved by
control of the vectors.

Currently, triatomine insects are composed of 151 species that
are grouped into 17 genera and organized into 5 tribes, that is,
Aberproseniini, Bolboderini, Cavernicolini, Rhodiniini and
Triatomini (Galvdao and Justi, 2015; Vieira et al.,, 2018). Most
triatomine species occur in the Americas, while six species
belonging to the genus Linshcosteus are found in India;
moreover, the species of the genus Triatoma are distributed in
Africa, the Middle East, South-East Asia and the Western Pacific
(Vieira et al., 2018).

Triatoma is one of the most diverse genera, including the
species Triatoma rubrofasciata (T. rubrofasciata), which is
widespread throughout southern China, such as in
Guangdong, Guangxi, Hainan and Taiwan (Ibarra-Cerdena
et al,, 2009; Huang et al., 2018). T. rubrofasciata is a
domiciliated species with urban characteristics and exists in
close association with rodents that act as reservoirs of T. cruzi.
It is naturally infected by T. cruzi as well as Trypanosoma
conorrhini, which is pathogenic to Rattus rattus but not to
humans (Braga et al., 1998; Cortez and Gongalves, 1998). Due
to the wide distribution of T. rubrofasciata in South China, which
suggests the possibility of introduction and transmission of
Chagas disease in China, further study of this vector is
urgently required.

Triatomines are hemipteran (true) bugs and obligate
hematophagous insects with five nymphal stages before the
egg reaches adulthood (Gourbiére et al., 2012; Oliveira et al.,
2018; Vieira et al., 2018). Because both nymphs and adults feed
on the blood of vertebrates, so they may become infected and
are likely to transmit T. cruzi after they ingest blood from
infected mammalian hosts. Once the parasites arrive at the gut

of the triatomine, they multiply and are able to infect a new
host during a subsequent blood meal; they also come in contact
with the local gut microbiota and avoid detrimental
interactions with the microbiome to survive and develop
inside the bug gut (Azambuja et al., 2005; Gourbiere et al,,
2012; Oliveira et al., 2018).

Various studies of triatomine gut microbes have been
conducted, and to date, more than 57 species of cultivable
bacteria have been identified (Lima et al., 2018). Previous
studies have shown that the most common bacteria in eight
species of wild-caught and laboratory-reared triatomines were
Gram-negative rods (Azambuja et al., 2005). Interestingly,
bacteria of the genus Rhodococcus in the triatomine gut are
believed to play an important role in the metabolism of the
vector, such as by participating in the synthesis of group B
vitamins or by being digested by the bugs directly to provide
missing nutrients (Sassera et al., 2013). Moreover, the most
attractive aspect is the host-symbiont relationship between
triatomines and Rhodococcus; since Rhodococcus bacteria can
be easily cultured and genetically modified to harm the pathogen
in vector gut, they are probably suitable tools for the control of
trypanosomiasis (Sassera et al., 2013). Another study found that
the SM365 and RPH strains of Serratia marcescens, which is a
common symbiont of various triatomine species, exhibit
trypanolytic activity toward several T. cruzi strains (Azambuja
et al,, 2004).

However, previous studies of the triatomine gut microbiome
have been based mostly on the isolation and identification of
cultivable bacteria, did not reflect the relative abundances of
these species under natural conditions, and inevitably missed
many taxa that could not be cultivated (da Mota et al., 2012;
Oliveira et al., 2018). On the other hand, cultivation-independent
methods, such as high-throughput DNA sequencing, allow fast
and accurate description of bacterial diversity, especially for
uncultivable microbes, which are impossible to detect with
cultivation-dependent methods (da Mota et al., 2012; Oliveira
et al, 2018).

To date, 16S ribosomal RNA (rRNA) gene sequencing has
been applied in the characterization of the gut microbiota in
some triatomine species (Gumiel et al., 2015; Diaz et al., 2016;
Dumonteil et al., 2018; Oliveira et al., 2018; Orantes et al,,
2018; Rodriguez-Ruano et al., 2018); to the best of our
knowledge, the gut microbiome of T. rubrofasciata has not
yet been investigated. Hence, in this study, we applied
this technology to determine and compare the relative
abundance of both cultivable and uncultivable bacteria in
the gut of T. rubrofasciata from 1°" instar nymphs to adults
for the first time and tried to elucidate the potential
interactions between the vector and colonizing bacteria
during vector development. In addition, we used 16S rRNA
gene sequencing to examine the gut flora of wild-caught
and laboratory-reared T. rubrofasciata for the first time
to explore and compare the diversity and composition of
the gut microbes of triatomines and reveal the correlations
between environmental conditions and specific gut
microbiota profiles.
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MATERIALS AND METHODS
Bug Collection and DNA Extraction

The four wild adult triatomines used in this study were captured
in Huping village (E 117°38’, N 24°39’), Fengshan town, Hua’an
county, Zhangzhou city, Fujian province, China, by technicians
from the Fujian Center for Disease Control and Prevention,
China, in August 2017. A set of 45 randomly selected laboratory-
reared triatomines at each developmental stage (1 to 5™ instar
nymphs plus male and female adults) were reared from eggs of
local T. rubrofasciata caught in Huping village between July and
August 2017.

DNA extraction from the entire gut of individual bugs was
performed by using a QIAamp DNA Mini Kit (cat. no. 51306,
QIAGEN, Hilden, Germany) according to the manufacturer’s
protocols. The quality and quantity of the DNA were determined
by agarose gel electrophoresis and a Nanodrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA),
respectively. Then, the extracted DNA was partly diluted to a
concentration of 1 ng/uL and stored at -20°C until use.

Detection of T. rubrofasciata Feeding
Sources and T. cruzi Infection

To determine the feeding sources of wild-caught and laboratory-
reared adult triatomines, we used the primer set BM1/BM2
(Table 1) synthesized by Sangon Biotech (Shanghai, China) to
amplify the mitochondrial cytochrome b (cytb) gene of all
vertebrates. Polymerase chain reactions (PCRs) were performed
in a total volume of 50 UL containing approximately 30 ng of DNA
template, 1.1 x Golden Star T6 Super PCR Mix (Tsingke, China)
and 0.4 umol/L each primer. Sterile water was used as a negative
control to avoid contamination during PCR. Amplifications were
performed in a Bio-Rad PCR C1000 Touch instrument (Bio-Rad,
USA), with an initial denaturation at 98°C for 2 min, followed by
35 cycles of denaturation at 98°C for 10 s, annealing at 56°C for
30 s, and extension at 72°C for 15 s and a final extension at 72°C
for 3 min.

To determine the natural infection status of wild-caught
triatomines, the T. cruzi-specific TCZ1/TCZ2 nuclear satellite
repeat and Tc121/T'c122 minicircle fragment were amplified with
the primers listed in Table 1. The mixture and conditions used to
amplify these two targets were the same as those for cytb except
that the annealing temperature of the nuclear satellite repeat was
different and was set as 60°C.

All PCR products were observed by electrophoresis on 2%
agarose gels stained with ethidium bromide, and then the
products of all positive reactions were purified using an
Agarose Gel DNA Extraction Kit (Takara, Japan). Sequencing
reactions were performed using the primers listed in Table 1 in
an Automated DNA Analyzer (ABI 3730XL, Applied Biosystems,
Foster City, CA, USA) with the BigDye Terminator v3.1 Cycle
Sequencing Kit (cat. no. 4337457, Applied Biosystems, Foster City,
CA, USA) by Tsingke Biotechnology Ltd., Co. (Guangzhou,
China). Then, the sequences were submitted to the GenBank
database for homology searches using BLAST".

"http://blast.ncbi.nlm.nih.gov/Blast.cgi

16S rBRNA Gene Ampilification, Library
Construction, and Next-Generation
Sequencing

The V3-V4 variable regions of the 165 rRNA gene were amplified
with the primers 343F (5-TACGGRAGGCAGCAG-3’) and
798R (5-AGGGTATCTAATCCT-3’) in combination with the
barcoded primers and Takara Ex Taq DNA polymerase (cat. no.
RR001Q, Takara, Japan), while the diluted DNA was used as a
template. The quality of the PCR amplicon products and the
relative intensity of the bands were determined by agarose gel
electrophoresis, and then, Agencourt AMPure XP beads (cat. no.
A63881, Beckman Coulter, Brea, CA, USA) were applied to
purify the amplicon, and another round of PCR was
subsequently performed. After purification with Agencourt
AMPure XP beads once again, the final amplicon was
quantified by a Qubit® dsDNA HS Assay Kit (cat. no. Q32852,
Life Technologies, Waltham, MA, USA). Purified amplicons
from each sample were pooled together in equal amounts for
next-generation sequencing on the Illumina MiSeq platform
following the manufacturer’s guidelines.

Quality Control of Sequencing Data and
Bacterial Classification

Raw sequencing data were obtained in FASTQ format. Paired-
end reads were then preprocessed with Trimmomatic software®
(Bolger et al., 2014) to detect and cut off ambiguous bases from
the N terminus. Low quality sequences with average quality
scores lower than 20 were also removed using the sliding window
trimming approach. Then, paired-end reads were assembled by
Fast Ligation-Based Automatable Solid-Phase High-Throughput
(FLASH) software (version 1.2.11) (Reyon et al, 2012). The
parameters for assembly were set as 10 base pairs (bp) of
minimum overlap, 200 bp of maximum overlap and 20%
maximum mismatch rate. Furthermore, reads with ambiguous,
homologous sequences and a total length of less than 200 bp
were abandoned, while reads with 75% bases above Q20 were
retained. Next, reads with chimeras were detected and removed
by Quantitative Insights Into Microbial Ecology (QIIME)
software (version 1.8.0) (Caporaso et al., 2010).

Clean reads were subjected to primer sequence removal and
clustering to generate operational taxonomic units (OTUs)
(Blaxter et al., 2005) using Vsearch software® (Rognes et al.,
2016) with a 97% sequence similarity cutoff (equal to the
bacterial species level). The representative read was chosen
from each OTU by selecting the most abundant sequence
using the QIIME package. All high-quality representative
sequences were annotated and blasted against the Silva
database (version 123) on the basis of the Ribosomal Database
Project (RDP) classifier with the confidence threshold set as 70%
(Wang et al., 2007).

Sequences identified as DNA from non-bacterial sources,
such as chloroplasts, mitochondria, Archaea, and Eukarya, as
well as singletons, were filtered out. Then, the rarefied OTU table

*http://www.usadellab.org/cms/index.php?page=trimmomatic
*https://github.com/torognes/vsearch
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TABLE 1 | Primers used to amplify the specific genes in this study.

Gene target Primer Forward primer (5'—3’) Reverse primer (5’ —3') Expected length

name (bp)
Vertebrate mtDNA cytb BM1/BM2 CCCCTCAGAATGATATTTGTCCTCA (Boakye CCATCCAACATCTCAGCATGATGAAA (Boakye 358

et al., 1999) et al., 1999)

Trypanosoma cruzi NDNA TCZ1/ CGAGCTCTTGCCCACACGGGTGCT (Moser CCTCCAAGCAGCGGATAGTTCAGG (Moser 188
satellite repeat TCZ2 et al., 1989) et al., 1989)
Trypanosoma cruzi minicircle Tci121/ AAATAATGTACGGG(T/G)GAGATGCATGA GGTTCGATTGGGGTTGGTGTAATATA 330
kDNA Tc122 (Wincker et al., 1994) (Wincker et al., 1994)

was applied to illustrate the composition of the gut bacteria in
each bug and for further analysis.

Alpha Diversity and Beta Diversity
To estimate within-sample diversity, alpha diversity estimators,
such as the number of observed species, Chaol richness
estimator, Shannon-Wiener index, Good’s coverage estimator
and phylogenetic diversity index, were obtained by using
Mothur? (Schloss et al., 2009) for each individual. The number
of observed species indicated the number of OTUs that were
actually observed, while the Chaol richness estimator was used
to estimate the number of OTUs that were actually present in the
bacterial community. The Shannon-Wiener index reflected both
the richness and the evenness of species in the community; the
higher the value was, the higher the diversity of the community.
Sample coverage was revealed by the Good’s coverage estimator,
and the depth of sequencing substantially covered all the species
in the sample if the value was close to one. The phylogenetic
diversity index based on random sampling of OTUs indicated
the evolutionary distance relationship among OTUs; the higher
the value was, the greater the evolutionary distance of the species.
Beta diversity, that is, between-sample diversity, was then
monitored with principal coordinate analysis (PCoA) and
nonmetric multidimensional scaling (NMDS), two kinds of
ordination analyses, based on weighted UniFrac distance
metrics or Bray-Curtis distance metrics. Moreover, one-way
analysis of similarity (ANOSIM) was performed to assess
whether the differences among the groups identified by NMDS
were significant with 1,000 Monte Carlo permutation tests. In
addition, the relative levels of gut bacterial community dispersal
from each group were visualized by bar plots at both the phylum
level and the genus level.

Statistical Analysis

One-way analysis of variance (ANOVA) or Student’s ¢ test was
performed to distinguish differences in gut microbial
communities among multiple groups or between two groups,
respectively, and differences were considered statistically
significant at a p-value lower than 0.05. Linear discriminant
analysis (LDA) coupled with effect size (LEfSe) measurement’
(Segata et al., 2011) was applied to identify gut microbiome that
were distinct from different groups. To identify the key signature
gut flora of triatomines, a random forest (RF) classification
model was built to estimate the importance of the top 30

*http://www.mothur.org
®http://huttenhower.org/galaxy

dominant genera with the mean decrease gini, a measure
applied to rank each genus in the model. Finally, Spearman
correlation coefficients among the top 30 predominant bacterial
genera were calculated to demonstrate the relationships among
these genera. Unless otherwise stated, statistical analyses and
plotting were carried out using R software (version 3.5.1).

Functional Profile Prediction for Gut
Bacterial Communities

The functional profiles of gut bacterial communities were predicted
with Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt)® (Langille et al., 2013) on the basis
of 16S sequencing data annotated by the Greengenes reference
database’ (DeSantis et al., 2006). Then, the predicted functions in
combination with functional categorization were obtained by
mapping the normalized OTU data in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database®. The differences between
samples and groups were calculated by the Kruskal-Wallis (KW)
rank sum test and visualized by a heatmap in level 3 of
KEGG pathways.

RESULTS

Identification of Feeding Sources and
Natural Infection

Using the primer set BM1/BM2, we successfully amplified the cytb
gene of vertebrates from the digestive tract of laboratory-reared
adult triatomines, obtaining the characteristic 358-bp product, but
this amplification failed in wild-caught triatomines. The feeding
source of the laboratory-reared triatomines was identified as Mus
musculus, as the triatomines were fed on the blood of ICR mice in
our laboratory. Additionally, neither the T. cruzi-specific TCZ1/2
nuclear satellite repeat nor the Tc121/122 minicircle fragment was
amplified from the gut of wild-caught triatomines, which suggested
that the four bugs did not host T. cruzi.

Summary of High-Throughput Sequencing
Data

A total of 1,479,154 high-quality sequences were yielded using
16S rRNA gene amplicon sequencing from 49 extracted DNA
samples of the triatomine gut, with an average of 30,186 reads per

Shttp://picrust.github.com
”http://greengenes.lbl.gov
®http://www.genome.jp/kegg/pathway.html
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sample after quality and abundance filtering, and the average
sequence length was 438 bp. Among these reads, 1,765 OTUs
were identified at a sequence similarity threshold of 97%
(Supplementary Table 1). The high value of Good’s coverage
index in all the triatomine samples indicated that the sequencing
depth was sufficient for profiling of the bacterial communities
present (Supplementary Table 2).

Dynamic Alteration in the Gut Microbiota
Across T. rubrofasciata Developmental
Stages

First, alpha diversity estimators were used to reveal marked
differences in the richness and diversity of species in the
community during triatomine development. Statistically
significant differences were observed in the Chaol index,
Shannon-Wiener index, observed species and phylogenetic
diversity index among the bug development stages. All four of the
alpha diversity estimates increased in young nymphs (1*-3™ stages)
but decreased obviously from 4™ stage nymphs, reaching the lowest
value in nympbhs of the fifth instar; however, the value rebounded to
the highest value in adults, especially in the female adults (Figure 1,
KW test, p < 0.05 for all comparisons), which indicated that the gut
bacteria of T. rubrofasciata were affected by aging, and the gut

communities in adults were more rich and even than those at earlier
stages. Then, PCoA plots based on weighted UniFrac distances
demonstrated that the composition of the bug gut flora was related
to the development stage, with 65.12% and 18.07% variation
explained by principal component (PC) 1 and PC 2, respectively;
1¥ stage nymphs were distant from the other nymphs and adults,
and this result was mainly driven by the largest differences in the
abundances of Staphylococcus and Serratia between 1% stage
nymphs and the others (Figure 2A). Obvious separation of
nymphs of the first instar was also found in the NMDS plot on
the basis of Bray-Curtis dissimilarities; moreover, the separation of
1°-2" stage nymphs from older nymph stages and adults became
evident, although older nymph stages and adults seemed closely
related to each other, samples were still clustered according to
developmental stage (Figure 2B). The stress value of NMDS in
combination with the one-way ANOSIM results (R = 0.1822, p =
0.001) suggested that the grouping of NMDS was reliable. Overall,
diversity analyses indicated that the gut microbes of T. rubrofasciata
differ with age, in both the richness and evenness of the community
in the microbiota structure.

Subsequently, bar plots were generated based on the relative
abundances of the top 15 dominant gut bacteria at the phylum level
(Figure 3A) and the genus level (Figure 3B) in different groups to
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FIGURE 1 | Box plots of 76S rRNA gene sequences obtained from gut samples of T. rubrofasciata across developmental stages based on alpha diversity analyses.
Each column represents one group (N1, 15! stage nymphs; N2, ond stage nymphs; N3, 3 stage nymphs; N4, 4th stage nymphs; N5, 5th stage nymphs; F, female
adult; M, male adult). The top and bottom whiskers indicate the maximum and minimum values, respectively, and the hyphen represents the median value.
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observe the alteration in the gut microbiota composition during the
development of T. rubrofasciata. Meanwhile, one-way ANOVA was
performed to identify significantly altered gut bacterial phyla and
genera across the developmental stages. Firmicutes, Proteobacteria,
Bacteroidetes and Actinobacteria were the prevalent gut bacterial
phyla of the bugs, accounting for more than 95% of the average
relative abundances at different ages of T. rubrofasciata.
Among these phyla, the average abundances of Firmicutes,
Proteobacteria and Actinobacteria were altered significantly (p <
0.05, Supplementary Table 3). The average abundance of
Proteobacteria was the highest in the 1* nymphal stage, while the
average abundance of Firmicutes was the lowest. However, the
opposite result was obtained in the 3™ nymphal stage (Figures
4A, B). Furthermore, Actinobacteria, which was almost
undetectable in nymphs, increased markedly in adults, particularly
in male adults (Figure 4C). Moreover, Staphylococcus, Serratia,
Enterobacter, Burkholderia-Caballeronia-Paraburkholderia and
Bacteroides were the 5 most important gut bacterial genera in
triatomines (Figure 3B); nevertheless, the average relative
abundance of Staphylococcus was low in nymphs of the first
instar, whereas Serratia was significantly more abundant in 1¥
stage nymphs (Figures 5A, B, p < 0.05; see also Supplementary
Table 4). Interestingly, Burkholderia-Caballeronia-
Paraburkholderia, which showed the highest average abundance
in the 1% nymphal stage, as well as Oceanicaulis, was undetectable in
the adult stage (Figures 5C, D, p < 0.05; see also Supplementary
Table 4). Additionally, the average abundance of Odoribacter
peaked in the 2! nymphal stage (Figure 5E, p < 0.05; see also
Supplementary Table 4). Taken together, the results showed that
not only gut bacterial genera but also gut bacterial phyla changed
significantly across T. rubrofasciata developmental stages.

Next, LEfSe was applied to identify taxa from the phylum
to genus level that were distinct among the developmental
stages of triatomines. The cladogram in Figure 6 shows
that Burkholderia-Caballeronia-Paraburkholderia, a bacterium
from the class Gammaproteobacteria, phylum Proteobacteria,
was markedly enriched in the 1°* nymphal stage, while
Oceanicaulis and Altererythrobacter, bacteria belonging to the

class Alphaproteobacteria, phylum Proteobacteria, were
significantly associated with the 2"¢ nymphal stage.
Staphylococcus, within the phylum Firmicutes, was identified as
the key marker of the 3™ nymphal stage; because it showed
higher abundance in nymphs of the third instar than in other
stages. Similarly, Enterobacter, a member of the class
Gammaproteobacteria, phylum Proteobacteria, was linked to the
4™ nymphal stage due to its highest average abundance in that
stage. Bacteroides, in addition to some members from the order
Clostridiales, phylum Firmicutes, was the significant bacterial
genus related to the adult stage. Nevertheless, no discriminative
gut microbiome was found in the 5™ nymphal stage.

Finally, the correlation analysis results for the top 30 dominant
bacterial genera were plotted (Figure 7). Notably, a majority of the
bacteria were significantly positively related to each other, which
revealed a symbiotic relationship of the gut microbiota in T.
rubrofasciata. Even so, most negative correlations were found
between the 5 most abundant gut bacteria and the remaining
bacteria; most importantly, Staphylococcus was negatively
correlated with Serratia (p < 0.001).

Comparison of the Gut Microbiota in Wild-
Caught and Laboratory-Reared T.
rubrofasciata

Based on the boxplot of Chaol, observed species and
phylogenetic diversity, we found that the alpha diversity of
wild-caught T. rubrofasciata was significantly lower than that
of laboratory-reared T. rubrofasciata (Figures 8A-C, KW test,
p < 0.05 for all comparisons); because the wild-caught
triatomines had not ingested a blood meal before we captured
them. In addition, differences in gut bacterial communities
between wild-caught and laboratory-reared insects were
visualized by a three-dimensional PCoA plot on the basis of
weighted UniFrac distances. A clear separation was observed
between the gut microbiome of wild-caught and laboratory-
reared insects, with all three variables together explaining
95.92% of the total variance (Figure 8D).
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FIGURE 4 | Relative abundances of the significantly altered 15 most important gut phyla across developmental stages of T. rubrofasciata. Each column represents
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FIGURE 7 | Correlation plot showing the relationship among the top 30 predominant gut bacteria across developmental stages of T. rubrofasciata. The correlations
between the bacteria are indicated by colors; blue indicates positive correlation, while red indicates negative correlation, with a darker color indicating a stronger

Alterations in the gut flora were determined based on the
relative proportions of different taxa, with a sharp reduction in
the relative abundance of Proteobacteria (p < 0.05) and an increase
in the abundance of Firmicutes, but the difference between
laboratory-reared bugs and wild-caught bugs at the phylum level
was not significant (Figure 9A; see also Supplementary Table 5).
At the genus level, significant differences in bacterial abundances of
the 15 most important genera were observed only in
Staphylococcus and Enterococcus. The former was more abundant
in laboratory-reared bugs than in wild-caught bugs, while the latter
was relatively highly enriched in wild-caught bugs (Figure 9B, p <
0.05; see also Supplementary Table 6).

LEfSe identified 20 biomarkers, of which Pantoea, belonging to
the phylum Proteobacteria, was markedly associated with wild-
caught insects because of its absence in laboratory-reared insects,

whereas Staphylococcus, within Firmicutes phylum, was closely
linked with laboratory-reared insects (Figure 10). To establish a
prediction model to distinguish laboratory-reared triatomines from
wild-caught triatomines according to the abundance of genera as
measured in the gut, we applied machine learning combined with
RF analysis. The results demonstrated that the genera Pantoea and
Lactobacillus were the variables with the highest importance in the
model, which indicated that these two taxa had the strongest
prediction power (Figure 11).

Using the calculated Spearman correlation coefficients for the
top 30 dominant gut microbes at the genus level, we observed
both positive and negative correlations among these microbes,
with the former being more common (Figure 12). Interestingly,
Pantoea was negatively correlated with Staphylococcus and other
taxa and positively related to Bacillus only (p > 0.05).
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In addition, to predict the functional differences in the gut
bacterial community between laboratory-reared and wild-caught
T. rubrofasciata, a hierarchical clustering heat map was plotted by
utilizing the PICRUSt algorithm to map the KEGG pathways
(Supplementary Figure 1). The results demonstrated that
pathways associated with metabolism of amino acids (D-arginine
and D-ornithine metabolism, ko00472), metabolism of lipids
(primary bile acid biosynthesis, ko00120; and secondary bile acid
biosynthesis, ko00121), metabolism of terpenoids and polyketides
(carotenoid biosynthesis, ko00906) and infectious disease
(Staphylococcus aureus infection, ko05150) were upregulated in
laboratory-reared triatomines (p < 0.05). In contrast, pathways
such as those associated with glycan biosynthesis and metabolism
(N-glycan biosynthesis, ko00510; glycosphingolipid biosynthesis -
ganglio series, ko00604; and lipopolysaccharide biosynthesis,
ko00540), carbohydrate metabolism (starch and sucrose
metabolism, ko00500; and ascorbate and aldarate metabolism,
ko00053), amino acid metabolism (glutathione metabolism,

ko00480), lipid metabolism (alpha-linolenic acid metabolism,
ko00592), terpenoid and polyketide metabolism (biosynthesis of
siderophore group nonribosomal peptides, ko01053), the immune
system (RIG-I-like receptor signaling pathway, ko04622; antigen
processing and presentation, ko04612; and NOD-like receptor
signaling pathway, ko04621), cell motility (flagellar assembly,
ko02040; and bacterial chemotaxis, ko02030), membrane
transport (bacterial secretion system, ko03070), and infectious
disease (Chagas disease, ko05142; and African trypanosomiasis,
ko05143) were enriched in wild-caught triatomines (p < 0.05).

DISCUSSION

Based on the adaptation of triatomines to human dwellings,
these insects have traditionally been classified into four
categories: sylvatic species, intrusive species, domiciliary species
and domestic species (Carbajal-de-la-Fuente et al., 2019).
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T. rubrofasciata, as one kind of domiciliary species, has recently
been frequently captured in human houses or near living areas in
southern China (Liu et al., 2017; Huang et al., 2018; Hu et al,,
2019; Shi et al., 2020), and residents who were reportedly bitten
by this insect showed some clinical symptoms, including an
urticaria-like systemic skin response or anaphylactic shock

(Huang et al., 2018; Shi et al., 2020). Although T. cruzi has not
been detected in wild-caught T. rubrofasciata in China to date,
increased attention should be paid to the prevention and control
of this vector due to the living habit of T. rubrofasciata. In
addition, the feeding sources of wild-caught T. rubrofasciata
were not identified in the present study, possibly because the
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triatomines that we caught were starved at that time, so there was
limited blood in their guts, making it difficult to extract DNA and
perform PCRs. Therefore, we could not draw the conclusion that
these wild-caught triatomines did not ingest blood meals,
because they have high resistance to starvation, and the
volume of blood ingested by adults was proportionally lower
than that ingested by nymphs (Cortéz and Gongalves, 1998;
Orantes et al., 2018; Hieu et al., 2019).

In this study, we demonstrated continuous dramatic changes in
the gut microbes of T. rubrofasciata during development with 16S
rRNA sequencing. Diversity analyses revealed a relative increase in
alpha diversity, whereas a relative reduction in beta diversity was
observed during bug development, which indicated that the
composition of the gut microbiota in T. rubrofasciata became

T
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FIGURE 11 | Random forest model classifying laboratory-reared and wild-caught T. rubrofasciata at the genus level. The importance levels are represented by the
data for the mean decrease gini. Various bacterial genera are indicated by corresponding colors.

increasingly similar with age, which is consistent with a previous
study of Triatoma sordida (T. sordida) (Oliveira et al, 2018).
Notably, the triatomines that we used for this part of the study
were laboratory reared. Although the environmental conditions
during feeding, such as temperature, humidity and blood meal
sources, were all the same, the differences in the gut microbiome
across developmental stages were still distinct, which indicated that
some significant microbes were tightly linked to the development
and growth of T. rubrofasciata, such as maturation of the immune
system, selection of specific bacterial taxa, supplementation of
nutrient or digestion (Oliveira et al., 2018).

The predominant phylum among the gut microbes of T.
rubrofasciata was Firmicutes, which was consistent with the
bacterial community in the salivary glands of Rhodnius prolixus
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(R. prolixus) (Lima et al., 2018). In addition, the abundance of this
phylum increased markedly after the 1" nymphal stage, and the
same phenomenon was also observed in T. sordida (Oliveira et al.,
2018). Conversely, the phylum Proteobacteria, which had the
highest relative abundance in the salivary glands of Triatoma
brasiliensis, Triatoma infestans (T. infestans), Triatoma rubrovaria
and Rhodnius milesi (Lima et al., 2018), as well as in the gut of
Triatoma maculata and Rhodnius pallescens (Montoya-Porras et al.,
2018; Kieran et al., 2019), was highly depleted upon reaching the 2™
nympbhal stage of T. rubrofasciata, this result was opposite to that for
T. sordida (Oliveira et al., 2018). Furthermore, the variance in gut
bacteria between T. rubrofasciata and T. sordida was also reflected
in the abundance of the phylum Actinobacteria, which increased

significantly through the development of the former. The gut
microbes found in different triatomines form a symbiotic
relationship, and the presence of symbiotic organisms can affect
the development and survival of both hosts and parasites (Garcia
et al,, 2010; de Fuentes-Vicente et al., 2018; Salcedo-Porras and
Lowenberger, 2019). Among these symbionts, Actinobacteria can
provide B complex vitamins, extracellular enzymes, secondary
metabolites and antimicrobial bioactive compounds to the host,
while Proteobacteria can inhibit the growth of pathogens
transmitted by insect vectors (Gumiel et al., 2015; Oliveira et al,
2018). In addition, the results of LEfSe demonstrated that
Proteobacteria was the main biomarker in the nymphal stage of
T. rubrofasciata, whereas Firmicutes that produce antimicrobial
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molecules including polyketides and lipopeptides (Aleti et al., 2015)
became dominant in the adult stage. Thus, further studies of the
complex and dynamic gut microbes may be helpful in finding their
potential effects on the host fitness.

Previous studies of the gut bacteria in Triatoma dimidiata
showed that Staphylococcus was identified as the main bacterial
genus (Dumonteil et al,, 2018), and it was common to all the
developmental stages of T. sordida but without obvious differences
in abundance (Oliveira et al., 2018); however, our study found that
Staphylococcus had a high relative abundance from the 1%
nymphal stage onwards. Interestingly, its abundance was
associated with that of Serratia. Moreover, Serratia and
Enterobacter were prevalent in the gut microbiome of T.
rubrofasciata, and the result is consistent with that of a prior
study of triatomines, including T. infestans, Triatoma
pseudomaculata, Panstrongylus megistus, and R. prolixus
(Azambuja et al., 2004). Both Serratia and Enterobacter are
members of the family Enterobacteriaceae, which appears
frequently in insect vectors, particularly in those whose diets are
restricted to a few food sources, and Enterobacteriaceae may play
an important role in host fitness by resisting pathogenic microbes.
Some members of Enterobacteriaceae are able to kill closely related
bacteria to reduce competition for essential nutrients (da Mota
et al,, 2012; da Mota et al,, 2018; Montoya-Porras et al., 2018).
Nevertheless, various studies have focused on Serratia because it is
thought to decrease the population of T. cruzi by attacking the
parasite’s membrane to impede the establishment of this pathogen
(Flores-Villegas et al., 2015). The trypanocidal activity of Serratia
was reported only under in vitro conditions, and its protective
effect, preventing colonization by T. cruzi in vivo, was not distinct.
It was hypothesized that the expression of bacterial cytotoxic genes
varied among specific regions of the digestive tract (Gumiel et al.,
2015; da Mota et al., 2018). Moreover, the diversity of Serratia
species defines the influence of this genus on the pathogen or the
host. While Serratia Y1 has the ability to inhibit the development
of Plasmodium berghei in Anopheles by activating the mosquito
immune system, Serratia odorifera enhances the susceptibility of
Aedes aegypti to DENV-2 infection, and Serratia marcescens is
pathogenic to honey bees (Raymann et al., 2018; Bai et al., 2019;
Wu et al., 2019). Our results revealed that Serratia was enriched in
1™ stage nymphs, and as we could not artificially infect T.
rubrofasciata with T. cruzi, the relationship between Serratia
and T. cruzi in vivo was not clear. Likewise, Enterobacter was
the common bacterium in the gut of Aedes, Anopheles, and Culex,
and it could inhibit invasion by and the development of
Plasmodium falciparum via the generation of reactive oxygen
species (ROS) in Anopheles (Cirimotich et al.,, 2011;
Jayakrishnan et al., 2018), but its impact on T. cruzi has not yet
been studied. The abundance of Enterobacter in T. rubrofasciata
did not change significantly, which suggested that this bacterium
may play a vital role in the biology of the vector or in the
transmission of pathogens. Enterobacter species have shown
strong hemolytic activity and are capable of performing red
blood cell lysis to accelerate blood meal digestion (Muturi et al.,
2019). More importantly, the potential of Enterobacter and
Serratia in the paratransgenic control of malaria has been

reported widely (Eappen et al., 2013; Koosha et al., 2019a;
Koosha et al., 2019b).

In other instances, diversity analyses between wild-caught
and laboratory-reared T. rubrofasciata suggested that the gut
bacterial populations increased dramatically in the latter,
contributing to the ingested blood meal. Previous researches
have shown that after blood ingestion, the number of gut bacteria
increased rapidly, probably due to the richness of iron and
protein in the blood meal (Azambuja et al., 2004; Castro et al.,
2012). Hence, the restriction of blood feeding may contribute to
the low diversity in the gut microbiota of wild-caught triatomines
(Gumiel et al., 2015). Similarly, the PCoA plot suggested that
the alterations in bacterial communities were also influenced by
the bloodmeal of T. rubrofasciata, which was explained by the
most significant phylum Proteobacteria, with the majority of
these bacteria belonging to the class Gammaproteobacteria,
while the differentiating genus was Staphylococcus, followed
by Enterococcus, members of the class Bacilli, and the
phylum Firmicutes.

Under laboratory conditions, Staphylococcus demonstrated a
stronger colonization capacity in the gut of T. rubrofasciata than
other natural bacteria, such as Pantoea, but the opposite result
was detected in the gut flora of Aedes albopictus and Culex
quinquefasciatus (Gazzoni Aratijo Gongalves et al., 2019). One of
the possible reasons is that our wild-caught triatomines had not
ingested blood. For the same reason, Serratia was not detected in
the gut flora of field-caught T. rubrofasciata. Because
Staphylococcus is a common constituent of the natural skin
flora of animals, it would proliferate rapidly in the guts of
triatomines after a blood meal. Notably, Staphylococcus is also
an opportunistic pathogen; once people are bitten by
T. rubrofasciata, secondary bacterial infection occurs, since the
vector that transports pathogenic microbes could facilitate
colonization by and multiplication of opportunistic invaders by
providing an ideal environment. An analogous situation was
observed in canid species infected with Sarcoptes scabiei mites
(DeCandia et al., 2019). Therefore, based on the functional
profile of gut bacterial communities predicted by the PICRUSt
algorithm, we should pay more attention to the potential of
interspecies transmission of the microbiota.

Under natural conditions, Pantoea and Bacillus were the
dominant genera in the gut of T. rubrofasciata, which is
opposite to the result of a previous study of T. infestans
(Waltmann et al,, 2019), and interestingly, Pantoea was absent
in the gut bacteria of T. rubrofasciata. These phenomena
indicated that these genera can be strongly influenced by
environmental changes and the consequent immune responses
of triatomines. Moreover, Pantoea and Bacillus are common in
Anopheles as well as in natural and laboratory-reared sand flies;
these bacteria are able to regulate the immune responses of sand
fly larvae and could be used as paratransgenic tools against
malaria or leishmaniasis (Dinparast Djadid et al., 2011;
Akhoundi et al,, 2012; Heerman et al.,, 2015; Karimian et al,,
2019). Nevertheless, due to the limited number of natural
T. rubrofasciata analyzed in the present study, the variations in
the gut microbiome composition of wild populations across a
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wider geographic area and their correlation with T. cruzi
infection will require further investigation.

In summary, we profiled the gut microbiome alterations of T.
rubrofasciata across developmental stages, as well as its gut
microbiota succession, under natural and laboratory conditions.
Importantly, we observed significant differences in both the diversity
and composition of the gut microbes of T. rubrofasciata at different
ages and environmental statuses. The specific gut bacteria may be
modulated by feeding type and may have an effect on T. cruzi
infection; however, further exploration is essential for determining
whether the microbiota changes identified are causal and identifying
the important metabolic pathways of gut microbes using
metagenomics. Moreover, understanding the interactions among
vectors-T. cruzi-symbionts (including Serratia, Enterobacter,
Pantoea and Bacillus), along with understanding the biological
functions and potential antiparasitic activity in vivo of gut
symbionts might lead to the application of these bacteria in
paratransgenic control of American trypanosomiasis.

DATA AVAILABILITY STATEMENT

The sequencing data for the 16SrRNA gene have been deposited in the
NCBI Sequence Read Archive under project number PRINA645287.

AUTHOR CONTRIBUTIONS

ZL, JY, and HX conceived and designed the experiments. ZL,
YH, and HX drafted the manuscript. HX collected the samples.
YH and MG performed the experiments. YH, MG, and PH
collected and analyzed the data. HZ, YM, MZ, and JL
participated in study design, technological guidance, and
coordination. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (grant no. 81572023 and
81371836), the National Parasitic Resources Center of China
(grant no. NPRC-2019-194-30), Science and Technology

REFERENCES

Akhoundi, M., Bakhtiari, R., Guillard, T., Baghaei, A., Tolouei, R., Sereno, D., et al.
(2012). Diversity of the bacterial and fungal microflora from the midgut and
cuticle of phlebotomine sand flies collected in North-Western Iran. PloS One 7
(11), 50259. doi: 10.1371/journal.pone.0050259

Aleti, G., Sessitsch, A., and Brader, G. (2015). Genome mining: Prediction of
lipopeptides and polyketides from Bacillus and related Firmicutes. Comput.
Struct. Biotechnol. J. 13, 192-203. doi: 10.1016/j.csbj.2015.03.003

Azambuja, P., Feder, D., and Garcia, E. S. (2004). Isolation of Serratia marcescens
in the midgut of Rhodnius prolixus: impact on the establishment of the parasite
Trypanosoma cruzi in the vector. Exp. Parasitol. 107 (1-2), 89-96. doi: 10.1016/
j.exppara.2004.04.007

Planning Project of Guangdong Province (grant no.
2019B030316025), Natural Science Foundation of Guangdong
Province (grant no. 2019A1515011541), the National Key
Research and Development Program of China (grant no.
2016YFC1202000 and 2016YFC1200500), the Open
Foundation of Key Laboratory of Tropical Translational
Medicine of Ministry of Education, Hainan Medical University
(grant no. 2020TTM007), the 111 Project (grant no. B12003),
Teaching Reform Project of Guangdong Province (grant no.
2017001) and Construction of Fujian Provincial Scientific and
Technological Innovation Platform (2019Y2001).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2020.587708/
full#supplementary-material

SUPPLEMENTARY FIGURE 1 | Hierarchical clustering heatmap of PICRUSt
analysis with annotated 76S sequencing data demonstrates significant level 3
KEGG pathways between laboratory-reared and wild-caught T. rubrofasciata.
Samples are shown in columns, and KEGG pathways are shown in rows.

SUPPLEMENTARY TABLE 1 | OTU tables and taxonomic classifications of the
16S rRNA gene.

SUPPLEMENTARY TABLE 2 | Good’s coverage estimators of T. rubrofasciata
gut samples (N1, 15! stage nymphs; N2, 2" stage nymphs; N3, 3" stage nymphs;
N4, 4™ stage nymphs; N5, 51" stage nymphs; F, female adult; M, male adult).

SUPPLEMENTARY TABLE 3 | One-way ANOVA of relative abundances of gut
microbiome constituents across developmental stages of T. rubrofasciata at the
phylum level (N1, 15! stage nymphs; N2, 2™ stage nymphs; N3, 3" stage nymphs;
N4, 4™ stage nymphs; N5, 51" stage nymphs; F, female adult; M, male adult).

SUPPLEMENTARY TABLE 4 | One-way ANOVA of relative abundances of gut
microbiome constituents across developmental stages of T. rubrofasciata at the
genus level (N1, 1% stage nymphs; N2, 2™ stage nymphs; N3, 3" stage nymphs;
N4, 4™ stage nymphs; N5, 51" stage nymphs; F, female adult; M, male adult).

SUPPLEMENTARY TABLE 5 | One-way ANOVA of relative abundances of gut
microbiome constituents in laboratory-reared and wild-caught T. rubrofasciata at
the phylum level.

SUPPLEMENTARY TABLE 6 | One-way ANOVA of relative abundances of gut
microbiome constituents in laboratory-reared and wild-caught 7. rubrofasciata at
the genus level.

Azambuja, P., Garcia, E. S., and Ratcliffe, N. A. (2005). Gut microbiota and
parasite transmission by insect vectors. Trends Parasitol. 21 (12), 568-572.
doi: 10.1016/j.pt.2005.09.011

Bai, L., Wang, L., Vega-Rodriguez, J., Wang, G., and Wang, S. (2019). A Gut
Symbiotic Bacterium Serratia marcescens Renders Mosquito Resistance to
Plasmodium Infection Through Activation of Mosquito Immune Responses.
Front. Microbiol. 10, 1580. doi: 10.3389/fmicb.2019.01580

Blaxter, M., Mann, J., Chapman, T., Thomas, F., Whitton, C., Floyd, R., et al.
(2005). Defining operational taxonomic units using DNA barcode data. Philos.
Trans. R Soc. Lond. B Biol. Sci. 360 (1462), 1935-1943. doi: 10.1098/rstb.
2005.1725

Boakye, D. A., Tang, J., Truc, P., Merriweather, A., and Unnasch, T. R. (1999).
Identification of bloodmeals in haematophagous Diptera by cytochrome B

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

21

November 2020 | Volume 10 | Article 587708


https://www.frontiersin.org/articles/10.3389/fcimb.2020.587708/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2020.587708/full#supplementary-material
https://doi.org/10.1371/journal.pone.0050259
https://doi.org/10.1016/j.csbj.2015.03.003
https://doi.org/10.1016/j.exppara.2004.04.007
https://doi.org/10.1016/j.exppara.2004.04.007
https://doi.org/10.1016/j.pt.2005.09.011
https://doi.org/10.3389/fmicb.2019.01580
https://doi.org/10.1098/rstb.2005.1725
https://doi.org/10.1098/rstb.2005.1725
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Hu et al.

Gut microbiota in Triatoma rubrofasciata

heteroduplex analysis. Med. Vet. Entomol. 13 (3), 282-287. doi: 10.1046/j.1365-
2915.1999.00193.x

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 30 (15), 2114-2120. doi: 10.1093/
bioinformatics/btul70

Braga, M. V., Pinto, Z. T., and Lima, M. M. (1998). Life cycle and reproductive
patterns of Triatoma rubrofasciata (De Gee) (Hemiptera: Reduviidae), under
laboratory conditions. Mem. Inst. Oswaldo Cruz 93 (4), 539-542. doi: 10.1590/
50074-02761998000400022

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7 (5), 335-336. doi: 10.1038/
nmeth.£.303

Carbajal-de-la-Fuente, A. L., Fernandez, M. D. P., Piccinali, R. V., Rodriguez-
Planes, L. 1., Duarte, R., and Giirtler, R. E. (2019). Occurrence of domestic and
intrusive triatomines (Hemiptera: Reduviidae) in sylvatic habitats of the
temperate Monte Desert ecoregion of Argentina. Acta Trop. 196, 37-41.
doi: 10.1016/j.actatropica.2019.04.028

Castro, D. P., Moraes, C. S., Gonzalez, M. S, Ratcliffe, N. A., Azambuja, P., and
Garcia, E. S. (2012). Trypanosoma cruzi immune response modulation
decreases microbiota in Rhodnius prolixus gut and is crucial for parasite
survival and development. PloS One 7 (5), e36591. doi: 10.1371/
journal.pone.0036591

Cirimotich, C. M., Dong, Y., Clayton, A. M., Sandiford, S. L., Souza-Neto, J. A.,
Mulenga, M., et al. (2011). Natural microbe-mediated refractoriness to
Plasmodium infection in Anopheles gambiae. Science 332 (6031), 855-858.
doi: 10.1126/science.1201618

Cortéz, M. G., and Gongalves, T. C. (1998). Resistance to starvation of Triatoma
rubrofasciata (De Geer 1773) under laboratory conditions (Hemiptera:
Reduviidae: Triatominae). Mem. Inst. Oswaldo Cruz 93 (4), 549-554.
doi: 10.1590/s0074-02761998000400024

da Mota, F. F., Marinho, L. P., Moreira, C. J., Lima, M. M., Mello, C. B., Garcia, E. S.,
etal. (2012). Cultivation-independent methods reveal differences among bacterial
gut microbiota in triatomine vectors of Chagas disease. PloS Negl. Trop. Dis. 6 (5),
e1631. doi: 10.1371/journal.pntd.0001631

da Mota, F. F.,, Castro, D. P., Vieira, C. S., Gumiel, M., de Albuquerque, J. P.,
Carels, N, et al. (2018). In vitro Trypanocidal Activity, Genomic Analysis of
Isolates, and in vivo Transcription of Type VI Secretion System of Serratia
marcescens Belonging to the Microbiota of Rhodnius prolixus Digestive Tract.
Front. Microbiol. 9:3205:3205. doi: 10.3389/fmicb.2018.03205

de Fuentes-Vicente, J. A., Gutierrez-Cabrera, A. E., Flores-Villegas, A. L.,
Lowenberger, C., Benelli, G., Salazar-Schettino, P. M., et al. (2018). What
makes an effective Chagas disease vector? Factors underlying Trypanosoma
cruzi-triatomine interactions. Acta Trop. 183, 23-31. doi: 10.1016/j.actatropica.
2018.04.008

DeCandia, A. L., Leverett, K. N., and vonHoldt, B. M. (2019). Of microbes and
mange: consistent changes in the skin microbiome of three canid species
infected with Sarcoptes scabiei mites. Parasit. Vectors 12 (1), 488. doi: 10.1186/
s13071-019-3724-0

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al.
(2006). Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 72 (7), 5069
5072. doi: 10.1128/aem.03006-05

Diaz, S., Villavicencio, B., Correia, N., Costa, J., and Haag, K. L. (2016). Triatomine
bugs, their microbiota and Trypanosoma cruzi: asymmetric responses of
bacteria to an infected blood meal. Parasit. Vectors 9 (1), 636. doi: 10.1186/
513071-016-1926-2

Dinparast Djadid, N., Jazayeri, H., Raz, A., Favia, G., Ricci, I, and Zakeri, S. (2011).
Identification of the midgut microbiota of An. stephensi and An. maculipennis
for their application as a paratransgenic tool against malaria. PloS One 6 (12),
€28484. doi: 10.1371/journal.pone.0028484

Dujardin, J. P., Pham Thi, K., Truong Xuan, L., Panzera, F,, Pita, S., and Schofield,
C. J. (2015). Epidemiological status of kissing-bugs in South East Asia: A
preliminary assessment. Acta Trop. 151, 142-149. doi: 10.1016/j.actatropica.
2015.06.022

Dumonteil, E., Ramirez-Sierra, M. J., Pérez-Carrillo, S., Teh-Poot, C., Herrera, C.,
Gourbiére, S., et al. (2018). Detailed ecological associations of triatomines
revealed by metabarcoding and next-generation sequencing: implications for

triatomine behavior and Trypanosoma cruzi transmission cycles. Sci. Rep. 8
(1), 4140. doi: 10.1038/s41598-018-22455-x

Eappen, A. G., Smith, R. C., and Jacobs-Lorena, M. (2013). Enterobacter-activated
mosquito immune responses to Plasmodium involve activation of SRPN6 in
Anopheles stephensi. PloS One 8 (5), €62937. doi: 10.1371/journal.pone.
0062937

Flores-Villegas, A. L., Salazar-Schettino, P. M., Cordoba-Aguilar, A., Gutiérrez-
Cabrera, A. E., Rojas-Wastavino, G. E., Bucio-Torres, M. I, et al. (2015).
Immune defence mechanisms of triatomines against bacteria, viruses, fungi
and parasites. Bull. Entomol. Res. 105 (5), 523-532. doi: 10.1017/
s0007485315000504

Galvao, C., and Justi, S. A. (2015). An overview on the ecology of Triatominae
(Hemiptera:Reduviidae). Acta Trop. 151, 116-125. doi: 10.1016/j.actatropica.
2015.06.006

Garcia, E. S, Genta, F. A, de Azambuja, P., and Schaub, G. A. (2010). Interactions
between intestinal compounds of triatomines and Trypanosoma cruzi. Trends
Parasitol. 26 (10), 499-505. doi: 10.1016/j.pt.2010.07.003

Gazzoni Aratjo Gongalves, G., Feitosa, A. P. S., Portela-Junior, N. C., de Oliveira,
C. M. F,, de Lima Filho, J. L., Brayner, F. A,, et al. (2019). Use of MALDI-TOF
MS to identify the culturable midgut microbiota of laboratory and wild
mosquitoes. Acta Trop. 200, 105174. doi: 10.1016/j.actatropica.2019.105174

Gourbiére, S., Dorn, P., Tripet, F., and Dumonteil, E. (2012). Genetics and
evolution of triatomines: from phylogeny to vector control. Heredity (Edinb).
108 (3), 190-202. doi: 10.1038/hdy.2011.71

Gumiel, M., da Mota, F. F., Rizzo Vde, S., Sarquis, O., de Castro, D. P., Lima, M.
M, et al. (2015). Characterization of the microbiota in the guts of Triatoma
brasiliensis and Triatoma pseudomaculata infected by Trypanosoma cruzi in
natural conditions using culture independent methods. Parasit. Vectors 8, 245.
doi: 10.1186/s13071-015-0836-z

Heerman, M., Weng, J. L., Hurwitz, L, Durvasula, R., and Ramalho-Ortigao, M.
(2015). Bacterial Infection and Immune Responses in Lutzomyia longipalpis
Sand Fly Larvae Midgut. PloS Negl. Trop. Dis. 9 (7), €0003923. doi: 10.1371/
journal.pntd.0003923

Hieu, H. V., Do, L. T., Pita, S., Ha, H., Khoa, P. T., Tuan, P. A, et al. (2019).
Biological attributes of the kissing bug Triatoma rubrofasciata from Vietnam.
Parasit. Vectors 12 (1), 585. doi: 10.1186/s13071-019-3844-6

Hotez, P. J., Dumonteil, E., Woc-Colburn, L., Serpa, J. A., Bezek, S., Edwards, M. S.,
et al. (2012). Chagas disease: “the new HIV/AIDS of the Americas”. PloS Negl.
Trop. Dis. 6 (5), e1498. doi: 10.1371/journal.pntd.0001498

Hu, Y, Gao, M. Z,, Huang, P., Zhou, H. L., Ma, Y. B,, Zhou, M. Y,, et al. (2019).
Taxonomic integrative and phylogenetic identification of the first recorded
Triatoma rubrofasciata in Zhangzhou, Fujian Province and Maoming,
Guangdong Province, China. Infect. Dis. Poverty 8 (1), 70. doi: 10.1186/
540249-019-0579-8

Huang, Y. L., Huang, D. N., Wu, W. H,, Yang, F., Zhang, X. M., Wang, M., et al.
(2018). Identification and characterization of the causative triatomine bugs of
anaphylactic shock in Zhanjiang, China. Infect. Dis. Poverty 7 (1), 127.
doi: 10.1186/s40249-018-0509-1

Ibarra-Cerdena, C. N., Sanchez-Cordero, V., Townsend Peterson, A., and Ramsey,
J. M. (2009). Ecology of North American Triatominae. Acta Trop. 110 (2-3),
178-186. doi: 10.1016/j.actatropica.2008.11.012

Jayakrishnan, L., Sudhikumar, A. V., and Aneesh, E. M. (2018). Role of gut
inhabitants on vectorial capacity of mosquitoes. J. Vector Borne Dis. 55 (2), 69—
78. doi: 10.4103/0972-9062.242567

Karimian, F., Vatandoost, H., Rassi, Y., Maleki-Ravasan, N., Mohebali, M., Shirazi,
M. H,, et al. (2019). Aerobic midgut microbiota of sand fly vectors of zoonotic
visceral leishmaniasis from northern Iran, a step toward finding potential
paratransgenic candidates. Parasit. Vectors 12 (1):10. doi: 10.1186/s13071-018-
3273y

Kieran, T. J., Arnold, K. M. H., Thomas, J. C. T., Varian, C. P., Saldana, A.,
Calzada, J. E., et al. (2019). Regional biogeography of microbiota composition
in the Chagas disease vector Rhodnius pallescens. Parasit. Vectors 12 (1), 504.
doi: 10.1186/s13071-019-3761-8

Koosha, M., Vatandoost, H., Karimian, F., Choubdar, N., Abai, M. R,, and
Oshaghi, M. A. (2019a). Effect of Serratia AS1 (Enterobacteriaceae:
Enterobacteriales) on the Fitness of Culex pipiens (Diptera: Culicidae) for
Paratransgenic and RNAi Approaches. J. Med. Entomol. 56 (2), 553-559.
doi: 10.1093/jme/tjy183

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2020 | Volume 10 | Article 587708


https://doi.org/10.1046/j.1365-2915.1999.00193.x
https://doi.org/10.1046/j.1365-2915.1999.00193.x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1590/s0074-02761998000400022
https://doi.org/10.1590/s0074-02761998000400022
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.actatropica.2019.04.028
https://doi.org/10.1371/journal.pone.0036591
https://doi.org/10.1371/journal.pone.0036591
https://doi.org/10.1126/science.1201618
https://doi.org/10.1590/s0074-02761998000400024
https://doi.org/10.1371/journal.pntd.0001631
https://doi.org/10.3389/fmicb.2018.03205
https://doi.org/10.1016/j.actatropica.2018.04.008
https://doi.org/10.1016/j.actatropica.2018.04.008
https://doi.org/10.1186/s13071-019-3724-0
https://doi.org/10.1186/s13071-019-3724-0
https://doi.org/10.1128/aem.03006-05
https://doi.org/10.1186/s13071-016-1926-2
https://doi.org/10.1186/s13071-016-1926-2
https://doi.org/10.1371/journal.pone.0028484
https://doi.org/10.1016/j.actatropica.2015.06.022
https://doi.org/10.1016/j.actatropica.2015.06.022
https://doi.org/10.1038/s41598-018-22455-x
https://doi.org/10.1371/journal.pone.0062937
https://doi.org/10.1371/journal.pone.0062937
https://doi.org/10.1017/s0007485315000504
https://doi.org/10.1017/s0007485315000504
https://doi.org/10.1016/j.actatropica.2015.06.006
https://doi.org/10.1016/j.actatropica.2015.06.006
https://doi.org/10.1016/j.pt.2010.07.003
https://doi.org/10.1016/j.actatropica.2019.105174
https://doi.org/10.1038/hdy.2011.71
https://doi.org/10.1186/s13071-015-0836-z
https://doi.org/10.1371/journal.pntd.0003923
https://doi.org/10.1371/journal.pntd.0003923
https://doi.org/10.1186/s13071-019-3844-6
https://doi.org/10.1371/journal.pntd.0001498
https://doi.org/10.1186/s40249-019-0579-8
https://doi.org/10.1186/s40249-019-0579-8
https://doi.org/10.1186/s40249-018-0509-1
https://doi.org/10.1016/j.actatropica.2008.11.012
https://doi.org/10.4103/0972-9062.242567
https://doi.org/10.1186/s13071-018-3273-y
https://doi.org/10.1186/s13071-018-3273-y
https://doi.org/10.1186/s13071-019-3761-8
https://doi.org/10.1093/jme/tjy183
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Hu et al.

Gut microbiota in Triatoma rubrofasciata

Koosha, M., Vatandoost, H., Karimian, F., Choubdar, N., and Oshaghi, M. A.
(2019b). Delivery of a Genetically Marked Serratia AS1 to Medically Important
Arthropods for Use in RNAi and Paratransgenic Control Strategies. Microb.
Ecol. 78 (1), 185-194. doi: 10.1007/s00248-018-1289-7

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A.,
et al. (2013). Predictive functional profiling of microbial communities using 16S
rRNA marker gene sequences. Nat. Biotechnol. 31 (9), 814-821. doi: 10.1038/
nbt.2676

Lima, M. S, Laport, M. S., Lorosa, E. S., Jurberg, J., Dos Santos, K. R. N, da Silva
Neto, M. A. C, et al. (2018). Bacterial community composition in the salivary
glands of triatomines (Hemiptera: Reduviidae). PloS Negl. Trop. Dis. 12 (9),
€0006739. doi: 10.1371/journal.pntd.0006739

Liu, Q., Guo, Y. H,, Zhang, Y., Zhou, Z. B., Zhang, L. L., Zhu, D., et al. (2017). First
records of Triatoma rubrofasciata (De Gee) (Hemiptera, Reduviidae) in
Foshan, Guangdong Province, Southern China. Infect. Dis. Poverty 6 (1),
129. doi: 10.1186/540249-017-0342-y

Montoya-Porras, L. M., Omar, T. C., Alzate, J. F., Moreno-Herrera, C. X., and
Cadavid-Restrepo, G. E. (2018). 16S rRNA gene amplicon sequencing reveals
dominance of Actinobacteria in Rhodnius pallescens compared to Triatoma
maculata midgut microbiota in natural populations of vector insects from
Colombia. Acta Trop. 178, 327-332. doi: 10.1016/j.actatropica.2017.11.004

Moser, D. R, Kirchhoff, L. V., and Donelson, . E. (1989). Detection of Trypanosoma
cruzi by DNA amplification using the polymerase chain reaction. J. Clin.
Microbiol. 27 (7), 1477-1482. doi: 10.1128/JCM.27.7.1477-1482.1989

Muturi, E. J., Dunlap, C., Ramirez, . L., Rooney, A. P., and Kim, C. H. (2019). Host
blood-meal source has a strong impact on gut microbiota of Aedes aegypti.
FEMS Microbiol. Ecol. 95 (1), fiy213. doi: 10.1093/femsec/fiy213

Oliveira, J. L., Cury, J. C,, Gurgel-Gongalves, R., Bahia, A. C,, and Monteiro, F. A.
(2018). Field-collected Triatoma sordida from central Brazil display high microbiota
diversity that varies with regard to developmental stage and intestinal segmentation.
PloS Negl. Trop. Dis. 12 (8), €0006709. doi: 10.1371/journal.pntd.0006709

Orantes, L. C., Monroy, C., Dorn, P. L., Stevens, L., Rizzo, D. M., Morrissey, L.,
et al. (2018). Uncovering vector, parasite, blood meal and microbiome patterns
from mixed-DNA specimens of the Chagas disease vector Triatoma dimidiata.
PloS Negl. Trop. Dis. 12 (10), €0006730. doi: 10.1371/journal.pntd.0006730

Raymann, K., Coon, K. L., Shaffer, Z., Salisbury, S., and Moran, N. A. (2018).
Pathogenicity of Serratia marcescens Strains in Honey Bees. mBio 9 (5),
€01649-18. doi: 10.1128/mBio.01649-18

Reyon, D., Tsai, S. Q., Khayter, C., Foden, J. A., Sander, J. D., and Joung, J. K.
(2012). FLASH assembly of TALENs for high-throughput genome editing.
Nat. Biotechnol. 30 (5), 460-465. doi: 10.1038/nbt.2170

Rodriguez-Ruano, S. M., Skochova, V., Rego, R. O. M., Schmidt, J. O., Roachell,
W., Hypsa, V., et al. (2018). Microbiomes of North American Triatominae: The
Grounds for Chagas Disease Epidemiology. Front. Microbiol. 9, 1167.
doi: 10.3389/fmicb.2018.01167

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a
versatile open source tool for metagenomics. Peer] 4, €2584. doi: 10.7717/peerj.2584

Salcedo-Porras, N., and Lowenberger, C. (2019). The innate immune system of
kissing bugs, vectors of chagas disease. Dev. Comp. Immunol. 98, 119-128.
doi: 10.1016/j.dci.2019.04.007

Sassera, D., Epis, S., Pajoro, M., and Bandi, C. (2013). Microbial symbiosis and the
control of vector-borne pathogens in tsetse flies, human lice, and triatomine
bugs. Pathog. Glob. Health 107 (6), 285-292. doi: 10.1179/2047773213y.
0000000109

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R,, Hartmann, M., Hollister, E. B.,
et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75 (23), 7537-7541. doi: 10.1128/
aem.01541-09

Segata, N, Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S,, et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12
(6), R60. doi: 10.1186/gb-2011-12-6-r60

Shi, Y., Wei, Y., Feng, X,, Liu, J,, Jiang, Z., Ou, F,, et al. (2020). Distribution, genetic
characteristics and public health implications of Triatoma rubrofasciata, the
vector of Chagas disease in Guangxi, China. Parasit. Vectors 13 (1), 33.
doi: 10.1186/s13071-020-3903-z

Vieira, C. B., Praga, Y. R,, Bentes, K., Santiago, P. B., Silva, S. M. M,, Silva, G. D.
S., et al. (2018). Triatomines: Trypanosomatids, Bacteria, and Viruses
Potential Vectors? Front. Cell Infect. Microbiol. 8, 405. doi: 10.3389/fcimb.
2018.00405

Waltmann, A., Willcox, A. C., Balasubramanian, S., Borrini Mayori, K., Mendoza
Guerrero, S., Salazar Sanchez, R. S., et al. (2019). Hindgut microbiota in
laboratory-reared and wild Triatoma infestans. PloS Negl. Trop. Dis. 13 (5),
€0007383. doi: 10.1371/journal.pntd.0007383

Wang, Q., Garrity, G. M., Tiedje, ]. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73 (16), 5261-5267. doi: 10.1128/
aem.00062-07

WHO (2020).Chagas disease (American trypanosomiasis). In: Epidemiology.
Available at: https://www.who.int/chagas/en/ (Accessed 16 March 2020).

Wincker, P., Britto, C., Pereira, J. B., Cardoso, M. A., Oelemann, W., and Morel, C. M.
(1994). Use of a simplified polymerase chain reaction procedure to detect
Trypanosoma cruzi in blood samples from chronic chagasic patients in a rural
endemic area. Am. J. Trop. Med. Hyg 51 (6), 771-777. doi: 10.4269/ajtmh.
1994.51.771

Wu, P., Sun, P., Nie, K., Zhu, Y., Shi, M., Xiao, C., et al. (2019). A Gut Commensal
Bacterium Promotes Mosquito Permissiveness to Arboviruses. Cell Host
Microbe 25 (1), 101-112.e105. doi: 10.1016/j.chom.2018.11.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hu, Xie, Gao, Huang, Zhou, Ma, Zhou, Liang, Yang and Lv. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

23

November 2020 | Volume 10 | Article 587708


https://doi.org/10.1007/s00248-018-1289-7
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1371/journal.pntd.0006739
https://doi.org/10.1186/s40249-017-0342-y
https://doi.org/10.1016/j.actatropica.2017.11.004
https://doi.org/10.1128/JCM.27.7.1477-1482.1989
https://doi.org/10.1093/femsec/fiy213
https://doi.org/10.1371/journal.pntd.0006709
https://doi.org/10.1371/journal.pntd.0006730
https://doi.org/10.1128/mBio.01649-18
https://doi.org/10.1038/nbt.2170
https://doi.org/10.3389/fmicb.2018.01167
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/j.dci.2019.04.007
https://doi.org/10.1179/2047773213y.0000000109
https://doi.org/10.1179/2047773213y.0000000109
https://doi.org/10.1128/aem.01541-09
https://doi.org/10.1128/aem.01541-09
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/s13071-020-3903-z
https://doi.org/10.3389/fcimb.2018.00405
https://doi.org/10.3389/fcimb.2018.00405
https://doi.org/10.1371/journal.pntd.0007383
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1128/aem.00062-07
https://www.who.int/chagas/en/
https://doi.org/10.4269/ajtmh.1994.51.771
https://doi.org/10.4269/ajtmh.1994.51.771
https://doi.org/10.1016/j.chom.2018.11.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

:\' frontiers

in Cellular and Infection Microbiology

ORIGINAL RESEARCH
published: 25 November 2020
doi: 10.3389/fcimb.2020.588107

OPEN ACCESS

Edited by:

Jun Feng,

National Institute of Parasitic Diseases,
China

Reviewed by:

Hiroshi Sato,

Yamaguchi University, Japan

Raquel Simdes,

Universidade Federal Rural do Rio de
Janeiro, Brazil

*Correspondence:
Fengkun Yang
yangfk99@hotmail.com
Weizhe Zhang
zhangweizhe526@163.com

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Parasite and Host,

a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 28 July 2020
Accepted: 21 October 2020
Published: 25 November 2020

Citation:

Zhao F, Zhou Y, Wu Y, Zhou K, Liu A,
Yang F and Zhang W (2020)
Prevalence and Genetic
Characterization of Two Mitochondrial
Gene Sequences of Strobilocercus
Fasciolaris in the Livers of Brown Rats
(Rattus norvegicus) in Heilongjiang
Province in Northeastern China.

Front. Cell. Infect, Microbiol. 10:588107.
doi: 10.3389/fcimb.2020.588107

Check for
updates
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Characterization of Two
Mitochondrial Gene Sequences

of Strobilocercus Fasciolaris

in the Livers of Brown Rats (Rattus
norvegicus) in Heilongjiang Province
in Northeastern China

Fengnian Zhao', Yun Zhou?, Yanchen Wu, Kexin Zhou, Aigin Liu, Fengkun Yang*
and Weizhe Zhang*

Department of Parasitology, Harbin Medical University, Harbin, China

Rodents constitute the largest and most successful group of mammals worldwide. Brown
rats (Rattus norvegicus) are one of the most common rodent species, and they serve as
intermediate hosts of Hydatigera taeniaeformis. Although there have been a few studies
reporting on the presence of the larval form of H. taeniaeformis (strobilocercus fasciolaris)
in brown rats worldwide, little information is available on the genetic characterization of this
parasite, with no molecular data from China. Therefore, from April 2014 to March 2016,
this study was carried out to understand the prevalence and genetic characters of
strobilocercus fasciolaris in brown rats captured in Heilongjiang Province in northeastern
China. The livers of brown rats were collected and examined for the presence of cysts.
Each cyst was identified based on morphological observation: the larvae with the naked
eye and the scolexes under a microscope. The results were confirmed by polymerase
chain reaction (PCR) and sequencing of the cytochrome ¢ oxidase subunit 1 (cox7) and
NADH dehydrogenase subunit 4 (nad4) genes. At the investigated sites, 11.8% (13/110)
of the brown rats were infected with strobilocercus fasciolaris. Based on sequence
analysis, there were 10 and six haplotypes regarding the cox7 and the nad4 loci, with 24
and 42 polymorphic sites, respectively (degree of intraspecific variation: 0.3%-4.4% and
0.6%-4.7%, respectively). Twelve nucleotide sequences (six of the 10 at the cox7 locus
and all six at the nad4 locus) have not previously been described. Base differences in three
of the six novel cox? gene sequences and five of the six novel nad4 gene sequences
caused amino acid changes. Phylogenetic analyses of the cox7 and nad4 gene
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Strobilocercus Fasciolaris in Brown Rats

sequences based on neighbor-joining and Bayesian inference trees indicated that all the
strobilocercus fasciolaris isolates belonged to Hydatigera taeniaeformis sensu stricto
(s.s.). This is the first report on the genetic characterization of strobilocercus fasciolaris in
brown rats in China. The findings of novel cox? and nad4 nuclectide and amino acid
sequences may reflect the region-specific genetic characterization of the parasite. The
data will be useful to explore the biological and epidemiological significance of the
intraspecific variation within H. taeniaeformis s.s.

Keywords: strobilocercus fasciolaris, Hydatigera taeniaeformis, brown rats, prevalence, genetic characterization

INTRODUCTION

Taeniidae is one of the most important families of the order
Cyclophyllidea, which contains most of the zoonotic parasites of
medical significance. Some members of the genus Taenia are
responsible for taeniasis and/or cysticercosis in humans (Sharma
etal., 2016). The resurrection of the genus Hydatigera was proposed
in a recent revision of the family Taeniidae; Hydatigera consists of
four valid species, Hydatigera taeniaeformis sensu stricto (s.s.),
Hydatigera krepkogorski, Hydatigera parva, and Hydatigera
kamiyai (Nakao et al., 2013a; Nakao et al., 2013b; Catalano et al,
2019). H. taeniaeformis is found in the small intestine of cats and
other felids, which are the definitive hosts. They acquire the parasitic
infection by consuming the livers of rats and mice (the intermediate
hosts) infected with the larval form of H. taeniaeformis
(strobilocercus fasciolaris) (Singla et al.,, 2008; Moudgil et al.,
2016). Brown rats (Rattus norvegicus) are one of the most widely
known and most common rat species. Natural infections involving
strobilocercus fasciolaris have been reported in brown rats in many
countries/regions (Sharma et al., 2017). To date, several human
cases have been documented: strobilocercus fasciolaris infection in
the liver of a 77-year-old man from Czechoslovakia (Sterba and
Barus, 1976) and H. taeniaeformis infection in the small intestine of
individuals from Argentina, Japan and Sri Lanka (Sterba and Barus,
1976; Ekanayake et al., 1999; Hoberg, 2002).

The use of polymerase chain reaction (PCR)-based molecular
tools has contributed to accurate species differentiation and a better
understanding of the genetic characterization of H. taeniaeformis.
As mitochondrial (mt) DNA is known to have a faster evolutionary
rate than nuclear DNA, mt genes have been widely used to identify
taeniid species and strains and to assess the genetic relationships
among them (Okamoto etal., 1995; Dai etal., 2012). However, there
is limited information on the genetic variation and phylogenetic
relationships regarding H. taeniaeformis population worldwide
(Lavikainen et al., 2016). In China, H. taeniaeformis adults
have been found in cats (Xu et al.,, 1994; Lin et al., 1995; Wang
etal, 1995; Wang et al., 1997), while the larvae have been found in
rats and mice (based on morphological analysis), including brown
rats (11.6%-53.6%) (Wu and Yin, 2005; Tan et al., 2008), buff-
breasted rats (Rattus flavipectus) (3.3%-38.0%) (Huang, 1991;
Yuan et al,, 2000), lesser rice-field rats (Rattus losea) (16.3%)
(Yuan et al., 2000), black rats (Rattus rattus) (15.0%) (Huang,
1991), and house mice (Mus musculus) (16.2%) (La and Zhao,
1989). However, there are no available reports on the genetic

characterization of strobilocercus fasciolaris in brown rats in
China. Therefore, we carried out this epidemiological study of the
parasite in brown rats in Heilongjiang Province, northeastern
China, and conducted a genetic characterization of the isolates.

MATERIALS AND METHODS

Study Sites and Collection of Rats

From April 2014 to March 2016, 110 brown rats were captured in
cage traps baited with sunflower seeds and peanut/sesame butter in
four areas in Heilongjiang Province, northeastern China: 23 in a
granary in Xingren Town, 27 in a pig farm in Mingshui County, 27
ina pig farm in Qinggang County, and 33 ina sheep farm in Baoging
County. All the captured rats were euthanized by CO, inhalation
and transported to our laboratory in coolers with ice packs.
Procedures involving the rats were strictly conducted according
to the Chinese Laboratory Animal Administration Act of 1998.

Collection of Liver Samples and
Examination of Cysts

After euthanasia, the liver was collected from each rat and
examined for the presence of cysts. Each cyst was opened by
making a small slit. If a single larva was released with liquid, and
a large scolex could be observed with four lateral suckers and
double rows of hooks using a light microscope at 400x
magnification, the larva was suspected to be strobilocercus
fasciolaris. They were preserved in 70% ethanol at 4°C for
further molecular analysis.

Extraction of Genomic DNA

Prior to DNA extraction, each parasite specimen was washed three
times with phosphate-buffered saline to remove the ethanol.
Parasitic genomic DNA was extracted from approximately 25 mg
of each larva using a DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. DNA was
eluted in 200 pl of AE elution buffer (provided with the kit) and
stored at —20°C until further PCR analysis.

PCR Amplification

The partial cytochrome ¢ oxidase subunit 1 (coxI) and NADH
dehydrogenase subunit 4 (nad4) genes (approximately 450 and
660 bp, respectively) of H. taeniaeformis were amplified using the
primers and protocols described previously by Bowles and
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McManus (1994) and Dai et al. (2012), respectively. TaKaRa Taq
DNA polymerase (TaKaRa Bio Inc., Tokyo, Japan) was used for
all PCR amplifications. Sterile deionized water served as the
negative control. The PCR products were subjected to
electrophoresis in 1.5% agarose gel and visualized by staining
the gel with GelStain (TransGen Biotech, Beijing, China).

DNA Sequencing and Molecular Analysis
The PCR products were then sequenced with PCR primers for
each gene on an ABI PRISM 3730 XL DNA Analyzer (Applied
Biosystems, Carlsbad, CA, USA) using a Big Dye Terminator
v3.1 Cycle Sequencing kit (Applied Biosystems). The accuracy of
the sequencing data was confirmed by sequencing the PCR
products from forward and reverse directions. The nucleotide
sequences were then used in Basic Local Alignment Search Tool
(BLAST) searches (http://www.ncbi.nlm.nih.gov/blast.cgi). They
were aligned with each other and with reference sequences that
were downloaded from GenBank using ClustalX v1.83 (http://
www.clustal.org/).

Phylogenetic Analysis

To explore the genetic and geographical relationships of H.
taeniaeformis isolates, phylogenetic analyses of the coxI and
nad4 gene sequences were performed using two common
phylogenetic methods: the neighbor-joining method with
MEGA v6.0 (http://www.megasoftware.net) and Bayesian
inference with MrBayes v3.2.6 (http://phylosuite.jushengwu.
com/). For the countries for which there were more than two
H. taeniaeformis sequences in GenBank, the two sequences with
the largest base difference were selected for each locus being
analyzed. However, for some countries, we only used one
sequence, as there was only one sequence deposited in
GenBank. The reliability of the neighbor-joining trees was
assessed using bootstrap analysis with 1000 replicates, and the
evolutionary distances were calculated using the Kimura-2-
parameter model. The Jukes-Cantor model was used for
Bayesian inference. Bayesian posterior probability values were
determined after running the Markov chains (two runs, four
chains) for 2 million generations and discarding the first 25% of
samples as burn-in. The consensus tree was rooted at its

midpoint and visualized using FigTree v1.4.2 (http://tree.bio.
ed.ac.uk/software/figtree/).

RESULTS AND DISCUSSION

Thirteen of the 110 brown rats (11.8%) were confirmed to be infected
with strobilocercus fasciolaris in the livers based on morphological
observation (the larvae in the cysts with the naked eye and the scolexes
under a microscope) and by sequence analysis of the partial coxI and
nad4 genes. The prevalence of 11.8% was lower than that reported in
brown rats in the Philippines (100%) (Claveria et al.,, 2005), India
(36.0%) (Singla et al., 2008), Korea (33.8%) (Lee et al,, 2016), Serbia
(29.9%) (Kataranovski et al., 2010), and Grenada, West Indies (29.6%—
67.6%) (Chikweto etal., 2009; Sharma et al., 2017). The prevalence has
been reported to be in the range of 11.6%-53.6% in another six
Chinese provinces (Wu and Yin, 2005; Tan et al, 2008). The
prevalence is complex and related to many factors. For example,
regarding the rat age, 25-60-day-old albino rats were observed to be
more susceptible to the parasite than younger or older albino rats in
a study of age-related resistance to strobilocercus fasciolaris
(Greenfield, 1942). However, Lee et al. (2016) pointed out that the
prevalence was more closely related to infection accumulation with
age, rather than host age-dependent differences in susceptibility to
the parasite, and host body weight was positively associated with the
prevalence. Additionally, Sharama et al. (2017) believed that human
population density influenced the prevalence of strobilocercus
fasciolaris in brown rats in the two study sites in Grenada, West Indies.

By comparing the coxl and nad4 gene sequences of the 13
isolates, 10 and six haplotypes were found, with 24 and 42
polymorphic sites being observed, respectively; the degree of
intraspecific variation was 0.3%-4.4% (1-18 base differences) at
the coxI locus and 0.6%-4.7% (4-31 base differences) at the nad4
locus (Tables 1, 2). Intraspecific variation within H.
taeniaeformis has been described previously. In 2016, 150
specimens of Hydatigera taeniaeformis sensu lato (s.l.) from
various definitive and intermediate hosts in Eurasia, Africa and
Australia were analyzed and a new species, H. kamiyai, was
separated from H. taeniaeformis sl. (Lavikainen et al., 2016).
This finding supported the earlier discovery in 1995 of a
presumed novel species, the TtACR isolate, from the grey red-
backed vole (Myodes rufocanus bedfordiae) in Japan (Okamoto

TABLE 1 | Values of nucleotide variation in the cox7 gene detected between pairs of strobilocercus fasciolaris sequences, expressed as percentages.

Accession no. MF380373 MF380374 MF380375 MF380376 MF380377 MF380378 MF380379 MF380380 MF380381 MF380382
MF380373 —

MF380374 0.5 _

MF380375 1.0 1.5 —_

MF380376 1.2 1.7 0.3 —_—

MF380377 1.8 1.9 0.5 0.7 _

MF380378 2.5 2.9 3.2 3.4 3.7 —

MF380379 1.5 1.9 1.2 1.5 1.7 3.7 _

MF380380 0.3 0.7 1.2 1.5 1.7 2.7 1.7 _

MF380381 1.2 1.7 0.3 0.5 0.3 3.4 1.5 1.5 _

MF380382 3.2 3.7 1.2 4.2 4.4 0.7 3.9 3.4 4.2 _
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TABLE 2 | Values of nucleotide variation in the nad4 gene detected between pairs of strobilocercus fasciolaris sequences, expressed as percentages.

Accession no.

MF380383
MF380384
MF380385
MF380386
MF380387
MF380388

MF380383

2.3
4.7
21
0.6
4.7

MF380384

4.0
1.4
2.0
4.0

MF380385

MF380386

MF380387 MF380388

4.1 —
47 1.8

0.6 4.

1

100

@ MF380375-China
A MF380376-China
[ KT693069-Vietham

o
3

NC014768-China
KT693044-Cambodia

FJ597547-China
A MF380377-China

7lA MF380381-China
KT693051-Thailand
—KT693075-Laos

A MF380379-China

EF090612-Indian

34

38

30| | KT693055-Spain
KT693060-Ethiopia
AB745096-Belgium
KT693064-South Africa

97 KT693054-Australia
[ |— Eusa4ser-Kazaknstan
@ MF380373-China
AB745097-Japan
g0 | KT693057-Russia

@ MF380374-China

A MF380380-China
KT693049-Laos
KT693072-Thailand

40,

KT693045-Cambodia

@ MF380378-China

A MF380382-China
EU544596-Turkey

27
60

100 JQ663994-Germany
47| [ FN547850-italy

40 Lgyge1a7s-Finland

JN831308-T. hydatigena

72

0.02

AB066493-T. solium

AB465244-T. saginata
99 E JX507222-T. multiceps
81 JX560319-T. krabbei

—_

H. taeniaeformis s.s

H. kamiyai

FIGURE 1 | Genetic and geographical relationships of H. taeniaeformis s.l. isolates based on a neighbor-joining analysis of the cox 7 locus. The relationships were
inferred by a neighbor-joining analysis of cox7 gene sequences of H. taeniaeformis s.l. isolates from different countries based on genetic distance calculated using
the Kimura 2-parameter model. The numbers on the branches are percent bootstrapping values from 1,000 replicates. Each H. taeniaeformis s.s. or H. kamiyai
sequence is identified by its accession number and geographical location (country). Novel and known nucleotide sequences of strobilocercus fasciolaris isolates
obtained in the present study are represented by black triangles and black circles, respectively.
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KT693057-Russia

MF380373-China
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are shown in blue and red, respectively.

JINB31308-T: hydatigena

FIGURE 2 | Genetic and geographical relationships of H. taeniaeformis s.l. isolates based on a Bayesian inference analysis of the cox 7 locus. The relationships
were inferred by Bayesian inference analysis of cox7 gene sequences of H. taeniaeformis s.l. isolates from different countries based on the Jukes—Canto model.
Posterior probability values were produced using MrBbayes. The scale bar displays branch length in units of evolutionary distance. Each H. taeniaeformis s.s. or H.
kamiyai sequence is identified by its accession number and geographical location (country). Novel and known nucleotide sequences obtained in the present study

99 [ A MF380383-China
A MF380387-China
AP017671-Japan

A MF380386-China
FJ886790-China H. taeniaeformis s.s
g8 | FU597547-China

74 A MF380384-China

I:A MF380385-China
99 —A MF380388-China

AF445798-T. asiatica

Al 00-Taenia sp.

— JN990282-T. pisiformis

i
0.05

100 L N990298-T. pisiformis

FIGURE 3 | Genetic and geographical relationships of H. taeniaeformis s.s. isolates based on a neighbor-joining analysis of the nad4 locus. The relationships were
inferred by a neighbor-joining analysis of the nad4 gene sequences of H. taeniaeformis s.s. isolates from different countries based on genetic distance calculated
using the Kimura 2-parameter model. The numbers on the branches are percent bootstrapping values from 1,000 replicates. Each H. taeniaeformis s.s. sequence is
identified by its accession number and geographical location (country). Novel nucleotide sequences obtained in the present study are represented by black triangles.

etal.,, 1995). The TtACR isolate was observed to have a degree of
variation of 9.0%-9.5% at the coxI locus compared to isolates
from other murine species including brown rats in Japan (n = 1)
and Malaysia (n = 1), house mice in Belgium (n = 1) and China
(n = 1), and small Japanese field mice (Apodemus argenteus) in
Japan (n = 2) (Okamoto et al., 1995). In 2008, an analysis of the
coxlI locus showed that a Turkish isolate (TtaTu) from a wood

mouse (Apodemus sylvaticus) and a Finnish isolate (TtaFi) from
a cat (Felis catus) were genetically close to the divergent isolate
from Japan (TtACR), and the three isolates were genetically
distant from a Kazakhstan isolate (TtaKa) from a wood mouse
(which had a coxI gene sequence that resembled the majority of
the previously published coxI gene sequences of H.
taeniaeformis) (Lavikainen et al., 2008). Variation has been
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clearly observed at the coxI locus: 0.3%-5.1% within H.
taeniaeformis s.s., and 9.1%-13.3% between H. taeniaeformis
s.s. and H. kamiyai (including the TtACR, TtaFi and TtaTu
isolates) (Lavikainen et al., 2016). Due to the rarity of data on the
nad4 gene sequences of H. taeniaeformis from other countries/
regions, we did not conduct a corresponding comparative
analysis in this study.

The phylogenetic analyses based on the sequence data of the
cox1 and nad4 genes revealed that all the haplotypes were grouped
with H. taeniaeformis s.s., confirming the results of PCR
amplification and sequencing. The phylogenetic trees based on
neighbor-joining and Bayesian inference analyses were broadly
congruent. Regarding the coxI locus analysis, all 10 haplotypes
belonged to H. taeniaeformis s.s.: eight were grouped with those
from Europe (Spain, Belgium and Russia), Africa (Ethiopia and
South Africa), Oceania (Australia), and Asia (Vietnam, Cambodia,
Thailand, Laos, India, Japan, Kazakhstan and China), and two with
those from Asia (Cambodia, Thailand, Laos and China). However,
several isolates from Europe (Turkey, Germany, Finland and Italy)
belonged to H. kamiyai, which was recently separated from H.
taeniaeformis s.l. (Lavikainen et al., 2016) (Figures 1, 2). The H.
kamiyai isolates were in a single clade, and the results confirmed
that H. kamiyai is genetically distant from H. taeniaeformis s.s.
Based on nucleotide sequence comparisons, Catalano et al. found
thata H. taeniaeformis isolate from a Nile rat (Arvicanthis niloticus)
in Senegal showed identity to what was described as H.
taeniaeformis s.s., a lineage that might have originated in
Southeast Asia and rapidly invaded Australia, the Americas,
Europe and Africa, where it has been identified in Ethiopia and
South Africa in Rattus spp. (Catalano et al.,, 2019). Lavikainen et al.

I— AF445798-T. asiatica

ja.sp

FIGURE 4 | Genetic and geographical relationships of H. taeniaeformis s.s. isolates based on a Bayesian inference analysis of the nad4 locus. The relationships
were inferred by Bayesian inference analysis of nad4 gene sequences of H. taeniaeformis s.s. isolates from different countries based on the Jukes—Canto model.
Posterior probability values were produced using MrBayes. The scale bar displays branch length in units of evolutionary distance. Each H. taeniaeformis s.s.

sequence is identified by its accession number and geographical location (country). Novel nucleotide sequences obtained in the present study are shown in blue.

(2016) has also speculated that H. taeniaeformis probably originated
in Asia and has spread worldwide, given its linkage to the Rattini
tribe. Regarding the nad4 locus analysis, all six haplotypes obtained
in the present study were grouped with H. taeniaeformis s.s. isolates
from China (FJ886790 and FJ597547) and Japan (AP017671)
(Figures 3, 4). All of these genetic relationships were supported
by high Bayesian inference posterior probability values and most
of them by moderate-to-high neighbor-joining bootstrap values.
Based on homology analysis of the 10 cox] gene sequences
identified in the present study, four sequences (MF380373,
MF380374, MF380375, and MF380378) have been previously
described, while the remaining six (MF380376, MF380377, and
MF380379-MF380382) are novel. All of the six nad4 gene
sequences identified in the present study (MF380383-
MF380388) are novel. However, only three of the six novel coxI
gene sequences and five of the six novel nad4 gene sequence
caused amino acid changes relative to their respective reference
sequences (the reference sequences were selected on the basis that
they had the highest similarity to the representative sequences
obtained in the present study) (Table 3). These findings of novel
nucleotide and amino acid sequences might reflect the region-
specific genetic characterization of H. taeniaeformis s.s. Currently,
the significance of these changes at the nucleotide and amino acid
levels is unclear. However, Echinococcus granulosus research has
shown that genetic variation could affect host infectivity,
epidemiology and control strategies (Carmena and Cardona,
2014). Similarly, studies on the Taenia saginata and Taenia
solium mt genomes have also demonstrated intraspecific
variation that may influence the pathological presentations
exhibited in different hosts (Vega et al., 2003; Rostami et al., 2015).
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TABLE 3 | Homology analysis of the cox7 and nad4 loci in strobilocercus
fasciolaris isolates from brown rats.

Amplified Accession Accession Homology Codon®amino acid
gene no. (n) ®no  no. ®/host/ (%) (nucleotide Position)®
of isolates) country
cox1 MF380373 KT693056/ 100
) leopard cat/
Russia;
AB221484/
brown rat/
Japan
MF380374 KT693059/ 100
(1) striped field
mouse/Russia
MF380375 FJ597547/ 100
(1) cat/China;
KT693044/
brown rat/
Cambodia
MF380378 KT693062/ 100
2) leopard cat/
Russia
MF380376 FJ597547/ 99.8 (T to C)TT/F to L (103)
(1) cat/China
MF380377 FJ597547/ 99.5 (Ato G)TT/I to V (310)
(1) cat/China
MF380379 KT693053/ 99.2
(1) small white-
toothed rat/
Thailand
MF380380 AB745097/ 99.8
(1) brown rat/
Japan
MF380381 FJ597547/ 99.8 (Ato G)TT/Ito V (310)
(1) cat/China
MF380382 KT693062/ 99.2
(1) leopard cat/
Russia
nad4 MF380383 AP017671/ 98.2 (G to ACT/(A to T) (355);
(4) unspecific/ (T to C)TT/(F to L) (415);
Japan AT(A to G)/(I to M) (621)
MF380384 FJ597547/ 99.9
5) cat/China
MF380385 FJ597547/ 95.9 (A to G)TA/I to V(88); (G
1) cat/China to A)AT/D to N (94); AT
(A to G)/I to M (330)
MF380386 AP017671/ 98.8 (Cto T)CC/(P to S)
(1) unspecific/ (124)
Japan
MF380387 APO17671/ 98.5 (Tto C)TT/Fto L (415);
(1) unspecific/ AT(A to G)/I to M (621)
Japan
MF380388 AP017671/ 95.9 (Ato G)TA/I to V (88);
(1) unspecific/ (CtoTC(CtoTY/Pto S
Japan (124; 126); AT(A to G)/I

to M (330); A(C to HA/T
to | (386)

4Accession no. of the representative sequences obtained in the present studly.
PAccession no. of the reference sequences, which had the highest similarity with the
representative sequences obtained in the present studly.

°The nucleotide change (in brackets for each codon) represents the change from the
reference sequence to the representative sequence obtained in the present study.
9Nucleotide position numbers according to the representative sequence, with the
beginning of the coding region being position no. 1.

CONCLUSION

This is the first report on the genetic characterization of
strobilocercus fasciolaris in brown rats in China. High genetic
heterogeneity was found across the 13 identified isolates: 10
haplotypes (intraspecific variation: 0.3%-4.4%) at the coxI locus
and six haplotypes (intraspecific variation: 0.6%-4.7%) at the
nad4 locus. Based on phylogenetic and homology analyses, all 13
isolates belonged to H. taeniaeformis s.s. The findings of novel
nucleotide and amino acid sequences might reflect the endemic
genetic characterization of strobilocercus fasciolaris. The
molecular data will be useful to further explore the biological
and epidemiological significance of intraspecific variation within
H. taeniaeformis s.s.
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The invasion and egress are two key steps in lytic cycle vital to the propagation of
Toxoplasma gondii infection, and phosphorylation is believed to play important roles in
these processes. However, the phosphoproteome of T. gondii at these two stages has
not been characterized. In this study, we profiled the phosphoproteome of tachyzoites at
the stages of “just invading” (JI) and “prior to egress” (PE) based on iTRAQ quantitative
analysis, in which a total of 46 phosphopeptides, 42 phosphorylation sites, and 38
phosphoproteins were detected. In the comparison of PE vs. JI, 10 phosphoproteins
were detected with their phosphorylation level significantly changed, and four of them
were demonstrated to be significantly down-regulated at the transcriptional level.
Bioinformatic analysis of these identified phosphoproteins suggested that
phosphorylation-mediated modulation of protein function was employed to regulate the
pathway of toxoplasmosis and metabolism and cellular processes correlated with
tachyzoite’s binding, location, and metabolism, and thus play vital roles in the parasite
lytic cycle. Moreover, cytoskeletal network (CN)-associated Inner Membrane Complex
(IMC1, IMC4, IMC6 and IMC12), Intravascular Network (IVN)-related GRAs (GRA2, GRA3,
GRA7 and GRA12), and Parasitophorous Vacuole Membrane (PVM)-localized ROP5 were
shown to be enriched at the central nodes in the protein interaction network generated by
bioinformatic analysis, in which the phosphorylation level of IMC4, GRA2, GRAS, and
GRA12 were found to be significantly regulated. This study revealed the main cellular
processes and key phosphoproteins crucial for the invasion and egress of T. gondli, which
will provide new insights into the developmental biology of T. gondii in vitro and contribute
to the understanding of pathogen-host interaction from the parasite perspective.

Keywords: Toxoplasma gondii, iTRAQ, phosphoproteomic analysis, bioinformatic analysis, invasion, egress
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Phosphoproteomic Analysis of Toxoplasma gondii Tachyzoites

INTRODUCTION

Toxoplasma gondii is an obligate intracellular apicomplexan
parasite that chronically infects approximately one-third of the
world’s human population, and the toxoplasmosis caused by its
infection has been regarded as one of the major neglected
parasitic infections (Hotez, 2014; Wei et al., 2016). Fortunately,
most infections in healthy people do not show obvious clinical
symptoms. However, severe complications, such as encephalitis
and eye disease, even death can be caused by the infection of
T. gondii in immunocompromised patients (Weiss and Dubey,
2009). Moreover, primary infection of T. gondii in pregnant
women can be vertically transmitted to infect the fetus and result
in miscarriage, premature birth, stillbirth, malformations, and
other adverse pregnancy outcomes (Li et al., 2014). As an
obligate intracellular parasite, the successful invasion and
egress of T. gondii from its host cell are critical for survival,
dissemination and transmission, and thus are believed to be
essential for the propagation of parasite infection (Lavine and
Arrizabalaga, 2007; Hortua Triana et al., 2018).

Phosphorylation is a key post-translational protein
modification for regulating protein function, which is considered
to regulate almost all aspects of cell life (Olsen et al., 2006; Schulze,
2010; Broncel and Treeck, 2020). The critical roles of
phosphorylation in the lytic cycle of T. gondii have also been
demonstrated in the previous studies. For example, preventing the
phosphorylation of TgIF20. with point mutation (S71A) lead to a
significant delay in producing acute toxoplasmosis in vivo and a
defect in adapting to the extracellular environment while the
parasite searched for a new host cell in vitro (Joyce et al., 2010).
Moreover, TgMyoA is reported to regulate the initiation of motility
and egress in the T. gondii’s lytic cycle, which largely depends on its
phosphorylation (Gaji et al.,, 2015; Powell et al., 2018). Till now,
however, only a few phosphorylated proteins of T. gondii have been
identified, and the quantitative phosphoproteomic analysis of
T. gondii at the different lytic cycle stages is also very few.

T. gondii invasion of its host is a rapid process, and to
accomplish this process, complex signaling events within the
parasite must occur. Meanwhile, the egress of T. gondii is an
active process to rupture the PVM, which contributes to its
dissemination and associates with the pathogenesis of its
infection (Frenal et al., 2017). Here, the first 30 min post
infection was defined as the phase of “just invasion”, when
most of the T. gondii tachyzoites invade the host cell and the
parasitophorous vacuoles (PVs) are newly formed. Moreover,
since the tachyzoites have been thoroughly proliferated and are
ready to egress at 28 h post infection (PI), this phase was termed
as the phase of “prior to egress” (Treeck et al., 2011). In our
study, we performed phosphoproteomic analysis of T. gondii to
characterize the complicated events mediated by
phosphorylation of T. gondii at these two infection stages, and
also analyzed mRNA expression of the significantly regulated
phosphoproteins that significantly changed between JI and PE.
This current study will be helpful to elucidate the invasion and
egress mechanisms of T. gondii and understand the role of
phosphorylation in host-pathogen interactions from the
perspective of the pathogen.

MATERIALS AND METHODS

Cell and Parasite Culture

RH tachyzoites were maintained by serial passages in human
foreskin fibroblast (HFFs) monolayers grown in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with
10% fetal calf serum (FBS; Gibco) and 100 pg/ml gentamicin.

Sample Preparation

The HFF cells were infected with T. gondii RH tachyzoites with a
multiplicity of infection (MOI) of 3 for 30 min and 28 h,
respectively. After infection for 30 min, the unrecruited
tachyzoites were washed off with phosphate buffered saline
(PBS) for three times, and the JI groups were then harvested
with cell scrapers. The PE groups were cultured for another
27.5 h and harvested with the same method. All six groups of
cells were pelleted by centrifugation, stored in dry CO,, and sent
to the Beijing Genomic Institute (BGI) for total protein
extraction and subsequent analysis.

Protein Extraction and Digestion

Protein extraction and digestion procedures were performed
essentially as described previously (He et al., 2019). Briefly, the
cells were suspended in lysis buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 40 mM Tris-HCI, pH 8.5, 1 mM PMSF, 2 mM EDTA)
and sonicated on ice. The protein mixtures were precipitated by
adding 4x volume of chilled acetone and leaving the mixtures
overnight at -20°C. After centrifugation at 30,000 g and 4°C, each
pellet was dissolved in 0.5 M triethylamine borane (TEAB;
Applied Biosystems, Milan, Italy) and sonicated on ice. After
centrifuging again at 30,000 g and 4°C, an aliquot of the
supernatant was taken for determination of protein
concentration by the Bradford method using BSA as a
standard. For each example, 100 [g of the extracted proteins
were digested at 37°C for 4 h with Trypsin Gold (Promega,
Madison, WI, USA) with a protein-to-trypsin ratio of 40:1.
Trypsin Gold was then added to each sample again with the
same ratio, and the protein was digested for another 8 h. The
digested peptides were desalted using a Strata X C18 column
(Phenomenex, Torrance, CA, USA) and vacuum-dried.

iTRAQ Labeling and Phosphopeptide
Enrichment

The vacuum dried peptides from each group were reconstituted
in 0.5 M TEAB and isotope labeling was carried out according to
the manufacturer’s protocol for the iTRAQ Reagent 8-Plex Kit
(Applied Biosystems, Foster City, CA, USA). The labeled
samples were desalted using a Strata X C18 column
(Phenomenex, Torrance, CA, USA) and vacuum-dried.

The dried peptides were reconstituted in a solution
containing 65% (v/v) acetonitrile (ACN) and 3.5% (v/v)
trifluoroacetic acid (TFA) and then saturated with glutamic
acid. Phosphopeptides were enriched using TiO,, as previously
described (He et al., 2017a). Briefly, iTRAQ-labeled peptides
were added into the freshly prepared TiO, beads (GL Sciences) at
peptides-to-beads ratio of 1:4 (mass/mass) and then incubated
for 20 min at 37°C with end-over-end rotation. The mixture was
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first washed with 65% ACN and 0.5% TFA (pH 2.0-3.5) and then
with 65% ACN and 0.1% TFA (pH 2.0-3.5). The
phosphopeptides were eluted with 0.3 M NH,OH solution in
50% (v/v) ACN (diluted from a 25% NH,OH solution) and
vacuum-dried.

Peptide Fractionation

The enriched peptide mixtures were reconstituted with 300 ul
1%TFA and separated according to the manufacturer’s protocol
for the High pH Reversed-Phase Peptide Fractionation Kit
(Thermo Scientific Pierce, #84868). The eluted peptides were
pooled into six fractions and vacuum-dried.

Liquid Chromatography-Tandem Mass
Spectrometry Analysis Using Q Exactive
Each fraction was resuspended in buffer A (2% ACN, 0.1% FA)
and centrifuged at 20, 000 g for 10 min. The supernatant was
loaded by the auto sampler onto a trap column on a LC-20AD
nanoHPLC (Shimadzu, Kyoto, Japan) for trapping and desalting.
The peptides were then eluted onto a 15 cm analytical C18
column (inner diameter 75 wm, column particle size 3.6 um) that
was packed in-house. The samples were loaded and subjected to
the following conditions: 8 min at a flow rate of 300 nl/min
maintaining at 5% buffer B (98% ACN, 0.1% FA), followed by
68 min linear gradient to 21%, 6 min linear gradient to 32%, and
3 min linear gradient to 80%, and then maintenance at 80%
buffer B for 5 min, and finally a return to 5% buffer B for 5 min.

The peptides were then subjected to ionization with nano-
electrospray ionization (nanoESI) followed by analysis with a Q
Exactive Tandem Mass Spectrometer (Thermo Fisher Scientific,
MA, USA) in a data-dependent acquisition mode. The
electrospray voltage applied was 1.6 kV. MSI1 spectra were
collected in the range 350-1,500 m/z at a resolution of 70,000
and MS2 spectra were collected in the fixed starting 100 m/z at a
resolution of 17,500. The 20 most intense precursors with a
charge state of 2+ to 5+ were selected for MS2 fragmentation
with 20 s dynamic exclusion setting. Peptides were selected for
MS2 using the high-energy collision dissociation operating mode
with a normalized collision energy setting of 30, and the ion
fragments were detected in the Orbitrap. The AGC target value
for MS1 and MS2 was set at 3E6 and 1ES5, respectively.

Phosphoproteomic Data Analysis

For iTRAQ phosphorylated protein identification, raw MS/MS
spectra were processed with Proteome Discoverer 1.4 (Thermo
Fisher Scientific) and searched using in-house Mascot 2.3
(Matrix Science, London, UK) against the download protein
sequences from ToxoDB database (https://toxodb.org/toxo/).
The search parameters were as follows: enzyme, trypsin;
peptide mass tolerance, 20 ppm; fragment mass tolerance, 0.05
Da; fixed modifications, Carbamidomethyl (C), iTRAQ8plex (N-
term), iTRAQ8plex (K); variable modifications, Oxidation (M),
Acetyl (Protein N-term), Deamidated (NQ), Phospho (ST),
Phospho (Y), and iTRAQS8plex (Y); and max missed cleavage,
2. The search results were further processed using Percolator
and a peptide false discovery rate (FDR) <0.05 was used as the
criterion for defining confidential peptides. The phosphorylation

sites of identified phosphopeptides were scored with Proteome
Discoverer applying in-house phosphoRS 3.1, and the confidence
was set at a phosphoRS site probability >0.75 (Taus et al., 2011).
For iTRAQ quantification, the peptide for quantification was
automatically selected by the algorithm to calculate the reporter
peak area, error factor (EF), and p-value (default parameters in
Mascot software package). Student’s t-test was performed using
the Mascot software. The resulting data set was auto bias-
corrected to the biological replicates. The peptide ratios were
normalized by dividing by the median ratio of all the peptides
identified (Wu et al,, 2015). A phosphoprotein with a between-
group 1.5-fold change in phosphorylation level at p <0.05 was
considered to be a significantly regulated phosphoprotein
(Nguyen et al., 2012).

Functional Analysis of the Phosphorylation
Data Set

All the identified phosphoproteins between the two comparison
groups (JI and PE) were subjected to bioinformatic analysis. Gene
Ontology (GO) annotation and enrichment analysis were
completed using the web-based GO software (http://www.
geneontology.org) (Ashburner et al, 2000). A pathway analysis
was performed at the Kyoto Encyclopedia of Genes and Genomes
database (KEGG, http://www.genome.p/kegg) (Kanehisa and
Goto, 2000). Hypergeometric tests were used for identifying
significantly enriched GO terms and KEGG pathways. A
significance level of p <0.05 was used as the enrichment cut off
threshold for GO terms and KEGG pathways (Nguyen et al,
2012). All the identified proteins were used as the backgrounds of
GO and KEGG analyses with all the identified T. gondii
phosphorylated proteins. Additionally, interaction networks for
all the identified phosphoproteins in these two groups were
conducted using STRING 11.0 (http://string-db.org).

Transcript Expression Analysis With qPCR

Total RNA was isolated from HFF cells infected with T. gondii
for 30 min and 28 h by Trizol (Invitrogen), and then reversely
transcribed using Reverse Transcriptase (Vazyme). Each
biological replicate was analyzed in triplicates by SYBR green-
based quantitative real-time PCR using Top Green qPCR
SuperMix (TransGen Biotech) on Light Cycler 48011 (Roche)
with the primers shown in Table S1. Mean fold-changes from
three independent experiments were calculated from AACT
values using actin transcript as a housekeeping gene
(Buguliskis et al., 2010; Blume et al., 2015).

RESULTS

Phosphoproteomic Identification of T.
gondii Tachyzoites at Different Infection
Phases

All six samples were labeled with iTRAQ reagents, and the
phosphopeptides were enriched by TiO,, which were then
analyzed with LC-MS/MS. The workflow of this study is
presented in Figure 1. As a result, a total of 46 phosphopeptides
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FIGURE 1 | Processes of the TRAQ-based phosphoproteomic analysis of T. gondii tachyzoites at the stages of “just invading” and “prior to egress”. Two biological
triplicates of cells infected with T. gondii RH tachyzoites for 30 min or 28 h, respectively, at a MOI of 3 were collected for the phosphoproteomic analysis of T. gondii
tachyzoites. All the six samples were digested with trypsin and labeled with iTRAQ. The labeled phosphopeptides were enriched with TiO2, and subjected to LC-MS/
MS analysis. The generated phosphoproteomic data were then qualitatively, quantitatively, and functionally analyzed.

matching to 38 phosphoproteins were identified with a false-
discovery rate (FDR) <0.01 in phosphopeptide level, and 42
phosphorylation sites were detected with phosphoRS probability
>0.75 in phosphorylation site level (Figure 2A). The detected 42
phosphorylation sites consisted of 33 (78.57%) serine
phosphorylation (pSer), 8 (19.05%) threonine phosphorylation
(pThr), and 1 (2.38%) tyrosine phosphorylation (pTyr) (Figure
2B). The detailed information of all the identified phosphoproteins
is shown in Table S2.

Identification and Quantification of the
Significantly Regulated Tachyzoite
Phosphoproteins

The phosphopeptides identified in the two groups (JI and PE) were
quantified using Mascot software, and between these two groups,
the comparative analysis of phosphorylation level change was
further performed based on PE/JI ratio. The comparative
phosphorylation level analysis led to the identification of 8 up-
regulated (TGGT1_311480, GRA12, IMC4, TGGT1_273460,
TGGT1_230940, GRA2, TGGT1_257530, GRA3) and 2 down-
regulated phosphoproteins (TGGT1_239800, TGGT1_228360) (p
< 0.05). The detailed information of phosphoproteins with
phosphorylation level significantly changed is shown in Table S2.

Function Analysis of the Identified
Phosphoproteins

To gain a better understanding of the phosphoproteins’ role in
the lytic cycle processes of T. gondii tachyzoites, we performed
GO and KEGG enrichment analysis with the identified
phosphoproteins. The enriched GO terms were assigned to
molecular function (MF), biological process (BP), cellular
component (CC), and the results are shown in Figure 3. The
terms of the MF were significantly enriched with the identified
phosphoproteins including “transporter activity”, “catalytic
activity”, and “binding”. In the BP, the terms were significantly
enriched with the identified phosphoproteins including “single-
organism process”, “metabolic process”, “localization”,
“establishment of localization”, and “cellular process”. While in
the CC, terms of “organelle part”, “organelle”, “membrane part”,
“membrane”, “macromolecular complex”, “extracellular region”,
“cell part”, and “cell” were significantly enriched. Unfortunately,
since the number of identified phosphoproteins with
phosphorylation level significantly changed was few, no term
in MF and CC was significantly enriched, except for the terms of
“single-organism cellular process”, “single-organism process”,
and “cellular process” in BP enriched with the significantly
regulated phosphoproteins.
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FIGURE 2 | Large-scale mass spectra information regarding the phosphoproteome data. (A) Information on the identified proteins, phosphoproteins, peptides,
phosphopeptides, and phosphosites. (B) Distribution of the pSer/pThr/pTyr phosphoproteome. Phospho-Ser was the most abundant site, and it accounted for
78.57% of all phosphorylated amino acids, followed by phospho-Thr (19.05%) and phospho-Tyr (2.38%).
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FIGURE 3 | GO enrichment analysis of all the identified T. gondii phosphoproteins. GO analysis of all the 38 identified phosphoproteins revealed that proteins in the
“biological process”, “cellular component”, and “molecular function” categories were enriched. These phosphoproteins were suggested to be involved in the
regulation of cellular processes including binding, location, and metabolism correlated with T. gondlii invasion and egress.

The KEGG pathway analysis with all the identified  Protein-Protein Interaction Analysis
phosphoproteins revealed that the enriched pathways were  The protein-protein interaction (PPI) network of the identified
closely associated with the pathogenicity of T. gondii, such as  phosphoproteins were analyzed using STRING 11.0, and the

“toxoplasmosis”, “metabolic pathways”, and “glycerophospholipid  resulting PPI network included 16 nodes and 37 edges and was
metabolism” (Table S3, Figure S1). For the same reason with GO then constructed by removing unconnected proteins and self-
analysis, however, only one pathway correlated with  Joops as shown in Figure 4. The PPI network was constructed by
“toxoplasmosis” was enriched with the significantly regulated  setting the minimum required interaction score to medium
phosphoproteins in the comparison group of PE vs. JI (Figure 4).  confidence (0.4). Based on the results of PPI network analysis,
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phosphoproteins of GRA2, GRA3, GRA7, GRA12, and ROP5
were shown to be enriched at the central nodes in the PPI
network, which were demonstrated to be important to suppress
the immune recognition by the host cell (Rommereim et al,
2019). In addition, some other phosphoproteins with unknown
function such as IMC1, IMC4, IMC6, IMC12, and GT1 were also
shown as important node proteins in the PPI network (Figure 4).

Transcription Level Assay of the
Significantly Regulated Phosphoproteins
The transcription level of ten phosphoproteins with
phosphorylation level significantly changed in the comparison
group of PE vs. JI were analyzed with qPCR. Four of the ten T.
gondii phosphoproteins (TGGT1_311480, GRA12,
TGGT1_273460, and TGGT1_239800) were demonstrated to
be significantly down-regulated at the transcription level, while
the other 6 phosphoproteins were revealed with no significant
change (Figure 5).

DISCUSSION

The invasion and egress of T. gondii tachyzoites are two basic
processes of the lytic cycle, which entails complex signaling
events within both the parasite and its host (Treeck et al,
2011; Blader et al.,, 2015). As a key post-translational
modification in mediating the protein function, the
phosphorylation was considered to be involved in regulating
almost all the signaling events, and the phosphorylation has been
proved to play important roles in regulating the invasion and
egress processes of T. gondii (Tang et al., 2014; Krishnamurthy
et al., 2016; Stewart et al., 2016; Wallbank et al., 2019). For
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FIGURE 4 | Protein—protein interaction (PPI) networks of all the identified phosphoproteins. The PPl network was generated with the identified tachyzoites
phosphoproteins via STRING v11.0 with a confidence score over 0.7. GRA3 and GRA7 within red box were suggested to be involved in the regulation of
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FIGURE 5 | Relative transcription level of the genes with their protein’s
phosphorylation level significantly changed. The transcription level of ten
phosphoproteins with the phosphorylation level significantly changed were
detected with gPCR, ant the Actin was used as an internal control. Error bars
represent SD from three independent replicates, and statistical values were
determined by t test. “*p < 0.01; **p < 0.001; NS, no significant difference.

example, phosphorylation of host Irga6 by T¢ROP18 inhibits its
accumulation and action on the PVM, thereby promoting T.
gondii escape from host immune clearance (Steinfeldt et al.,
2010). Moreover, the phosphorylation-mediated activation of
host STAT3 induced by TgROP16 enhances the production of
proinflammatory cytokines, including IL-6 and IL-12, to
eliminate the parasites (Yamamoto et al., 2009). Corresponding
to the essential roles of phosphorylation in modifying the
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function of a host protein, the crucial role of phosphorylation of
T. gondii protein in mediating the invasion and egress processes
of T. gondii has also been reported (Tang et al., 2014;
Krishnamurthy et al., 2016). For example, Tang’s group has
demonstrated that enhanced phosphorylation of TgMyoA
increases the efficiency of invasion and accelerates the process
of calcium-induced egress (Tang et al., 2014). Additionally, the
dephosphorylation of TgAMA1 is demonstrated to be necessary
for the optimal invasion of T. gondii (Krishnamurthy et al,
2016). Therefore, phosphorylation is a double-edged sword,
which can play both positive and negative regulatory roles in
mediating the interaction between T. gondii and its host.
Recently, iTRAQ based phosphoproteomic quantitative
analysis has emerged as an efficient approach to screen key
phosphoproteins essential for the pathogenesis of T. gondii.
Intriguingly, our previous iTRAQ-based phosphoproteomic
analysis with respect to the host cell at the infection stages of
JI and PE manifests that T. gondii manipulates host cell processes
including apoptosis, metabolism, cytoskeleton reorganization
through phosphorylation (He et al., 2019). Based on the results
of our phosphoproteomic analysis, we found that the
phosphorylation levels of host cell vimentin were significantly
modulated by T. gondii at the two infection stages. Further
functional analysis revealed that vimentin inhibits the invasion
of T. gondii (He et al., 2017b). Consequently, the
phosphoproteomic analysis of T. gondii at the infection phases
of JT and PE may provide new clues to unravel the mechanisms
controlling the parasite’s invasion and egress processes.
However, the phosphoproteome data and its quantitative
information with respect to T. gondii tachyzoite at the
infection phases of just invasion and prior to egress have not
been identified yet.

With the illustration of the vital roles of phosphorylation for
T. gondii infection, the phosphoproteomic analysis of T. gondii
has been gradually explored. For example, Wang et al. analyzed
the phosphoproteome of three different strains of T. gondii
tachyzoites (RH strain, PRU stain, and PYS strain), and
identified several hundreds of phosphoproteins. This
phosphoproteomic analysis is therefore beneficial for
explaining the contribution of phosphorylation in regulating
the virulence heterogeneity of the three parasite strains (Wang
et al,, 2019). In our study, however, only 38 phosphoproteins
were identified, which were much less than the reported number
of phosphoproteins in T. gondii tachyzoites. The discrepancy
between the number of identified T. gondii phosphoproteins
may be due to the far below amount of loading protein of T.
gondii for the analysis performed with the same approach,
completely different lytic cycles of tachyzoites and various
sources of parasite collection (Wang et al, 2019). Since the
phosphoproteome data generated in this study was confirmed
by western blot from the aspect of human cells (He et al., 2019),
the phosphoproteome data reported in this study therefore
is very reliable. Interestingly, most of these identified
phosphoproteins were revealed with low mean phenotype
scores based on the genome-wide CRIPSR screened results
performed by Sidik’s group (Table S2), which suggested that

the phosphorylation could be employed to modulate these
protein’s function thereby controlling the invasion and egress
processes of T. gondii (Sidik et al., 2016). Additionally, among
the ten significantly regulated phosphoproteins, four of them
were demonstrated to be significantly down-regulated at the
transcriptional level in the comparison group of PE vs. JI, which
suggested that some phosphoproteins were involved in the
regulation of the invasion and egress processes of T. gondii not
only through modifying the phosphorylation status, but also by
regulating the mRNA expression.

The results of the bioinformatic analysis in our study showed
that these identified phosphoproteins were mainly involved in
the regulation of the processes of metabolism and location, and
their function emphasized on “transporter activity”, “catalytic
activity”, and “binding”. Our analysis is in agreement with
previous studies, which demonstrated that multiple
phosphoproteins played crucial roles in modulating the
enriched biological processes. For example, GRA2 is reported
to be involved in the formation of IVN in the PV, which allows
nutrients transportation to nourish the parasites (Nam, 2009).
Deletion of GRA2 lead to failed formation of the IVN and also
decreases the infection rate in vitro (Rommereim et al., 2016).
Intriguingly, the phosphorylation level of GRA2 was detected to
be up-regulated significantly in the comparison group of PE vs.
JI, which suggested that phosphorylation may be one of the
important mechanisms in mediating the function of GRA2.
Surprisingly, both GRA3 and GRA12 were identified with
enhanced phosphorylation level in this study yet were shown
to be dispensable for the lytic cycle of T. gondii in vitro, however,
they play essential roles in acute infection of T. gondii in vivo
(Craver and Knoll, 2007; Rommereim et al., 2016; Fox et al.,
2019; Wang et al., 2020). The explanation of this discrepancy
may be that GRA3 and GRA12 do not play their roles
independently in the lytic cycle process of tachyzoites but
interdependently, just as other GRA proteins (Rommereim
et al., 2016). Consequently, double knockout stains of
GRA3 and GRA12, or even more GRAs, need to be generated
to explore their roles in the lytic cycle of T. gondii. Moreover,
another significantly regulated phosphoprotein, ApiAT5-3
(TGGT1_257530), identified in this work has been shown to
play an essential role in the lytic cycle of T. gondii other than
egress, despite it being rapidly phosphorylated at Ser56 after
induction of egress with ionophore (Wallbank et al., 2019).
Wallbank et al. reports that the phosphorylation of ApiAT5-3
at the process of PE is prepared for the extracellular milieu, or
reinvasion of tachyzoites. However, how the phosphorylation of
ApiAT5-3 functions during the lytic cycle of T. gondii, and
whether there are other phosphorylation sites involving in the
regulation of its function need to be further explored. In our
study, we found the phosphorylation level of ApiAT5-3 at Ser24
was significantly up-regulated prior to egress compared to the
stage of just invasion of T. gondii. This may provide new insight
into the mechanism of how ApiAT5-3 works in the lytic cycle of
T. gondii.

KEGG pathway analysis showed that the identified
phosphoproteins were annotated into pathways with direct
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relevance to toxoplasmosis and metabolism, such as
“Glycerophospholipid metabolism” and “Metabolic pathways”
(Table S3, Figure S1), which is consistent with the reported
phosphoproteins function in the phosphoproteomic analysis of
different T. gondii strains (Wang et al., 2019). This result suggests
that phosphoprotein-mediated pathway regarding toxoplasmosis
and metabolism may be critical for the pathogenesis of T. gondii.
Further analysis of the key phosphoproteins involved in the
regulation of these shared pathways may provide potential clues
to illustrate the mechanism of the invasion and egress, such as
GRA3, GRA7, and TGGT1_306540. Moreover, five
phosphoproteins ROP5, GRA7, GRA2, GRA3, and GRA12,
were shown to locate at the central nodes in the PPI network.
All these five phosphoproteins were demonstrated to play
essential roles in reducing T cell recognition (Rommereim
et al., 2019), which could further avoid the clearance of
parasite by the host immune system. What is interesting is that
three of the five phosphoproteins, GRA2, GRA3, and GRA12, were
found to be significantly up-regulated at the phosphorylation level
in the comparison group of PE vs. JI. Some of other
phosphoproteins were shown to locate at the central nodes in the
PPI network, such as IMC1, IMC4, and IMC12, and they may have
important roles in the regulation of T. gondii lytic cycle.
Unfortunately, the biological significance of these identified
phosphorylation has not been explored yet. Therefore, further
work is required to unravel the function of these identified
phosphoproteins in the process of parasite Iytic cycle.

In conclusion, iTRAQ-based phosphoproteomic analysis in
this research will supplement the phosphoproteome data of T.
gondii at the different lytic cycle stages. Moreover, the identified
phosphoproteins and enriched cellular processes will contribute
to understanding the mechanism of T. gondii invasion and egress
and future studies should aim to clarify the precise function of
these identified phosphoproteins as well as characterize the
phosphoproteome data of other lytic cycle processes besides
the present two stages.
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Malaria is a life-threatening infectious disease, affecting over 250 million individuals
worldwide each year, eradicating malaria has been one of the greatest challenges to
public health for a century. Growing resistance to anti-parasitic therapies and lack of
effective vaccines are major contributing factors in controlling this disease. However, the
incomplete understanding of parasite interactions with host anti-malaria immunity hinders
vaccine development efforts to date. Recent studies have been unveiling the complexity of
immune responses and regulators against Plasmodium infection. Here, we summarize our
current understanding of host immune responses against Plasmodium-derived
components infection and mainly focus on the various regulatory mechanisms
mediated by recent identified immune regulators orchestrating anti-malaria immunity.

Keywords: malaria, immune regulators, immune responses, type | interferon, signaling mechanisms,
protective immunity

INTRODUCTION

Malaria, caused by Plasmodium, is one of the deadly infectious diseases worldwide (Battle et al.,
2015; Howes et al., 2016). According to the World Health Organization report (WHO, 2019), this
infectious disease affected up to 260 million individuals, and caused about half a million deaths in
2018. When female Anopheles mosquitoes inject Plasmodium sporozoites into mammalian hosts
skin, the malaria infection is initiated, leading to a complex life cycle (Ross, 1896; Grassi et al., 1899).
After that, the sporozoites travel through the bloodstream to the liver (Tavares et al., 2013). Once
sporozoites reach the liver, they infect hepatocytes and replicate to about 30,000 merozoites, which
are then released back into the peripheral blood (Mota et al., 2001). Merozoites infect red blood cells
(RBCs) rapidly, and the repeated cycle, including invasions, replication and release, leads to
exponential growth of parasites and disease (Amino et al., 2006; Sturm et al., 2006). The complex
and multi-staged life cycle of malaria parasites evokes a slow development of immunity to protect
parasites from being eliminated.

Over the past decade, the malaria disease, death, and transmission rates significantly decreased in
most endemic countries. However, this stunning progress has been halted by emergence of drug
resistance (WHO, 2019). Besides, the lack of an effective vaccine has been a major constraint in the
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prevention of malaria infection, which largely due to the
underlying mechanism of host-parasite interactions is poorly
understood (Riley and Stewart, 2013; Arama and Troye-
Blomberg, 2014; Ouattara and Laurens, 2015). Malaria
infection triggers a systemic immune response, and results in
the increase of inflammatory cytokines production that leads to
parasite elimination or disease (Stevenson and Riley, 2004;
Parroche et al., 2007; Coban et al., 2010; Sharma et al., 2011;
Gazzinelli et al., 2014; Kalantari et al., 2014; Wu et al., 2014;
Mendonca and Barral-Netto, 2015). A fine-tuned regulation of
immune responses is crucial for developing protective immunity
to effectively eliminate malaria parasites and preventing overreacted
damage to host. Hence, a comprehensive understanding of the
molecular and regulatory mechanisms that modulate the immunity
against Plasmodium is pivotal to develop effective therapeutics
and vaccines.

In this Review, we briefly summarize the activation and
function of immune responses to malaria invasion, and mainly
focus on the immune regulators in anti-malaria immunity. We
describe parasites recognition by host, and the following
initiation as well as function of host immune responses.
Additionally, we discuss how the known regulators manipulate
above immune activation and direct our attention on our group’s
findings. These include that an early spike of type I interferon
(IFN-I) is protective against blood stages in Plasmodium
infection, which is modulated by CD40, SOCS1, FOSLI,
MARCH], as well as RTP4, regulators identified by our group
and collaborators.

Abbreviations: AIM2, absent in melanoma 2; AP-1, activating protein-1; APCs,
antigen presenting cells; ATF, activating transcription factor; BCR, B cell receptor;
BTLA, B and T lymphocyte attenuator; BTNL2, Butyrophilin-like 2; cGAS, cyclic
GMP-AMP synthase; CCL, The chemokine (C-C motif) ligand; cDCs,
conventional dendritic cells; CLAG2, cytoadherence-linked asexual gene 2;
CTLA-4, Cytotoxic T lymphocyte antigen-4; CXCL, Chemokine (C-X-C motif)
ligand; DAMPs, danger-associated molecular patterns; DC, dendritic cell; ECM,
experimental cerebral malaria; ERK, extracellular signal-regulated kinases;
FOXP3, Forkhead Box P3; GC, germinal center; gDNA, genomic-DNA; GPCR,
G-protein-coupled receptors; GPI, glycosylphosphatidylinositol; HVEM, Herpes
virus entry mediator; IDO, Indoleamine 2,3-dioxygenase; IFN-I, type I interferon;
IL, interleukin; iRBCs, infected red blood cells; IRAK, IL-1 receptor associated
kinase; IRF, IFN regulatory factor; JAK, Janus kinase; JNK, c-Jun N-terminal
kinases; LAG-3, Lymphocyte Activation Gene-3; MAF, musculoaponeurotic
fibrosarcoma; MAPK, mitogen-activated protein kinases; MARCH1, Membrane-
associated ring-CH-type finger 1; MDA-5, melanoma differentiation-associated
protein 5; MAVS, mitochondrial antiviral-signaling protein; MHC, major
histocompatibility complex; MSP1, merozoite surface protein 1; MyD88,
myeloid differentiation factor 88; NETs, neutrophil extracellular traps; NFAT1,
Nuclear factor of activated T cell 1; NF-xB, nuclear factor kB; NK cells, natural
killer cells; NKT cells, NK T cells; NLRP3, NLR family pyrin domain containing 3;
PAMPs, pathogen-associated molecular patterns; PD-1, programmed cell death
protein 1; pDCs, plasmacytoid dendritic cells; PI3K, phosphatidylinositol 3-kinase;
PRRs, pathogen recognition receptors; PYHEUL, Plasmodium yoelii HECT-like E3
ubiquitin ligase; RBCs, red blood cells; ROS, reactive oxygen species; SOCS,
suppressors of cytokine signaling; STAT, Signal transducer and activator of
transcription; STING, stimulator of IFN genes; TBK1, TRAF family member-
associated NF-xB activator (TANK)-binding kinase 1; TCR, T cell receptor; Tth
cells, T follicular helper cells; Th cells, helper T cells; TIGIT, T cell
immunoglobulin and ITIM domain; Tim-3, T-cell immunoglobulin- and
mucin-domain-containing molecule 3; TLR, Toll-like receptor; TNF, Tumor
necrosis factor; TNFRSF5, TNF receptor superfamily member 5; TRAF, tumor
necrosis factor receptor-associated factor; Treg cells, regulatory T cells.

ANTI-MALARIA IMMUNITY

Malaria infection is initiated by the bite of mosquitoes carrying
Plasmodium sporozoites. Those sporozoites target liver and
infect hepatocytes when they enter the bloodstream at the first
step, referred to as the liver stage. After that, merozoites released
from the infected hepatocytes invade RBCs, which is called the
blood stage infection. During infection, the host immune system
senses the invading of Plasmodium at both liver stage and blood
stage, and initiates the innate immune responses to produce
cytokines and chemokines, which further activates antigen
presenting cells to bridge the innate and adaptive immunity
against malaria (Figure 1).

Parasite Sensing

Host detects Plasmodium-derived components [known as
pathogen-associated molecular patterns (PAMPs)], including
hemozoin, glycosylphosphatidylinositol (GPI) anchors, and
immunostimulatory nucleic acid motifs, and host-derived
damage-associated molecular patterns (DAMPs), including uric
acid, microvesicles, and haem, through pathogen-recognition
receptors (PRRs) (Gazzinelli and Denkers, 2006; Figueiredo
et al., 2007; Schroder and Tschopp, 2010; Takeuchi and Akira,
2010; Barbalat et al., 2011; O’neill et al., 2013; Gallego-Delgado
et al., 2014; Mantel and Marti, 2014). During liver stage,
Plasmodium inside hepatocytes are detected by macrophages
and dendritic cells (DCs) through the interaction of parasite
RNA with melanoma differentiation-associated protein 5
(MDAS), resulting in production of MDA5-MAVS-IRF3/IRF7-
mediated IFN-I (Combes et al., 2004; Couper et al., 2010). At the
blood stage, the GPI anchors from P. falciparum could stimulate
pro-inflammatory responses by macrophages through
recognition via TLR1/TLR2 or TLR2/TLR6 and to a much
lesser extent through TLR4 (Krishnegowda et al., 2005;
Walther et al., 2006; Clark et al., 2008; Riley and Stewart, 2013;
Singh and Daneshvar, 2013), resulting in several downstream
signaling pathways activation, including MAPK (JNK, p38, and
ERK) and NF-xB signaling (Zhu et al,, 2005). Hemozoin-
combined genomic DNA (gDNA) induces TLRY translocation
on mouse DCs and macrophages and human B lymphocytes,
subsequently initiates the activation of NF-xkB and MAPK
signaling pathways, as well as the release of chemokines and
cytokines (Coban et al., 2005; Coban et al., 2010). On the other
hand, accumulated studies demonstrate that hemozoin-gDNA
complex could also induce NLRP3/AIM2 inflammasomes (Shio
et al., 2009; Kalantari et al., 2014). Besides, our results show that
the activation of NLRP3/AIM2 dependent inflammasome in
plasmacytoid DCs (pDCs), conventional DCs (cDCs), and
macrophages during P. yoelii YM infection (Yu et al, 2018).
We also demonstrate that the P. yoelii YM gDNA initiates low
level of IFN-I induction via cGAS-STING-TBKI1-IRF3 (Yu et al.,
2016). Our and other studies indicate that during both the liver
and blood stage, parasites RNA activates MDA5-MAVS-
mediated IFN-I production with murine parasites (such as
P. yoelii and P. berghei) or human Plasmoidums (such as
P. falciparum) treatment in DCs and macrophages (Baccarella
et al,, 2013; Liehl et al., 2014; Wu et al,, 2014; Yu et al., 2016).
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FIGURE 1 | Immune responses elicited by Plasmodium infection. During malaria infection, different PAMPs secreted from merozoites can be sensed by PRRs and
activate the innate immunity (left panel). cDCs, macrophages, and pDCs are the crucial innate immune cells to defend malaria infection. Within the cytosol of these
cells, pathogenic RNA interacts with MDAS and recruits the adaptor protein MAVS, and Plasmodium gDNA can be detected by cGAS or other DNA sensors to
activate adaptor protein STING. Both MAVS and STING could recruit serine/threonine-protein kinase TBK1 to phosphorylate IRF3 which translocate to nucleus and
induce the expression of IFN-I. Furthermore, parasitic nucleic acid gDNA can also be sensed by inflammasome sensors AIM2, whereas haemozoin and uric acid
activates NLRP3, leading to activation of inflammasomes and Caspase-1, which cleave pro-IL-1B and pro-IL-18 to form mature IL-18 and IL-18. Besides, parasite
glycosylphosphatidylinositol (GPI) anchors to TLRs, including TLR2-TLR6 or TLR1-TLR2 heterodimers and TLR4 homodimers. TLRs signal transduces through
MyD88, which finally causes the activation of NF-kB and MAPKSs, and induces the secretion of pro-inflammatory cytokines, such as TNF-a. and IL-6, as well as
chemokines. Specifically, both CpG and hemozoin-combined gDNA can induce TLR9 translocation, and TLR7 can sense parasite RNA in the endosome of pDCs
during the early infection stage, TLR9 as well as TLR7 recruit adaptor protein MyD88 and kinases TRAFs to phosphorylate IRF7 and induce the early robust
production of IFN-I. After the innate immune responses, DC acts as a vital APC receiving stimulation via cytokines described upon, is activated and presents the
antigens to naive T cell through combination of MHC and TCR, which builds a bridge between innate and adaptive immunity. During adaptive immunity (right panel),
naive T cells differentiate into different subtypes with unique functions in anti-malaria immunity. Tth, Th1, and Th17 could facilitate function of B cells, while Treg and
IL-10*/IL-27* CD4* T cell can suppress B cell function; CD8" T cells mainly express IFN-y, and leaving function of Th2 is still uncertain. Activated DCs can also
secrete IL-12 to promote the expression of IFN-y from NK cell, which can enhance function of Th1 and macrophage thus help B cells to secrete antibody. Besides,
IL-2 produced by Th1 can help NK cell to kill parasites. The diagram depicts a simplified version of indicated signaling pathway and immune cells involved in anti-

malaria immunity. The abbreviations are defined in footnote.

In addition, our and other studies denote that the RNA of blood
stage parasites induces IFN-I responses through TLR7 signaling
pathway (Torgler et al., 2008; Baccarella et al., 2013; Soulat and
Bogdan, 2017; Ding et al., 2018). Uric acid, released in large
amounts by dying cells, is a byproduct of purine metabolism
(Kordes et al., 2011). The pathogenic role of uric acid arises from
NLRP3 activation and the inflammatory responses during
malaria (Artavanis-Tsakonas and Riley, 2002; Baratin et al,
2007; Griffith et al.,, 2009; Chen et al., 2014). Host cell-derived
microvesicles and haem also trigger inflammatory responses and
pathogenesis of malaria (Couper et al., 2010; Ferreira et al., 2011;
Mantel and Marti, 2014).

Innate Immunity

The innate immune responses provide a powerful front line defense
against invasive malaria by inhibiting parasite growth and initiating
the development of adaptive immunity (Deroost et al., 2016; Thaiss
et al, 2016). During the liver stage of malaria infection, recent

studies have demonstrated that sporozoites can be phagocytized by
neutrophils, which are usually the first circulating cells to respond to
an invading Plasmodium sporozoites through a mosquito bite
(Segal, 2005; Peters et al., 2008; Hopp and Sinnis, 2015). At the
blood stage infection, neutrophils clear merozoites via phagocytosis
by producing reactive oxygen species (ROS) and other antimicrobial
products or by formatting neutrophil extracellular traps (NETs)
(Kumaratilake and Ferrante, 2000; Baker et al., 2008; Dale et al.,
2008; Dupre-Crochet et al.,, 2013; Kapelski et al., 2014; Manfredi
et al, 2018). The monocytes/macrophages are also important in
eliminating parasite to protect host from disease (Chua et al,
2013). Kupffer cells play a pivotal role in preventing the severity
of malaria and the release of the parasite into the bloodstream
(Tweedell et al., 2015; Tweedell et al., 2018). During the blood stage
of malaria, the circulating monocytes are pivotal to control
parasitemia by phagocytose merozoite and asexual infected RBCs
(iRBCs), as well as by increased inflammatory cytokines (IFN-o,
IFN-y, TNF-0, and IL-6) and chemokines (CCL2, CCL3, CCL4, and
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CXCL10) (Huang et al, 2014; Colborn et al., 2015; Bansal et al.,
2016; Hommel et al., 2018). Besides, the splenic macrophages play a
key role in reducing blood stage parasitemia by phagocytosing
iRBCs and producing reactive oxygen intermediates (Sponaas
et al,, 2009).

Type I IFNs play important roles in controlling malaria
infection. An early spike of IFN-I is protective against some P.
yoelii or P. berghei models (Liehl et al., 2014; Wu et al,, 2014; Yu
etal., 2016). Although the mechanisms remain largely unknown,
studies have also shown that chronically high levels of IFN-I
inhibit T cell activation, IFN-y production and humoral
immunity; as well as promote DCs death (Haque et al., 2011;
Haque et al.,, 2014; Tamura et al., 2015; Montes De Oca et al,,
2016; Zander et al., 2016). During liver stage of malaria infection,
IFN-I could be induced by sporozoites in hepatocytes through
cytosolic sensing of RNA (Liehl et al., 2014; Miller et al., 2014).
At the blood stage, type I IFNs are the earliest cytokines
produced by pDCs via TLR7-MyD88-IRF7 signaling pathway.
By using lethal model of P. yoelii YM infection, our studies have
showed that production of early type I IFNs are mediated by
TLR7-MyD88-IRF7 signaling pathway and cytosolic sensing
mechanisms, which include AIM2/NLRP3-Caspasel-IL-1B-
TRAF3-TBKI1-IRF3, cGAS-STING, and MDA5-MAVS
associated TBK1-IRF3 signaling pathways (Yu et al., 2016; Yu
et al., 2018). We further identified SOCS1, expressed in response
to cytosolic sensing mechanisms, as a vital regulator to inhibit
TLR7-MyD88-dependent IFN-I signaling (Yu et al., 2018). Type
I IFNs contribute to the killing of parasite-infected hepatocytes
by priming efficient cytokines and chemokines as well as
activating YOT, T, natural killer (NK), and NKT cells to induce
IEN-y and other inflammatory cytokines production (Mcnab
et al,, 2015). The IFN-y is an important effector that contributes
to activating immune cells and indirectly eliminating parasite-
infected cells (Liehl et al., 2014; Miller et al., 2014; Stegmann
et al., 2015).

Bridging Innate and Adaptive Immunity

DCs exist in all clinically relevant sites related to the life stage of
the malaria parasites and play a vital role in bridging the innate
and adaptive immune system (Wykes and Good, 2008). Upon
taking up foreign antigens or infecting by malaria parasites, DCs
undergo a process of maturation and efficiently present antigen
to pathogen-specific T cells via major histocompatibility complex
(MHC) surface molecules (Stevenson et al., 1995; Stevenson and
Riley, 2004; Orsini et al., 2012). Besides, the DCs secrete several
cytokines and chemokines to recruit other immune cells and
regulate T and B cells responses, ultimately resulting in clearance
of malaria parasites (Wykes et al., 2007; Gowda et al.,, 2012;
Orsini et al., 2012; Wu et al., 2014). An important mechanism for
mice to resist Plasmodium infection is that the production of IL-
12 in DCs, which then initiates the NK cells release IFN-y to
polarize CD4" T helper cell 1 (Thl) (Stevenson et al., 1995;
Stevenson and Riley, 2004; Wykes et al., 2007; Gowda et al,,
2012). The CD4" Thl cells evoke effector responses and maintain
the memory T cell pool to protect host from Plasmodium
infection for a long-term (Da Silva et al., 2013). The DCs can

be roughly divided into pDCs and ¢DCs population according to
the expression of CD11c and CD123 (Macri et al., 2018). pDCs
are the main sources of IFN-o, while ¢cDCs are specifically used
to prime and present antigens to T cells (Orsini et al., 2012;
Macri et al., 2018). Besides, our studies suggest that pDCs, ¢cDCs,
and macrophages are required for generating IFN-I responses
against P. yoelii YM infection in a stage-specific manner (Yu
et al., 2016).

Adaptive Immunity

Upon DCs presenting processed antigens to naive T cells, adaptive
immunity is activated. Parasite-specific cytotoxic CD8" T cells are
essential for the liver-stage protection upon recognition of
Plasmodium antigens present on MHC class I expressed by DCs
and infected hepatocytes (Sedegah et al., 1992; Doolan et al., 1997;
Doolan et al., 2003). Yet, at the blood stage of malaria infection,
iRBCs have lost the ability to express MHC-I leading to little
contribution of CD8" T cell-mediated cytotoxicity to control
malaria infection (Kumar and Miller, 1990; Vinetz et al., 1990;
Miyakoda et al., 2012). Besides, the function of CD8" T cells in
controlling cerebral Plasmodium in human is still controversial
(Huntetal.,2010; White et al., 2010). CD4™ T cells can be activated
by specific polarized cytokines to differentiate into functionally
diverse subsets. CD4" Th cells are able to target MHC class 11
molecules, and play a crucial role in orchestrating innate and
adaptive immunity during malaria infection (Roestenberg et al.,
2009; Seder et al., 2013; Ishizuka et al., 2016; Mordmuller et al.,
2017). IFN-y and IL-2 are the CD4" Thl-associated cytokines
(Shear et al., 1989; Su and Stevenson, 2000; Horowitz et al., 2010).
During blood stage Plasmodium infection, IFN-y is essential to
activate macrophages and tune class-switch recombination
in parasite-specific B cells to evoke antibody response, while IL-2
is critical for activating NK cells (Su and Stevenson, 2000; Jaramillo
et al., 2003; Horowitz et al., 2010). The contribution of CD4* Th2
cells remains unknown in anti-malaria immunity (Perez-Mazliah
and Langhorne, 2014; Coomes et al., 2015; Walker and Mckenzie,
2018). The T follicular helper (Tth) cells broadly express the
chemokine receptor CXCR5, the transcriptional repressor BCL-
6, and the inhibitory receptor programmed cell death protein 1
(PD-1) (Vinuesa and Cyster, 2011). Multiple reports have
suggested that Tfh cells, locating at germinal center (GC), can
promote protective antibody responses against malaria via
providing selection, survival and maturation signal to
differentiate GC B cells (Obeng-Adjei et al., 2015; Ryg-Cornejo
et al,, 2016; Figueiredo et al., 2017; Perez-Mazliah et al., 2017).
However, in human malaria, unlike GC Tth cells, the subsets of
circulating Tth (cTth) cells play diverse role in anti-malaria
immunity. Thl-cTfh cells exhibit a negative role in eliminating
parasite, while Th2-cTth positively correlates with functional
antibodies in anti-malaria immune responses (Crotty, 2019;
Chan et al.,, 2020). The Th17 subset is expanded and
meaningfully protects host from malaria infection through
supporting GC reactions as well as CD8" T cell responses (Wei
etal., 2007; Moretto et al., 2017). Another subsets CD4 "-derived T
cells, including those expressing IL-27 and IL-10, appear to inhibit
parasite control and protective immunity during Plasmodium
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infection (Couper et al., 2008; Freitas Do Rosario et al., 2012; Gwyer
Findlay et al., 2014; Kimura et al., 2016). Treg cells are a subset of
CD4" T cells that specifically express the transcription factor
FOXP3. In the clinical studies, the Treg cell populations expand
after malaria infection. In addition, Treg cell frequency was
positively correlated with parasite load (Jangpatarapongsa et al,
2008; Torcia et al., 2008; Hansen and Schofield, 2010). Several
experimental studies have shown that during blood-stage malaria,
Treg cells block effective interactions between Tth and B cells in GC
responses during blood-stage infection (Abel et al., 2012; Kurup
etal., 2017).

During a primary infection, antibody-independent immune
mechanism can usually limit the severity of malaria infection.
However, the B cells and antibodies are essential for complete
parasite clearance and providing protection against reinfection,
which are coordinated by CD4" Th1 cells via indirectly targeting
iRBCs, lacking expression of MHC molecules (Mendis and
Targett, 1979; Osier et al., 2008; Fowkes et al., 2010; Perez-
Mazliah et al., 2015; Stone et al., 2018). Hence, studying B-cell
responses to Plasmodium at the monoclonal level has great
potential for the development of effective vaccines and
therapies (Imkeller et al., 2018; Murugan et al., 2018; Alanine
et al, 2019; Mcleod et al, 2019). The antibody-dependent
immune responses target circulating parasites and infected
host cells expressing parasite antigens on their surfaces
(Doolan et al., 2009). Several studies have indicated that the
protective antibody titers could not be efficiently induced to
against malaria both at liver- and blood-stage, which arise from
no time for maturation of long-lived antibody-secreting
plasmablasts and highly variable antigen-mediated immune
escape of merozoites, respectively (Hoffman et al., 1987;
Wahlgren et al., 2017; Aliprandini et al., 2018). Besides,
multiple studies hypothesized that B cell responses might be
suboptimal or dysfunctional after malaria parasites infection,
resulting in defective long-lasting humoral memory (Marsh et al.,
1989; Gupta et al., 1999; Silveira et al., 2018). To support above
assumption, a series of field studies have indicated that
Plasmodium-specific antibody responses retain a much shorter
lifespan than their homologous memory B cell responses,
especially in children (Crompton et al, 2010; Weiss et al,
2010; Ndungu et al., 2012; Ndungu et al., 2013). Recent
advance has suggested that during the blood stage, the short-
lived plasmablasts expand to constrain GC-dependent humoral
immunity both in human and mice (Vijay et al, 2020).
Interestingly, several reports have shown that antibodies could
activate the complement system to against parasites (Ratelade
and Verkman, 2014; Kurtovic et al., 2020). Antibody-mediated
complement activation can protect and enhance antibody
efficacy by exploiting Fc-mediated neutralization and lysis of
target cells. Notably, complement-mediated lysis is strongly
observed in human, guinea pig, and rat serum, except for
mouse. Furthermore, The AMB, T-bet-expressing B cells,
expands in blood stage during Plasmodium infection (Weiss
et al,, 2009). The function of T-bet"” AMB (atypical memory B
cells) on host protection from malaria infection is still
undetermined (Barnett et al., 2016; Rivera-Correa et al., 2017).

REGULATORS IN ANTI-MALARIA
IMMUNE RESPONSES

Anti-malaria immune responses are tightly modulated to
maintain host defense and immune balance. These include
positive regulators to accelerate the immune responses and
negative regulators to attenuate the immunity. Over the past
decades, many immune regulators have been identified (Figure
2), which could lead to beneficial or detrimental outcomes for the
host. Understanding how anti-malaria immune responses are
regulated by these regulators will obviously facilitate the
development of new effective vaccines and therapies. Next, we
summarize the current knowledge of the positive and negative
regulators involved in anti-malaria immune responses and
discuss the mechanism by which these regulators orchestrate
host immunity against malaria.

Positive Regulators

CD40

CD40 (or TNFRSF5), a member of TNF receptor superfamily, is
broadly expressed on the surfaces of many cell types, including
monocytes, DCs, B cells, endothelial cells, and epithelial cells
(Van Kooten and Banchereau, 2000). The signal transduction
mediated by CD40-CD40L interaction could activate NF-xB,
STAT3, MAPK, and other kinases (Van Kooten and Banchereau,
20005 Elgueta et al., 2009). Accumulated studies have indicated
that CD40 is responsible for promoting cellular and humoral
adaptive immunity and inflammatory responses (Van Kooten
and Banchereau, 2000; Benveniste et al., 2004; Elgueta et al,,
2009; Carlring et al., 2011). Besides, interaction of CD40 and
CD40L between the DCs and CD4" T cells triggers DCs to
activate cytotoxic CD8" cells (Bennett et al., 1998; Ridge et al.,
1998; Schoenberger et al., 1998). Recent advances suggested that
CD40-CD40L ligation could initiate the activation TRAF2/3
mediated NF-xB pathways and production of IRF1 to
eventually induce IFN-f expression (Stirnweiss et al., 2010;
Moschonas et al., 2012). CD40 was reported to help eliminating
the malaria parasites to reduce the severity of disease (Inoue et al.,
2012; Murray et al.,, 2015; Gramaglia et al., 2017; Parmar et al,,
2018). Yao et al. found that CD40 could compete with STING to
bind TRAF2/3 and/or TRAF6 to reduce STING ubiquitination,
leading to dampen STING degradation and increase STING
protein level (Yao et al., 2016). The increase of CD40 expression
by P. yoeliiN67 infection could enhance the protein level of STING,
which in turn promotes the IFN-I production during early stage of
infection and results in better host survival (Yao et al., 2016). It is
also indicated that iRBCs, parasite DNA/RNA, and various TLR
ligands, could induce CD40 expression. After malaria infection, a
signaling axis of TLR recognition and signaling is established,
leading to increase CD40 and STING levels, enhance IFN-I
production, and prolong host survival (Yao et al., 2016).

CD28

CD28 constitutively expresses on T cells surface (Gross et al,
1992). The CD80/86-CD28 interaction between APCs and T
cells is an important costimulatory signal for T cell
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FIGURE 2 | Immune regulators in anti-malaria immunity. Anti-malaria immunity is tightly regulated by cytosolic and cell surface molecules at multiple levels. Negative
regulators within cytosol. As a negative molecule binds to MyD88, SOCS-1 can not only suppress the NF-kB and MAPKSs signaling, but also inhibits MyD88-
mediated IFN-I signaling. MARCH1 can reduce IFN-I through increasing expression of SOCS-1. Besides, its target proteins, MAVS, STING, and TBK1, possibly are
degraded through ubiquitination. FOSL1 inhibits the K63 ubiquitination of TRAF3 and TRIF and disrupts TBK1/TRAF3/TRIF complexes formation, which results in
reduced phosphorylation of IRF3 and suppresses IFN-I production. RTP4 inhibits the expression of TBK1 and IRF3 and/or activation by binding with TBK1 to reduce
IFN-I production. Negative regulators on the cell membrane. Binding of ICAM1 and PfEMP leads to static adhesion of parasite and evades immune clearance. LAG3
inhibits T cell responses and antibody secreting B cell responses. CTLA-4 expressed on activated T cells could suppress the CD4* Th and humoral immune
responses. TIM3 can inhibit T lymphocytes, NK cells, and macrophages responses. TIGIT proteins mainly suppress the function of T cell and NK cell. The activation
of PD-1 pathway dramatically inhibits TCR-mediated proliferation and function of T cells. Positive regulators on the cell membrane. CD40 could compete with STING
to bind TRAF2/3 and/or TRAF6 to reduce STING ubiquitination, which leads to increased expression of IFN-I. CD28 can enhance CD4* T cell responses, but the
CD28-B7 signals can also be inhibited by BTNL2. OX40 enhances Plasmodium specific CD4 T cell activity. B220 expressed on the surface of B and T cells can help

promoting the maturation of both T and B cell.

activation, which serves as a crucial second signal for T cell
activation along with the MHC-TCR signaling (Carreno and
Collins, 2002). CD28 could promote transcription signaling
transduction, activation of cytokines or cytokine receptors, as
well as activation and differentiation of naive CD4" and CD8" T
cells, to protect host from a variety of pathogens (Sharpe and
Freeman, 2002; Elias et al., 2005; Butty et al., 2007; Cong et al.,
2014; Niknam et al., 2017). During malaria infection, CD28 plays
an essential role in enhancing CD4" T cell responses and CD4" T
cell-driven antibody class switch (Falanga et al., 1984; Langhorne
et al., 1989; Sanchez-Torres et al., 2001). Besides, CD28-CD80/
CD86 signals increase the survival and proliferation of Y0 T cells
to reduce severity of malaria infection (Dieli et al., 2001;
D’ombrain et al., 2007; Ribot et al., 2012).

0OX40

OX40 receptor, transiently expressed on T cells, is an important
co-stimulatory molecule that interacts with TCRs and MHC
complexes on APCs (Croft, 2010). Previous reports have denoted
that OX40 promotes proliferation and survival of T cell, as well
as differentiation of CD4" T cells into Th1l, Th2 and Tth cell
subsets; and reportedly reverses the hyperactivity of CD4" T cell
(Walker et al., 1999; Bansal-Pakala et al., 2001; Croft,
2010). Recent studies have demonstrated that OX40 would
enhance Plasmodium specific CD4" and CD8" T cell activity,

as well as parasite specific humoral immunity (Zander et al,
2015; Zander et al.,, 2017; Othman et al., 2018; Xia et al., 2018).

Other Positive Regulators

Herpes virus entry mediator (HVEM), a co-stimulatory receptor,
expresses on the surface of B cells, T cells, endothelial cells and
mast cells (Chang et al., 2005; Guo et al., 2015; Sibilano et al.,
2016). Upon bacterial and viral infections, HVEM-mediated
signaling pathway enhances T cell expansion and is necessary
for persistence of memory T cell (Soroosh et al., 2011; Flynn
et al,, 2013; Steinberg et al., 2013; Desai et al., 2017). Recent
findings of Muscate et al. indicated that HVEM is required to
provide pro-survival signals for stabilizing CD8" T effector cells
during malaria infection (Muscate et al., 2018). During P. berghei
ANKA infection, the HVEM-CD160 ligation is crucial for the
delicate regulation of stimulatory and inhibitory signals in
CD8" T cells.

B220 is a high-molecular mass alternative splicing isoform of
the tyrosine phosphatase CD45 (Renno et al., 1998). Its
expression is found not only in B cell, including precursors,
mature and memory B cells, but also in a subset activated T cells
and pDCs (Marvel and Mayer, 1988; Hathcock et al., 1992;
Renno et al,, 1998; Rodig et al., 2005). Several studies have
suggested that malaria exposure increased frequencies of B220,
which is essential for promoting both T and B cells maturation
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(Asensi et al., 1990; Bakir et al., 2006; Niikura et al., 2008; Kanda
et al., 2010; Bao et al., 2015; Ubillos et al., 2017).

Negative Regulators

PD-1

Unlike other CD28 family members, the expression of PD-1
(CD279) could be induced on activated monocytes, NK cells,
DCs, myeloid cells, CD4" T cells, CD8" T cells, B cells, and a
subset of thymocytes through TCR or BCR mediated signaling;
as well as being augmented by stimulation of tumor necrosis
factor (TNF) (Agata et al., 1996; Nakae et al., 2006; Okazaki and
Honjo, 2006). The activation of PD-L1/PD-1 pathway
dramatically inhibits TCR-mediated proliferation and function
of CD4" and CD8™ T cells (Freeman et al., 2000; Latchman et al.,
2001; Rodig et al., 2003; Grosso et al., 2009). Several studies have
demonstrated that pathogens including bacteria, viruses (such as
HIV), protozoan parasites (including Plasmodium), and tumor
cells could exploit above PD-1 inhibitory function on T cells to
evade host adaptive immunity (Day et al., 2006; Horne-Debets
et al., 2013; Gubin et al., 2014). In malaria infection, the number
and function of parasite-specific CD4" T cells (including Th1
and Tth), CD8" T cells, and memory T cells are significantly
inhibited by PD-1 with decelerated parasite clearance (Horne-
Debets et al., 2013; Karunarathne et al., 2016; Liu T. et al., 2018;
Pan et al,, 2020). However, the inhibition of B cell function by
PD-1 is controversial. During P. chabaudi infection, PD-1
elimination does not improve primary B cell responses
(Horne-Debets et al., 2013). In contrast, multiple studies have
indicated that PD-1 deficiency substantially promoted expansion
of GC B cells and humoral immunity in ITV (infection treatment
vaccine)-immunized mice (Liu T. et al., 2015; Liu T. et al., 2018);
and PD-1 elimination significantly increased long-lived plasma
cells by P. berghei ANKA infection (Pan et al., 2020).

SOCS1

SOCSL is one of the members of suppressors of cytokine signaling
(SOCS) family, which regulates signal transduction pathways
triggered by activation of cytokine and hormone receptors
(Machado et al,, 2006; Dimitriou et al, 2008). Socs1™~ mice die
within 3 weeks after birth, due to the high level of JAK/STAT-
mediated inflammation, which could be significantly inhibited by
SOCS1 (Naka et al., 1997; Starr et al., 1997; Naka et al., 1998; Starr
etal., 1998), and this mice are highly susceptible to sepsis comparing
to WT mice (Kinjyo et al., 2002; Nakagawa et al., 2002). SocsI”/~
macrophages produce high amount of proinflammatory cytokines
and nitric oxide after LPS and CpG stimulation. Moreover, SOCS1
seems to inhibit LPS- but not TNF-mediated NF-xB signaling
through promoting the degradation of IRAK and NF-kB
(Dimitriou et al., 2008).

Our studies have demonstrated that SOCS1 could interact
with MyD88 to inhibit TLR7-MyD88-IRF7 dependent IFN-I
signaling after lethal malaria infection (Yu et al., 2016; Yu et al,,
2018; Cai and Yu, 2020). During malaria infection, Plasmodium
gDNA and RNA activate cGAS/STING and MDA5/MAVS to
induce IRF3-dependent SOCS1 production, respectively, which,
in turn, bind to MyD88 to suppress MyD88-IRF7 dependent

IFN-I response, leading to fast parasite growth and host death
(Yu et al, 2016). Furthermore, Plasmodium gDNA, RNA, and
hemozoin also activate inflammasome signaling and lead to
production of IL-1B, which subsequently induces SOCSI
expression to inhibit MyD88 dependent IFN-I production (Yu
et al., 2018). Moreover, a recent study further illustrated the
delicate cross-regulation between several IFN-I signaling
pathways and inflammasome signaling pathways during lethal
P. yoelii YM infection. Inflammasome-, MAVS-, and STING-
mediated signaling pathways have diverse impacts on regulating
MyD88-dependent IFN-I responses after P. yoelii YM infection;
and the dosage of P. yoelii YM has significant effect on the
differences of resistance among inflammasome, MAVS, and
STING deficiency (Cai and Yu, 2020).

It has been reported that SOCS1 could simultaneously inhibit
MyD88-dependent IFN-I production and downstream IFN-
dependent production of IFN-y. However, SOCS1 deficiency
could not protect host from infection in Myd88™'~ mice,
suggesting that SOCS1 controls the host resistance to malaria
mainly through MyD88-mediated IFN-I production (Yu et al,
2018). Importantly, SOCS1 could be induced by IRF3-dependent
signaling, LPS, and CpG DNA, as well as the downstream IFN-
stimulating pathway, indicating a negative-feedback regulatory
mechanism to sustain its inhibitory function.

FOSLA1

FOSL1 belongs to a gene family that encode proteins containing
leucine zippers (Macchia et al., 2012), which are identified as
regulators in trophoblast migration and invasion (Renaud et al,
2014). The FOSL1 contributes to several cellular processes,
including proliferation, differentiation, and apoptosis via serving
as a member of transcription factors and musculoaponeurotic
fibrosarcoma (MAF) (Macchia et al., 2012). It has been reported
that FOSLI is a key downstream effector of the phosphatidylinositol
3-kinase (PI3K)/AKT signaling pathway to control Mmp9 gene
expression and trophoblast lineages development (Kent et al., 2011).
In addition, FOSL1 also plays a pivotal role in diverse cancers
(Young and Colburn, 2006).

FOSL1 is normally expressed in the nucleus, while Cai et al.
showed that ¢cGAS-STING-, TRIF-, or RIG-I/MDA5-MAVS-
mediated IFN-I production could evoke the “translocation” of
FOSL1 into the cytoplasm after iRBCs stimulations. The
cytoplasmic FOSLI inhibits the formation of TBK1/TRAF3/
TRIF complexes by suppressing K63 ubiquitination of TRAF3
and TRIF. The inhibition of FOSL1 on TBK1 complexes leads to
suppression of IFN-I production (Cai et al., 2017). Hence, these
reports identified FOSL1 as a negative regulator of IFN-I
production during early infection and liver stages, resulting in
fast parasite growth and host death (Lichl et al., 2014; Wu et al,,
2014; Yu et al., 2016; Yu et al., 2018).

MARCH1

Membrane-associated ring-CH-type finger 1 (MARCHI) is a
member of membrane-bound E3 ubiquitin ligases expressed
mostly by DCs and B cells (Ohmura-Hoshino et al., 2006; Wu
etal,, 2020). The MARCHI production is initiated by IL-10 after
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TLR4 and CD40 signaling (Galbas et al., 2012; Mittal et al., 2015).
Besides, stimulating the monocyte-derived macrophages could
enhance endogenous expression of MARCH1 (Zhang et al.,
2019b). Previous studies, focusing on MARCHI1 function, have
shown that MARCH1 ubiquitinates CD86 and MHC-II
molecules for degradation to down-regulate adaptive immunity;
and may influence CD28, CTLA4, and PD-L1 signaling by
regulating relative protein levels of CD80/CD86 on antigen-
presenting cells (APCs) (Ishido et al., 2009; Samji et al., 2014;
Ablack et al., 2015).

Wau et al. have recently indicated that upon P. yoelii N67 or
P. yoelii YM treatment, mice deficient in Marchl had significant
better survival rates than WT mice, indicating the negative
function of MARCHI1 in generating protective immunity
against malaria infection (Liehl et al., 2014; Wu et al., 2014; Yu
etal., 2016). Clustered with several ISGs in the Ts-eQTL analysis,
MARCHI deficient mice produce higher amount of IFN-I than
WT mice in response to cGAMP and poly(I:C), accompany with
increased protein levels of STING, MAVS, TRAF3 and TRAF6 in
uninfected condition. However, reduced production level of IFN-
I was observed in MARCHI deficient mice during early malaria
infection. The mechanism by which MARCH1 regulates IFN-I
remains obscure and several factors may include increased
expression of genes encoding SOCS1, SOCS3, SIKEI,
CACTIN, TRIM24, IL-10RA, USP18, and mir-21 that are
known to suppress IFN-I responses (Huang et al, 2005; Yu
and Hayward, 2010; Liu D. et al., 2015; Arimoto et al., 2017) and
changes in DCs, Macs, and other cell populations can may also
affect the levels of proteins critical for IFN-I production (Wu
et al, 2020). In addition, MARCHI deficiency significantly
increased numbers of both CD86" DCs population, which
could promote CD86-CD28 interaction and T cell activation,
leading to enhanced Thl-mediated response and IFN-y
production (Wu et al., 2020).

RTP4

Receptor transporter family is known to promote cell surface
expression of a group of G-protein-coupled receptors (GPCR).
RTP4, a member of the RTP family, can be induced after viral
infection (Nair S. R. et al., 2017; Dang et al., 2018). In addition,
RTP4 plays an important role in mediating pain relief, bitterness,
or odor sensing (Behrens et al., 2006; Decaillot et al., 2008). Su’s
group has suggested that the IFN-I and IFN-I pathways can
induce RTP4 expression after parasite infection. Besides, RTP4
significantly inhibits IFN-I response through inhibition of TBK1
and IRF3 expression and activation by binding with TBK1 to
reduce IFN-I production. Inhibition of RTP4 expression may
help reduce parasitemia and help to alleviate symptoms of
cerebral malaria (CM) and other diseases with neuropathology
(He et al., 2020). Besides, Su’s group also demonstrated that P.
yoelii HECT-like E3 ubiquitin ligase (PyHEUL) encoding by
malaria genome may indirectly affect host immune response and
parasite infection by regulating the expression levels of proteins,
such as merozoite surface protein 1 (MSP1) and/or
cytoadherence-linked asexual gene 2 (CLAG2) (Nair S. C.
et al., 2017).

Other Negative Regulators

Butyrophilin-like 2 (BTNL2) is a butyrophilin family member.
Previous studies have demonstrated that BTNL2 inhibits T cells
proliferation and is involved in a variety of autoimmune diseases
(Lin et al., 2015; Tian et al., 2019). Besides, BTNL2 promotes
Tregs generation through modifying B7/CD28 signaling
(Swanson et al.,, 2013). Recent study has shown that BTNL2
also dampens T cells proliferation and activation in the P.
berghei model of experimental cerebral malaria (ECM)
(Subramaniam et al., 2015).

Indoleamine 2,3-dioxygenase (IDO) is induced by pro-
inflammatory mediators, such as endotoxin and IFN-y, in
several tissues. IDO is a tryptophan-degrading enzyme; and
has been identified an inhibitory function on proliferation of
facultative intracellular pathogens and tumor cells (Taylor and
Feng, 1991). In addition, IDO could suppress responses of T cells
and promote tolerance (Mellor and Munn, 2004). Several studies
have denoted that IDO is involved in CM (Medana et al., 2002;
Medana et al., 2003; Mitchell et al., 2005).

Nuclear factor of activated T cell 1 (NFAT1) is a member of
NFAT transcription factors, which are required for regulating
the activation and differentiation of T cells (Macian, 2005).
Multiple field reports, including malaria infection, have
indicated that NFAT1-regulated gene expression is essential in
efficient Treg-mediated CD4" T cell suppression (Soto-Nieves
et al., 2009; Shin et al, 2014; Ames et al, 2017; Kadziolka
et al., 2017).

CD160 is expressed by NK, NKT, CD8" T, yd T, ilELs, ILC1,
mast, and a minority of CD4 * T cells (Maeda et al., 2005;
Ortonne et al., 2011; Fuchs et al., 2013). The function of CD160
on T cells remains controversial, some studies have suggested
that CD160 is a co-inhibitory molecule, while others have
indicated that it has co-stimulative functions that promote
proliferation and cytotoxicity of T cells, as well as inflammatory
cytokine production (Le Bouteiller et al., 2002; Barakonyi et al.,
2004; Cai et al,, 2008). Strikingly, during malaria, CD160 is
crucially involved in restricting CD8" T cytotoxicity and IFN-y
production (Muscate et al., 2018).

B and T lymphocyte attenuator (BTLA) (CD272), a co-
inhibitory receptor, is expressed by most leukocytes (Muscate
etal,, 2018). The BTLA is required for maintenance of peripheral
tolerance by inhibiting lymphocytes activation. In malaria
model, BTLA dampens innate immune responses and T/B cell-
mediated immune response to malaria infection (Sun et al., 2009;
Vendel et al., 2009; Adler et al., 2011).

Once T cells are activated by CD28-CD80/CD86 signal, they
enhance expression of cytotoxic T lymphocyte antigen-4 (CTLA-
4, also named CD152), which is another receptor for CD80/
CD86. CTLA-4 is shown to be involved in maintenance of
peripheral tolerance; inhibition of immune response against
tumors and infectious diseases; as well as increased severity of
autoimmune diseases (Gregor et al., 2004; Martins et al., 2004).

T-cell immunoglobulin- and mucin-domain-containing
molecule 3 (TIM-3) is expressed by monocytes, macrophages,
NK cells, DCs, and Thl and Tcl lymphocytes (Sakuishi et al.,
2011). The binding of TIM-3 and galectin-9 negatively regulates
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T-cell and NK-cell activation in many diseases (Sabatos et al.,
2003; Ju et al., 2010; Bi et al.,, 2011; Hou et al., 2012).
Accumulated findings indicated that TIM-3 was responsible
for inhibiting T lymphocytes (CD4" Th1/Th2, CD8", and v6 T
cells), NK cells, and macrophages responses to malaria treatment
(Hou et al., 2016; Hou et al., 2017; Sabins et al., 2017; Schofield
et al., 2017; Otterdal et al., 2018).

T cell immunoglobulin and ITIM domain (TIGIT) is
expressed on the surface of NK cells and T cells (Yu et al,
2009). It has reported that TIGIT as an inhibitor controls the
function of NK cells, CD4" T cells, and CD8" T cells (Johnston
etal., 2014). During P. berghei ANKA infection, the upregulation
of TIGIT proteins results in inhibition on T and NK cells
(Villegas-Mendez et al., 2016; Zhang et al., 2019a).

The Signaling Lymphocytic Activation Molecule (SLAM)-
Associated Protein (SAP), a small intracellular adaptor protein,
could interact with the SLAM family and mediate downstream
signaling of these receptors (Cannons et al., 2011). The deficient
of SAP promotes the activation of Tth and GC B cells, as well as
IgG response against malaria infection (Perez-Mazliah
et al,, 2017).

Lymphocyte Activation Gene-3 (LAG-3) is expressed by
many cells, including NK cells, T cells, B cells, and tumor
infiltrating lymphocytes (Huang et al., 2004). As the T cell
receptors, LAG-3 directly and indirectly induces transcriptional
changes, which negatively modulates proliferation and pro-
inflammatory cytokines expression by virus-specific CD8" T
cells (Barber et al., 2006; Blackburn et al., 2009). Butler et al.
recently have shown that LAG-3 substantially inhibits T-cell
responses and antibody secreting B cell responses to malaria
infection (Butler et al., 2011).

Intracellular adhesion molecule 1(ICAM1, also named CD54)
belongs to immunoglobulin superfamily; and is expressed by
endothelial cells and leukocytes (Rowe et al., 2009). Binding of
ICAM1 and malaria ligands, members of the PfEMP1 family,
leads to static adhesion of parasite (Chattopadhyay et al., 2004;
Springer et al., 2004). This adhesion occludes blood flow, leads to
inflammation, and evades immune clearance (Lennartz et al.,
2017; Lennartz et al., 2019).

The MHC [human leukocyte antigen (HLA) in humans] class
II heterodimers are major participants in generating an immune
response against microorganisms for providing exogenous
peptides to activate and differentiate CD4" T cells (Rothbard
and Gefter, 1991). Previously, CD4" Th1, Th2, and Th17 cells
have been reported to be essential for coordinating the cellular
and/or humoral response to clear pathogens, while the Treg cells
downregulate those responses via secretion of suppressive
cytokines or through direct cell-cell interactions (Surls et al.,
2010; Ma et al, 2012; Issa et al, 2013). Importantly, during
malaria infection, the HLA-II molecules evoke expansion and
activation of Tregs to suppress antibody production by direct
cell-cell interaction with B cells (Storti-Melo et al., 2012;
Wijayalath et al., 2014).

Glucocorticoid-induced tumor necrosis factor receptor
(GITR) constitutively expresses on cell surface of natural Tregs
(Yagi et al, 2004; Belkaid and Rouse, 2005; Nocentini et al.,

2007). The interaction of GITR and agonist antibody or GITR
ligand (GITRL) appears to abrogate suppressive activity of Tregs
(Mchugh et al., 2002; Shimizu et al., 2002; Shevach and Stephens,
2006). However, engagement of GITR promotes proliferation
and suppressive function of Tregs (Shevach and Stephens, 2006;
Nocentini et al., 2007; Nishioka et al., 2008). In malaria infection,
GITR is involved in the escape of parasites from host T cell
immune responses (Hisaeda et al., 2005).

CONCLUDING REMARKS

Nearly 160 years post the discovery of Plasmodium in 1861,
malaria is still a serious threat to global health that accounts for
about 0.5 million deaths every year. Although significant
progress has been done in most endemic area, eliminating
malaria is still halted by emergence of drug resistance.
Furthermore, the lack of an effective vaccine has been one of
the major limiting factors in the prevention of malaria infection,
which mainly due to the incomplete understanding of the
underlying mechanism of host-parasite interactions.

During the past 10 years, stepwise progresses have been
achieved in understanding the immune responses to malaria
infection and their contribution to eliminating parasites. Yet,
malaria infection triggers a systemic immune response, which in
turn induces an increase in the production of inflammatory
cytokines that lead to parasite elimination and/or immune
pathology. Plasmodium infection induces host balanced
responses in which activating signaling for anti-malaria states
and promoting immunity counterbalanced by suppressive
signaling that limit toxicity and enable chronic infection.
Hence, a fine-tuned regulation of immune responses is crucial
for developing protective immunity to effectively eliminate
malaria parasites and preventing damage to host.

Plasmodium also exploits regulatory mechanisms to escape
immune responses, including enhancing negative regulators and
inhibiting positive regulators. We noticed that much more negative
regulators are discovered than the positive regulators due to date,
which may indicate that Plasmodium infection initiates multiple
tools or signaling to evade host immune responses. Advances in
these areas would aid the development of malaria vaccines and
therapeutics that could selectively target pathogenic regulators
while leaving defensive regulators intact. Here, we highlight our
studies indicating the crucial role of early spike of IFN-I in
protecting host from Plasmodium infection, and focus on
discussing the regulatory network of immune responses against
to malaria infection. Besides, we also emphasize our results
demonstrating the importance of regulators mediated tune
modulation of immune responses during malaria treatment. The
search for more efficient vaccines and novel treatment strategies is a
major objective in reducing the burden of malaria. Hence, any
effort to control and eradicate malaria requires a better
understanding of the contribution and regulation of immune
responses to Plasmodium infection. In addition, new
technologies, including whole genome-wide analysis in a single
immune cell level and application of Mass Cytometry would offer
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promise for a more comprehensive investigation of immune
responses and regulations in responses to malaria, and should
facilitate the development of new effective vaccines and therapies.

AUTHOR CONTRIBUTIONS

CC wrote the manuscript. ZH drew the figures and wrote the
manuscript. XY wrote the manuscript and supervised the entire
project. All authors contributed to the article and approved the
submitted version.

REFERENCES

Abel, S., Luckheide, N., Westendorf, A. M., Geffers, R., Roers, A., Muller, W., et al.
(2012). Strong impact of CD4+ Foxp3+ regulatory T cells and limited effect of
T cell-derived IL-10 on pathogen clearance during Plasmodium yoelii
infection. J. Immunol. 188, 5467-5477. doi: 10.4049/jimmunol.1102223

Ablack, J. N., Metz, P. J., Chang, J. T., Cantor, J. M., and Ginsberg, M. H. (2015).
Ubiquitylation of CD98 limits cell proliferation and clonal expansion. J. Cell
Sci. 128, 4273-4278. doi: 10.1242/jcs.178129

Adler, G,, Steeg, C., Pfeffer, K., Murphy, T. L., Murphy, K. M., Langhorne, J., et al.
(2011). B and T lymphocyte attenuator restricts the protective immune
response against experimental malaria. J. Immunol. 187, 5310-5319. doi:
10.4049/jimmunol.1101456

Agata, Y., Kawasaki, A., Nishimura, H., Ishida, Y., Tsubata, T., Yagita, H., et al.
(1996). Expression of the PD-1 antigen on the surface of stimulated mouse T
and B lymphocytes. Int. Immunol. 8, 765-772. doi: 10.1093/intimm/8.5.765

Alanine, D. G. W, Quinkert, D., Kumarasingha, R., Mehmood, S., Donnellan, F. R.,
Minkah, N. K,, et al. (2019). Human Antibodies that Slow Erythrocyte Invasion
Potentiate Malaria-Neutralizing Antibodies. Cell 178, 216-228.e221. doi:
10.1016/j.cell.2019.05.025

Aliprandini, E., Tavares, J., Panatieri, R. H., Thiberge, S., Yamamoto, M. M, Silvie, O.,
et al. (2018). Cytotoxic anti-circumsporozoite antibodies target malaria
sporozoites in the host skin. Nat. Microbiol. 3, 1224-1233. doi: 10.1038/
541564-018-0254-z

Ames, R. Y., Ting, L. M., Gendlina, I, Kim, K, and Macian, F. (2017). The
Transcription Factor NFAT1 Participates in the Induction of CD4(+) T Cell
Functional Exhaustion during Plasmodium yoelii Infection. Infect. Immun. 85,
€00364-17. doi: 10.1128/IAL.00364-17

Amino, R,, Thiberge, S., Martin, B., Celli, S., Shorte, S., Frischknecht, F., et al.
(2006). Quantitative imaging of Plasmodium transmission from mosquito to
mammal. Nat. Med. 12, 220-224. doi: 10.1038/nm1350

Arama, C., and Troye-Blomberg, M. (2014). The path of malaria vaccine
development: challenges and perspectives. J. Intern. Med. 275, 456-466. doi:
10.1111/joim.12223

Arimoto, K. I, Lochte, S., Stoner, S. A., Burkart, C., Zhang, Y., Miyauchi, S., et al.
(2017). STAT?2 is an essential adaptor in USP18-mediated suppression of type I
interferon signaling. Nat. Struct. Mol. Biol. 24, 279-289. doi: 10.1038/
nsmb.3378

Artavanis-Tsakonas, K., and Riley, E. M. (2002). Innate immune response to
malaria: rapid induction of IFN-gamma from human NK cells by live
Plasmodium falciparum-infected erythrocytes. J. Immunol. 169, 2956-2963.
doi: 10.4049/jimmunol.169.6.2956

Asensi, V., Himeno, K., Kawamura, 1., Sakumoto, M., and Nomoto, K. (1990). In
vivo treatment with anti B-220 monoclonal antibody affects T and B cell
differentiation. Clin. Exp. Immunol. 80, 268-273. doi: 10.1111/j.1365-
2249.1990.tb05246.x

Baccarella, A., Fontana, M. F., Chen, E. C., and Kim, C. C. (2013). Toll-like
receptor 7 mediates early innate immune responses to malaria. Infect. Immun.
81, 4431-4442. doi: 10.1128/1AL.00923-13

Baker, V. S., Imade, G. E., Molta, N. B, Tawde, P., Pam, S. D., Obadofin, M. O.,
etal. (2008). Cytokine-associated neutrophil extracellular traps and antinuclear

FUNDING

This work was supported by grants from the National Science
Foundation of China (No. 81801579), Science and Technology
Planning Project of Guangzhou (No. 201904010064),
Guangdong Basic and Applied Basic Research Foundation (No.
2019B1515120033), Zhujiang Youth Scholar Funding, and the
Start-up Fund for High-level Talents of Southern Medical
University to XY. This work was also supported by the
National Natural Science Foundation of China (No. 81960292)
to CC.

antibodies in Plasmodium falciparum infected children under six years of age.
Malar. J. 7, 41. doi: 10.1186/1475-2875-7-41

Bakir, H. Y., Tomiyama-Miyaji, C., Watanabe, H., Nagura, T., Kawamura, T,
Sekikawa, H., et al. (2006). Reasons why DBA/2 mice are resistant to malarial
infection: expansion of CD3int B220+ gammadelta T cells with double-
negative CD4- CD8- phenotype in the liver. Immunology 117, 127-135. doi:
10.1111/j.1365-2567.2005.02273.x

Bansal, G. P., Weinstein, C. S., and Kumar, N. (2016). Insight into phagocytosis of
mature sexual (gametocyte) stages of Plasmodium falciparum using a human
monocyte cell line. Acta Trop. 157,96-101. doi: 10.1016/j.actatropica.2016.01.033

Bansal-Pakala, P., Jember, A. G., and Croft, M. (2001). Signaling through OX40
(CD134) breaks peripheral T-cell tolerance. Nat. Med. 7, 907-912. doi:
10.1038/90942

Bao, L. Q.,, Nhi, D. M., Huy, N. T., Kikuchi, M., Yanagi, T., Hamano, S., et al.
(2015). Splenic CD11c+ cells derived from semi-immune mice protect naive
mice against experimental cerebral malaria. Malar. J. 14, 23. doi: 10.1186/
$12936-014-0533-y

Barakonyi, A., Rabot, M., Marie-Cardine, A., Aguerre-Girr, M., Polgar, B,
Schiavon, V., et al. (2004). Cutting edge: engagement of CD160 by its HLA-
C physiological ligand triggers a unique cytokine profile secretion in the
cytotoxic peripheral blood NK cell subset. J. Immunol. 173, 5349-5354. doi:
10.4049/jimmunol.173.9.5349

Baratin, M., Roetynck, S., Pouvelle, B., Lemmers, C., Viebig, N. K., Johansson, S.,
et al. (2007). Dissection of the role of PFEMP1 and ICAM-1 in the sensing of
Plasmodium-falciparum-infected erythrocytes by natural killer cells. PloS One
2, €228. doi: 10.1371/journal.pone.0000228

Barbalat, R., Ewald, S. E., Mouchess, M. L., and Barton, G. M. (2011). Nucleic acid
recognition by the innate immune system. Annu. Rev. Immunol. 29, 185-214.
doi: 10.1146/annurev-immunol-031210-101340

Barber, D. L., Wherry, E. J., Masopust, D., Zhu, B., Allison, J. P., Sharpe, A. H,,
et al. (2006). Restoring function in exhausted CD8 T cells during chronic viral
infection. Nature 439, 682-687. doi: 10.1038/nature04444

Barnett, B. E., Staupe, R. P., Odorizzi, P. M., Palko, O., Tomov, V. T., Mahan, A. E.,
et al. (2016). Cutting Edge: B Cell-Intrinsic T-bet Expression Is Required To
Control Chronic Viral Infection. J. Immunol. 197, 1017-1022. doi: 10.4049/
jimmunol.1500368

Battle, K. E., Guerra, C. A,, Golding, N., Duda, K. A., Cameron, E., Howes, R. E,,
et al. (2015). Global database of matched Plasmodium falciparum and P. vivax
incidence and prevalence records from 1985-2013. Sci. Data 2, 150012. doi:
10.1038/sdata.2015.12

Behrens, M., Bartelt, J., Reichling, C., Winnig, M., Kuhn, C., and Meyerhof, W.
(2006). Members of RTP and REEP gene families influence functional bitter
taste receptor expression. J. Biol. Chem. 281, 20650-20659. doi: 10.1074/
jbc.M513637200

Belkaid, Y., and Rouse, B. T. (2005). Natural regulatory T cells in infectious
disease. Nat. Immunol. 6, 353-360. doi: 10.1038/ni1181

Bennett, S. R., Carbone, F. R., Karamalis, F., Flavell, R. A., Miller, J. F., and Heath,
W. R. (1998). Help for cytotoxic-T-cell responses is mediated by CD40
signalling. Nature 393, 478-480. doi: 10.1038/30996

Benveniste, E. N., Nguyen, V. T., and Wesemann, D. R. (2004). Molecular
regulation of CD40 gene expression in macrophages and microglia. Brain
Behav. Immun. 18, 7-12. doi: 10.1016/j.bbi.2003.09.001

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

50

December 2020 | Volume 10 | Article 610121


https://doi.org/10.4049/jimmunol.1102223
https://doi.org/10.1242/jcs.178129
https://doi.org/10.4049/jimmunol.1101456
https://doi.org/10.1093/intimm/8.5.765
https://doi.org/10.1016/j.cell.2019.05.025
https://doi.org/10.1038/s41564-018-0254-z
https://doi.org/10.1038/s41564-018-0254-z
https://doi.org/10.1128/IAI.00364-17
https://doi.org/10.1038/nm1350
https://doi.org/10.1111/joim.12223
https://doi.org/10.1038/nsmb.3378
https://doi.org/10.1038/nsmb.3378
https://doi.org/10.4049/jimmunol.169.6.2956
https://doi.org/10.1111/j.1365-2249.1990.tb05246.x
https://doi.org/10.1111/j.1365-2249.1990.tb05246.x
https://doi.org/10.1128/IAI.00923-13
https://doi.org/10.1186/1475-2875-7-41
https://doi.org/10.1111/j.1365-2567.2005.02273.x
https://doi.org/10.1016/j.actatropica.2016.01.033
https://doi.org/10.1038/90942
https://doi.org/10.1186/s12936-014-0533-y
https://doi.org/10.1186/s12936-014-0533-y
https://doi.org/10.4049/jimmunol.173.9.5349
https://doi.org/10.1371/journal.pone.0000228
https://doi.org/10.1146/annurev-immunol-031210-101340
https://doi.org/10.1038/nature04444
https://doi.org/10.4049/jimmunol.1500368
https://doi.org/10.4049/jimmunol.1500368
https://doi.org/10.1038/sdata.2015.12
https://doi.org/10.1074/jbc.M513637200
https://doi.org/10.1074/jbc.M513637200
https://doi.org/10.1038/ni1181
https://doi.org/10.1038/30996
https://doi.org/10.1016/j.bbi.2003.09.001
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

Bi, S., Hong, P. W, Lee, B., and Baum, L. G. (2011). Galectin-9 binding to cell
surface protein disulfide isomerase regulates the redox environment to enhance
T-cell migration and HIV entry. Proc. Natl. Acad. Sci. U.S.A. 108, 10650
10655. doi: 10.1073/pnas.1017954108

Blackburn, S. D., Shin, H., Haining, W. N., Zou, T., Workman, C. J., Polley, A.,
et al. (2009). Coregulation of CD8+ T cell exhaustion by multiple inhibitory
receptors during chronic viral infection. Nat. Immunol. 10, 29-37. doi:
10.1038/ni.1679

Butler, N. S., Moebius, J., Pewe, L. L., Traore, B., Doumbo, O. K., Tygrett, L. T.,
et al. (2011). Therapeutic blockade of PD-L1 and LAG-3 rapidly clears
established blood-stage Plasmodium infection. Nat. Immunol. 13, 188-195.
doi: 10.1038/ni.2180

Butty, V., Roy, M., Sabeti, P., Besse, W., Benoist, C., and Mathis, D. (2007).
Signatures of strong population differentiation shape extended haplotypes
across the human CD28, CTLA4, and ICOS costimulatory genes. Proc. Natl.
Acad. Sci. U.S.A. 104, 570-575. doi: 10.1073/pnas.0610124104

Cai, C,, and Yu, X. (2020). A mathematic model to reveal delicate cross-regulation
between MAVS/STING, inflammasome and MyD88-dependent type I
interferon signalling. J. Cell Mol. Med. 24, 11535-11545. doi: 10.1111/
jemm.15768

Cai, G., Anumanthan, A., Brown, J. A, Greenfield, E. A., Zhu, B., and Freeman, G. J.
(2008). CD160 inhibits activation of human CD4+ T cells through
interaction with herpesvirus entry mediator. Nat. Immunol. 9, 176-185. doi:
10.1038/nil554

Cai, B,, Wu, ], Yu, X, Su, X. Z,, and Wang, R. F. (2017). FOSL1 Inhibits Type I
Interferon Responses to Malaria and Viral Infections by Blocking TBK1 and
TRAF3/TRIF Interactions. mBio 8, €02161-16. doi: 10.1128/mBi0.02161-16

Cannons, J. L., Tangye, S. G., and Schwartzberg, P. L. (2011). SLAM family
receptors and SAP adaptors in immunity. Annu. Rev. Immunol. 29, 665-705.
doi: 10.1146/annurev-immunol-030409-101302

Carlring, J., Altaher, H. M., Clark, S., Chen, X,, Latimer, S. L., Jenner, T., et al.
(2011). CD154-CD40 interactions in the control of murine B cell
hematopoiesis. J. Leukoc. Biol. 89, 697-706. doi: 10.1189/j1b.0310179

Carreno, B. M., and Collins, M. (2002). The B7 family of ligands and its receptors:
new pathways for costimulation and inhibition of immune responses. Annu.
Rev. Immunol. 20, 29-53. doi: 10.1146/annurev.immunol.20.091101.091806

Chan, J. A., De Labastida Rivera, F., Loughland, J., Engel, J. A., Lee, H. ],
Sheelanair, A., et al. (2020). Th2-like T-follicular helper cells promote
functional antibody production during Plasmodium falciparum infection.
bioRxiv. doi: 10.1101/2020.05.18.101048

Chang, Y. H., Hsieh, S. L, Chao, Y., Chou, Y. C, and Lin, W. W. (2005).
Proinflammatory effects of LIGHT through HVEM and LTbetaR interactions
in cultured human umbilical vein endothelial cells. J. BioMed. Sci. 12, 363-375.
doi: 10.1007/s11373-005-1360-5

Chattopadhyay, R., Taneja, T., Chakrabarti, K., Pillai, C. R,, and Chitnis, C. E.
(2004). Molecular analysis of the cytoadherence phenotype of a Plasmodium
falciparum field isolate that binds intercellular adhesion molecule-1. Mol.
Biochem. Parasitol. 133, 255-265. doi: 10.1016/j.molbiopara.2003.08.014

Chen, Q., Amaladoss, A., Ye, W., Liu, M., Dummler, S., Kong, F., et al. (2014).
Human natural killer cells control Plasmodium falciparum infection by
eliminating infected red blood cells. Proc. Natl. Acad. Sci. U.S.A. 111, 1479-
1484. doi: 10.1073/pnas.1323318111

Chua, C. L., Brown, G., Hamilton, J. A., Rogerson, S., and Boeuf, P. (2013).
Monocytes and macrophages in malaria: protection or pathology? Trends
Parasitol. 29, 26-34. doi: 10.1016/j.pt.2012.10.002

Clark, I. A., Alleva, L. M., Budd, A. C., and Cowden, W. B. (2008). Understanding
the role of inflammatory cytokines in malaria and related diseases. Travel Med.
Infect. Dis. 6, 67-81. doi: 10.1016/j.tmaid.2007.07.002

Coban, C,, Ishii, K. J., Kawai, T., Hemmi, H., Sato, S., Uematsu, S., et al. (2005).
Toll-like receptor 9 mediates innate immune activation by the malaria pigment
hemozoin. J. Exp. Med. 201, 19-25. doi: 10.1084/jem.20041836

Coban, C,, Igari, Y., Yagi, M., Reimer, T., Koyama, S., Aoshi, T., et al. (2010).
Immunogenicity of whole-parasite vaccines against Plasmodium falciparum
involves malarial hemozoin and host TLR9. Cell Host. Microbe 7, 50-61. doi:
10.1016/j.chom.2009.12.003

Colborn, J. M., Ylostalo, J. H., Koita, O. A., Cisse, O. H., and Krogstad, D. J. (2015).
Human Gene Expression in Uncomplicated Plasmodium falciparum Malaria.
J. Immunol. Res. 2015, 162639. doi: 10.1155/2015/162639

Combes, V., Taylor, T. E., Juhan-Vague, I, Mege, . L., Mwenechanya, J., Tembo, M.,
et al. (2004). Circulating endothelial microparticles in malawian children with
severe falciparum malaria complicated with coma. JAMA 291, 2542-2544. doi:
10.1001/jama.291.21.2542-b

Cong, J., Zhang, S., and Gao, X. (2014). Quantitative assessment of the associations
between CD28 T > C polymorphism (rs3116496) and cancer risk. Tumour Biol.
35, 9195-9200. doi: 10.1007/s13277-014-2204-6

Coomes, S. M, Pelly, V. S., Kannan, Y., Okoye, . S, Czieso, S., Entwistle, L. J., et al.
(2015). IFNgamma and IL-12 Restrict Th2 Responses during Helminth/
Plasmodium Co-Infection and Promote IFNgamma from Th2 Cells. PloS
Pathog. 11, €1004994. doi: 10.1371/journal.ppat.1004994

Couper, K. N,, Blount, D. G., Wilson, M. S., Hafalla, J. C., Belkaid, Y., Kamanaka, M.,
et al. (2008). IL-10 from CD4CD25Foxp3CD127 adaptive regulatory T cells
modulates parasite clearance and pathology during malaria infection. PloS
Pathog. 4, €1000004. doi: 10.1371/journal.ppat.1000004

Couper, K. N., Barnes, T., Hafalla, J. C., Combes, V., Ryffel, B., Secher, T., et al.
(2010). Parasite-derived plasma microparticles contribute significantly to
malaria infection-induced inflammation through potent macrophage
stimulation. PloS Pathog. 6, €1000744. doi: 10.1371/journal.ppat.1000744

Croft, M. (2010). Control of immunity by the TNFR-related molecule OX40
(CD134). Annu. Rev. Immunol. 28, 57-78. doi: 10.1146/annurev-immunol-
030409-101243

Crompton, P. D., Kayala, M. A., Traore, B., Kayentao, K., Ongoiba, A., Weiss, G. E.,
et al. (2010). A prospective analysis of the Ab response to Plasmodium
falciparum before and after a malaria season by protein microarray. Proc.
Natl. Acad. Sci. U.S.A. 107, 6958-6963. doi: 10.1073/pnas.1001323107

Crotty, S. (2019). T Follicular Helper Cell Biology: A Decade of Discovery and
Diseases. Immunity 50, 1132-1148. doi: 10.1016/j.immuni.2019.04.011

Da Silva, H. B., De Salles, E. M., Panatieri, R. H., Boscardin, S. B., Rodriguez-
Malaga, S. M., Alvarez, J. M., et al. (2013). IFN-gamma-induced priming
maintains long-term strain-transcending immunity against blood-stage
Plasmodium chabaudi malaria. J. Immunol. 191, 5160-5169. doi: 10.4049/
jimmunol.1300462

Dale, D. C., Boxer, L., and Liles, W. C. (2008). The phagocytes: neutrophils and
monocytes. Blood 112, 935-945. doi: 10.1182/blood-2007-12-077917

Dang, W., Xu, L., Yin, Y., Chen, S., Wang, W., Hakim, M. S., et al. (2018). IRF-1,
RIG-I and MDAS5 display potent antiviral activities against norovirus
coordinately induced by different types of interferons. Antiviral Res. 155, 48—
59. doi: 10.1016/j.antiviral.2018.05.004

Day, C. L., Kaufmann, D. E,, Kiepiela, P., Brown, J. A., Moodley, E. S., Reddy, S.,
et al. (2006). PD-1 expression on HIV-specific T cells is associated with T-cell
exhaustion and disease progression. Nature 443, 350-354. doi: 10.1038/
nature05115

Decaillot, F. M., Rozenfeld, R., Gupta, A., and Devi, L. A. (2008). Cell surface
targeting of mu-delta opioid receptor heterodimers by RTP4. Proc. Natl. Acad.
Sci. U.S.A. 105, 16045-16050. doi: 10.1073/pnas.0804106105

Deroost, K., Pham, T. T., Opdenakker, G., and Van Den Steen, P. E. (2016). The
immunological balance between host and parasite in malaria. FEMS Microbiol.
Rev. 40, 208-257. doi: 10.1093/femsre/fuv046

Desai, P., Abboud, G., Stanfield, J., Thomas, P. G., Song, J., Ware, C. F., et al.
(2017). HVEM Imprints Memory Potential on Effector CD8 T Cells Required
for Protective Mucosal Immunity. J. Immunol. 199, 2968-2975. doi: 10.4049/
jimmunol.1700959

Dieli, F., Troye-Blomberg, M., Farouk, S. E., Sireci, G., and Salerno, A. (2001).
Biology of gammadelta T cells in tuberculosis and malaria. Curr. Mol. Med. 1,
437-446. doi: 10.2174/1566524013363627

Dimitriou, I. D., Clemenza, L., Scotter, A. J., Chen, G., Guerra, F. M., and Rottapel, R.
(2008). Putting out the fire: coordinated suppression of the innate and adaptive
immune systems by SOCS1 and SOCS3 proteins. Immunol. Rev. 224, 265-283.
doi: 10.1111/§.1600-065X.2008.00659.x

Ding, H., Yang, X., and Wei, Y. (2018). Fusion Proteins of NKG2D/NKG2DL in
Cancer Immunotherapy. Int. . Mol. Sci. 19 (1), 177. doi: 10.3390/ijms19010177

Doolan, D. L., Hoffman, S. L., Southwood, S., Wentworth, P. A., Sidney, J.,
Chesnut, R. W., et al. (1997). Degenerate cytotoxic T cell epitopes from P.
falciparum restricted by multiple HLA-A and HLA-B supertype alleles.
Immunity 7, 97-112. doi: 10.1016/S1074-7613(00)80513-0

Doolan, D. L., Southwood, S., Freilich, D. A., Sidney, J., Graber, N. L., Shatney, L.,
et al. (2003). Identification of Plasmodium falciparum antigens by antigenic

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

51

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1073/pnas.1017954108
https://doi.org/10.1038/ni.1679
https://doi.org/10.1038/ni.2180
https://doi.org/10.1073/pnas.0610124104
https://doi.org/10.1111/jcmm.15768
https://doi.org/10.1111/jcmm.15768
https://doi.org/10.1038/ni1554
https://doi.org/10.1128/mBio.02161-16
https://doi.org/10.1146/annurev-immunol-030409-101302
https://doi.org/10.1189/jlb.0310179
https://doi.org/10.1146/annurev.immunol.20.091101.091806
https://doi.org/10.1101/2020.05.18.101048
https://doi.org/10.1007/s11373-005-1360-5
https://doi.org/10.1016/j.molbiopara.2003.08.014
https://doi.org/10.1073/pnas.1323318111
https://doi.org/10.1016/j.pt.2012.10.002
https://doi.org/10.1016/j.tmaid.2007.07.002
https://doi.org/10.1084/jem.20041836
https://doi.org/10.1016/j.chom.2009.12.003
https://doi.org/10.1155/2015/162639
https://doi.org/10.1001/jama.291.21.2542-b
https://doi.org/10.1007/s13277-014-2204-6
https://doi.org/10.1371/journal.ppat.1004994
https://doi.org/10.1371/journal.ppat.1000004
https://doi.org/10.1371/journal.ppat.1000744
https://doi.org/10.1146/annurev-immunol-030409-101243
https://doi.org/10.1146/annurev-immunol-030409-101243
https://doi.org/10.1073/pnas.1001323107
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.4049/jimmunol.1300462
https://doi.org/10.4049/jimmunol.1300462
https://doi.org/10.1182/blood-2007-12-077917
https://doi.org/10.1016/j.antiviral.2018.05.004
https://doi.org/10.1038/nature05115
https://doi.org/10.1038/nature05115
https://doi.org/10.1073/pnas.0804106105
https://doi.org/10.1093/femsre/fuv046
https://doi.org/10.4049/jimmunol.1700959
https://doi.org/10.4049/jimmunol.1700959
https://doi.org/10.2174/1566524013363627
https://doi.org/10.1111/j.1600-065X.2008.00659.x
https://doi.org/10.3390/ijms19010177
https://doi.org/10.1016/S1074-7613(00)80513-0
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

analysis of genomic and proteomic data. Proc. Natl. Acad. Sci. U.S.A. 100,
9952-9957. doi: 10.1073/pnas.1633254100

Doolan, D. L., Dobano, C., and Baird, J. K. (2009). Acquired immunity to malaria.
Clin. Microbiol. Rev. 22, 13-36. doi: 10.1128/CMR.00025-08

D’ombrain, M. C.,, Hansen, D. S., Simpson, K. M., and Schofield, L. (2007).
gammadelta-T cells expressing NK receptors predominate over NK cells and
conventional T cells in the innate IFN-gamma response to Plasmodium
falciparum malaria. Eur. J. Immunol. 37, 1864-1873. doi: 10.1002/
€ji.200636889

Dupre-Crochet, S., Erard, M., and Nubetae, O. (2013). ROS production in
phagocytes: why, when, and where? J. Leukoc. Biol. 94, 657-670. doi:
10.1189/j1b.1012544

Elgueta, R, Benson, M. J., De Vries, V. C.,, Wasiuk, A., Guo, Y., and Noelle, R. J.
(2009). Molecular mechanism and function of CD40/CD40L engagement in
the immune system. Immunol. Rev. 229, 152-172. doi: 10.1111/j.1600-
065X.2009.00782.x

Elias, R. M, Sardinha, L. R,, Bastos, K. R, Zago, C. A., Da Silva, A. P, Alvarez, ]. M.,
et al. (2005). Role of CD28 in polyclonal and specific T and B cell responses
required for protection against blood stage malaria. J. Immunol. 174, 790-799.
doi: 10.4049/jimmunol.174.2.790

Falanga, P. B., Franco Da Silveira, J. F., and Pereira Da Silva, L. (1984). Protective
immune response to Plasmodium chabaudi, developed by mice after drug
controlled infection or vaccination with parasite extracts: analysis of stage
specific antigens from the asexual blood cycle. Parasite Immunol. 6, 529-543.
doi: 10.1111/j.1365-3024.1984.tb00823.x

Ferreira, A., Marguti, I, Bechmann, I, Jeney, V., Chora, A., Palha, N. R,, et al.
(2011). Sickle hemoglobin confers tolerance to Plasmodium infection. Cell 145,
398-409. doi: 10.1016/j.cell.2011.03.049

Figueiredo, R. T., Fernandez, P. L., Mourao-Sa, D. S, Porto, B. N, Dutra, F. F,,
Alves, L. S., et al. (2007). Characterization of heme as activator of Toll-like
receptor 4. J. Biol. Chem. 282, 20221-20229. doi: 10.1074/jbc.M610737200

Figueiredo, M. M., Costa, P. A. C,, Diniz, S. Q., Henriques, P. M., Kano, F. S., Tada,
M. S, et al. (2017). T follicular helper cells regulate the activation of B
lymphocytes and antibody production during Plasmodium vivax infection.
PloS Pathog. 13, €1006484. doi: 10.1371/journal.ppat.1006484

Flynn, R., Hutchinson, T., Murphy, K. M., Ware, C. F., Croft, M., and Salek-
Ardakani, S. (2013). CD8 T cell memory to a viral pathogen requires trans
cosignaling between HVEM and BTLA. PloS One 8, ¢77991. doi: 10.1371/
journal.pone.0077991

Fowkes, F. J., Richards, J. S., Simpson, J. A., and Beeson, J. G. (2010). The
relationship between anti-merozoite antibodies and incidence of Plasmodium
falciparum malaria: A systematic review and meta-analysis. PloS Med. 7,
€1000218. doi: 10.1371/journal.pmed.1000218

Freeman, G. J,, Long, A. J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H.,
et al. (2000). Engagement of the PD-1 immunoinhibitory receptor by a novel
B7 family member leads to negative regulation of lymphocyte activation. J. Exp.
Med. 192, 1027-1034. doi: 10.1084/jem.192.7.1027

Freitas Do Rosario, A. P., Lamb, T., Spence, P., Stephens, R., Lang, A., Roers, A., et al.
(2012). IL-27 promotes IL-10 production by effector Th1 CD4+ T cells: a critical
mechanism for protection from severe immunopathology during malaria
infection. J. Immunol. 188, 1178-1190. doi: 10.4049/jimmunol.1102755

Fuchs, A., Vermi, W., Lee, J. S., Lonardi, S., Gilfillan, S., Newberry, R. D., et al.
(2013). Intraepithelial type 1 innate lymphoid cells are a unique subset of IL-
12- and IL-15-responsive IFN-gamma-producing cells. Immunity 38, 769-781.
doi: 10.1016/j.immuni.2013.02.010

Galbas, T., Steimle, V., Lapointe, R., Ishido, S., and Thibodeau, J. (2012).
MARCH]1 down-regulation in IL-10-activated B cells increases MHC class II
expression. Cytokine 59, 27-30. doi: 10.1016/j.cyt0.2012.03.015

Gallego-Delgado, J., Ty, M., Orengo, J. M., Van De Hoef, D., and Rodriguez, A.
(2014). A surprising role for uric acid: the inflammatory malaria response.
Curr. Rheumatol. Rep. 16, 401. doi: 10.1007/s11926-013-0401-8

Gazzinelli, R. T., and Denkers, E. Y. (2006). Protozoan encounters with Toll-like
receptor signalling pathways: implications for host parasitism. Nat. Rev.
Immunol. 6, 895-906. doi: 10.1038/nri1978

Gazzinelli, R. T., Kalantari, P., Fitzgerald, K. A., and Golenbock, D. T. (2014).
Innate sensing of malaria parasites. Nat. Rev. Immunol. 14, 744-757. doi:
10.1038/nri3742

Gowda, N. M., Wu, X., and Gowda, D. C. (2012). TLR9 and MyD88 are crucial for
the development of protective immunity to malaria. J. Immunol. 188, 5073
5085. doi: 10.4049/jimmunol.1102143

Gramaglia, I, Velez, J., Combes, V., Grau, G. E., Wree, M., and Van Der Heyde, H. C.
(2017). Platelets activate a pathogenic response to blood-stage Plasmodium
infection but not a protective immune response. Blood 129, 1669-1679. doi:
10.1182/blood-2016-08-733519

Grassi, B., Bignami, A., and Bastianelli, G. (1899). Medical Zoology: Further
Researches upon the Cycle of Human Malaria in the Body of the Mosquito.
Ind. Med. Gaz. 34, 104-107.

Gregor, P. D., Wolchok, J. D., Ferrone, C. R., Buchinshky, H., Guevara-Patino, J. A.,
Perales, M. A,, et al. (2004). CTLA-4 blockade in combination with xenogeneic
DNA vaccines enhances T-cell responses, tumor immunity and autoimmunity to
self antigens in animal and cellular model systems. Vaccine 22, 1700-1708. doi:
10.1016/j.vaccine.2003.10.048

Griffith, J. W., Sun, T., Mcintosh, M. T., and Bucala, R. (2009). Pure Hemozoin is
inflammatory in vivo and activates the NALP3 inflammasome via release of
uric acid. J. Immunol. 183, 5208-5220. doi: 10.4049/jimmunol.0713552

Gross, J. A., Callas, E., and Allison, J. P. (1992). Identification and distribution of
the costimulatory receptor CD28 in the mouse. J. Immunol. 149, 380-388.

Grosso, J. F., Goldberg, M. V., Getnet, D., Bruno, T. C,, Yen, H. R,, Pyle, K. ], et al.
(2009). Functionally distinct LAG-3 and PD-1 subsets on activated and
chronically stimulated CD8 T cells. J. Immunol. 182, 6659-6669. doi:
10.4049/jimmunol.0804211

Gubin, M. M., Zhang, X., Schuster, H., Caron, E., Ward, J. P., Noguchi, T., et al.
(2014). Checkpoint blockade cancer immunotherapy targets tumour-specific
mutant antigens. Nature 515, 577-581. doi: 10.1038/nature13988

Guo, H,, Pang, K., Wei, Y., Yi, C,, and Wu, X. (2015). Herpes virus entry mediator
in human corneal epithelial cells modulates the production of inflammatory
cytokines in response to HSV type 1 challenge. Ophthalmic Res. 54, 128-134.
doi: 10.1159/000437209

Gupta, S., Snow, R. W., Donnelly, C. A., Marsh, K., and Newbold, C. (1999).
Immunity to non-cerebral severe malaria is acquired after one or two
infections. Nat. Med. 5, 340-343. doi: 10.1038/6560

Gwyer Findlay, E., Villegas-Mendez, A., O’regan, N., De Souza, J. B., Grady, L. M.,
Saris, C.J., et al. (2014). IL-27 receptor signaling regulates memory CD4+ T cell
populations and suppresses rapid inflammatory responses during secondary
malaria infection. Infect. Immun. 82, 10-20. doi: 10.1128/IA1.01091-13

Hansen, D. S., and Schofield, L. (2010). Natural regulatory T cells in malaria: host
or parasite allies? PloS Pathog. 6, €1000771. doi: 10.1371/journal.ppat.1000771

Haque, A., Best, S. E., Ammerdorffer, A., Desbarrieres, L., De Oca, M. M., Amante,
F. H,, et al. (2011). Type I interferons suppress CD4(+) T-cell-dependent
parasite control during blood-stage Plasmodium infection. Eur. J. Immunol. 41,
2688-2698. doi: 10.1002/€ji.201141539

Haque, A., Best, S. E,, Montes De Oca, M., James, K. R,, Ammerdorffer, A.,
Edwards, C. L, et al. (2014). Type I IFN signaling in CD8- DCs impairs Th1-
dependent malaria immunity. J. Clin. Invest. 124, 2483-2496. doi: 10.1172/
JCI70698

Hathcock, K. S., Hirano, H., Murakami, S., and Hodes, R. J. (1992). CD45
expression by B cells. Expression of different CD45 isoforms by
subpopulations of activated B cells. J. Immunol. 149, 2286-2294.

He, X., Ashbrook, A. W., Du, Y., Wu, J., Hofftmann, H. H., Zhang, C,, et al. (2020).
RTP4 inhibits IFN-I response and enhances experimental cerebral malaria and
neuropathology. Proc. Natl. Acad. Sci. U.S.A. 117, 19465-19474. doi: 10.1073/
pnas.2006492117

Hisaeda, H., Hamano, S., Mitoma-Obata, C., Tetsutani, K., Imai, T., Waldmann, H.,
et al. (2005). Resistance of regulatory T cells to glucocorticoid-induced
[corrected] TNFR family-related protein (GITR) during Plasmodium yoelii
infection. Eur. J. Immunol. 35, 3516-3524. doi: 10.1002/€ji.200526073

Hoffman, S. L., Oster, C. N., Plowe, C. V., Woollett, G. R,, Beier, J. C., Chulay, J. D.,
et al. (1987). Naturally acquired antibodies to sporozoites do not prevent
malaria: vaccine development implications. Science 237, 639-642. doi: 10.1126/
science.3299709

Hommel, M., Chan, J. A., Umbers, A. J., Langer, C., Rogerson, S. J., Smith, J. D.,
et al. (2018). Evaluating antibody functional activity and strain-specificity of
vaccine candidates for malaria in pregnancy using in vitro phagocytosis assays.
Parasit. Vectors 11, 69. doi: 10.1186/s13071-018-2653-7

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1073/pnas.1633254100
https://doi.org/10.1128/CMR.00025-08
https://doi.org/10.1002/eji.200636889
https://doi.org/10.1002/eji.200636889
https://doi.org/10.1189/jlb.1012544
https://doi.org/10.1111/j.1600-065X.2009.00782.x
https://doi.org/10.1111/j.1600-065X.2009.00782.x
https://doi.org/10.4049/jimmunol.174.2.790
https://doi.org/10.1111/j.1365-3024.1984.tb00823.x
https://doi.org/10.1016/j.cell.2011.03.049
https://doi.org/10.1074/jbc.M610737200
https://doi.org/10.1371/journal.ppat.1006484
https://doi.org/10.1371/journal.pone.0077991
https://doi.org/10.1371/journal.pone.0077991
https://doi.org/10.1371/journal.pmed.1000218
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.4049/jimmunol.1102755
https://doi.org/10.1016/j.immuni.2013.02.010
https://doi.org/10.1016/j.cyto.2012.03.015
https://doi.org/10.1007/s11926-013-0401-8
https://doi.org/10.1038/nri1978
https://doi.org/10.1038/nri3742
https://doi.org/10.4049/jimmunol.1102143
https://doi.org/10.1182/blood-2016-08-733519
https://doi.org/10.1016/j.vaccine.2003.10.048
https://doi.org/10.4049/jimmunol.0713552
https://doi.org/10.4049/jimmunol.0804211
https://doi.org/10.1038/nature13988
https://doi.org/10.1159/000437209
https://doi.org/10.1038/6560
https://doi.org/10.1128/IAI.01091-13
https://doi.org/10.1371/journal.ppat.1000771
https://doi.org/10.1002/eji.201141539
https://doi.org/10.1172/JCI70698
https://doi.org/10.1172/JCI70698
https://doi.org/10.1073/pnas.2006492117
https://doi.org/10.1073/pnas.2006492117
https://doi.org/10.1002/eji.200526073
https://doi.org/10.1126/science.3299709
https://doi.org/10.1126/science.3299709
https://doi.org/10.1186/s13071-018-2653-7
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

Hopp, C. S., and Sinnis, P. (2015). The innate and adaptive response to mosquito
saliva and Plasmodium sporozoites in the skin. Ann. N 'Y Acad. Sci. 1342, 37—
43. doi: 10.1111/nyas.12661

Horne-Debets, J. M., Faleiro, R., Karunarathne, D. S., Liu, X. Q., Lineburg, K. E.,
Poh, C. M, et al. (2013). PD-1 dependent exhaustion of CD8+ T cells drives
chronic malaria. Cell Rep. 5, 1204-1213. doi: 10.1016/j.celrep.2013.11.002

Horowitz, A., Newman, K. C,, Evans, J. H., Korbel, D. S., Davis, D. M., and Riley, E. M.
(2010). Cross-talk between T cells and NK cells generates rapid effector responses
to Plasmodium falciparum-infected erythrocytes. J. Immunol. 184, 6043-6052. doi:
10.4049/jimmunol. 1000106

Hou, N,, Zhao, D,, Liu, Y., Gao, L., Liang, X, Liu, X,, et al. (2012). Increased
expression of T cell immunoglobulin- and mucin domain-containing
molecule-3 on natural killer cells in atherogenesis. Atherosclerosis 222, 67—
73. doi: 10.1016/j.atherosclerosis.2012.02.009

Hou, N., Zou, Y., Piao, X,, Liu, S., Wang, L, Li, S., et al. (2016). T-Cell
Immunoglobulin- and Mucin-Domain-Containing Molecule 3 Signaling
Blockade Improves Cell-Mediated Immunity Against Malaria. J. Infect. Dis.
214, 1547-1556. doi: 10.1093/infdis/jiw428

Hou, N, Jiang, N, Zou, Y., Piao, X,, Liu, S., Li, S, et al. (2017). Down-Regulation of
Tim-3 in Monocytes and Macrophages in Plasmodium Infection and Its
Association with Parasite Clearance. Front. Microbiol. 8, 1431. doi: 10.3389/
fmicb.2017.01431

Howes, R. E., Battle, K. E., Mendis, K. N., Smith, D. L., Cibulskis, R. E., Baird, J. K.,
et al. (2016). Global Epidemiology of Plasmodium vivax. Am. J. Trop. Med.
Hyg. 95, 15-34. doi: 10.4269/ajtmh.16-0141

Huang, C. T., Workman, C. J., Flies, D., Pan, X., Marson, A. L., Zhou, G., et al.
(2004). Role of LAG-3 in regulatory T cells. Immunity 21, 503-513. doi:
10.1016/j.immuni.2004.08.010

Huang, J., Liu, T,, Xu, L. G., Chen, D., Zhai, Z., and Shu, H. B. (2005). SIKE is an
IKK epsilon/TBK1-associated suppressor of TLR3- and virus-triggered IRF-3
activation pathways. EMBO J. 24, 4018-4028. doi: 10.1038/sj.emb0j.7600863

Huang, H., Lamikanra, A. A., Alkaitis, M. S., Thezenas, M. L., Ramaprasad, A.,
Moussa, E., et al. (2014). Interleukin-10 regulates hepcidin in Plasmodium
falciparum malaria. PloS One 9, €88408. doi: 10.1371/journal.pone.0088408

Hunt, N. H,, Grau, G. E., Engwerda, C., Barnum, S. R., Van Der Heyde, H.,
Hansen, D. S,, et al. (2010). Murine cerebral malaria: the whole story. Trends
Parasitol. 26, 272-274. doi: 10.1016/j.pt.2010.03.006

Imkeller, K., Scally, S. W., Bosch, A., Marti, G. P., Costa, G., Triller, G., et al.
(2018). Antihomotypic affinity maturation improves human B cell responses
against a repetitive epitope. Science 360, 1358-1362. doi: 10.1126/
science.aar5304

Inoue, S., Niikura, M., Takeo, S., Mineo, S., Kawakami, Y., Uchida, A., et al. (2012).
Enhancement of dendritic cell activation via CD40 ligand-expressing
gammadelta T cells is responsible for protective immunity to Plasmodium
parasites. Proc. Natl. Acad. Sci. U.S.A. 109, 12129-12134. doi: 10.1073/
pnas.1204480109

Ishido, S., Goto, E., Matsuki, Y., and Ohmura-Hoshino, M. (2009). E3 ubiquitin
ligases for MHC molecules. Curr. Opin. Immunol. 21, 78-83. doi: 10.1016/
j.01.2009.01.002

Ishizuka, A. S., Lyke, K. E., Dezure, A., Berry, A. A, Richie, T. L., Mendoza, F. H,,
et al. (2016). Protection against malaria at 1 year and immune correlates
following PfSPZ vaccination. Nat. Med. 22, 614-623. doi: 10.1038/nm.4110

Issa, F., Robb, R. J., and Wood, K. J. (2013). The where and when of T cell
regulation in transplantation. Trends Immunol. 34, 107-113. doi: 10.1016/
j.it.2012.11.003

Jangpatarapongsa, K., Chootong, P., Sattabongkot, J., Chotivanich, K.,
Sirichaisinthop, J., Tungpradabkul, S., et al. (2008). Plasmodium vivax
parasites alter the balance of myeloid and plasmacytoid dendritic cells and
the induction of regulatory T cells. Eur. J. Immunol. 38, 2697-2705. doi:
10.1002/€ji.200838186

Jaramillo, M., Gowda, D. C., Radzioch, D., and Olivier, M. (2003). Hemozoin
increases IFN-gamma-inducible macrophage nitric oxide generation through
extracellular signal-regulated kinase- and NF-kappa B-dependent pathways.
J. Immunol. 171, 4243-4253. doi: 10.4049/jimmunol.171.8.4243

Johnston, R. J., Comps-Agrar, L., Hackney, J., Yu, X., Huseni, M., Yang, Y., et al.
(2014). The immunoreceptor TIGIT regulates antitumor and antiviral CD8(+)
T cell effector function. Cancer Cell 26, 923-937. doi: 10.1016/j.ccell.2014.10.018

Ju, Y., Hou, N., Meng, J., Wang, X., Zhang, X, Zhao, D, et al. (2010). T cell
immunoglobulin- and mucin-domain-containing molecule-3 (Tim-3)
mediates natural killer cell suppression in chronic hepatitis B. J. Hepatol. 52,
322-329. doi: 10.1016/j.jhep.2009.12.005

Kadziolka, B., Lesniak, W., and Filipek, A. (2017). Regulation of CacyBP/SIP
expression by NFAT]1 transcription factor. Immunobiology 222, 872-877. doi:
10.1016/j.imbio.2017.05.002

Kalantari, P., Deoliveira, R. B., Chan, J., Corbett, Y., Rathinam, V., Stutz, A., et al.
(2014). Dual engagement of the NLRP3 and AIM2 inflammasomes by
plasmodium-derived hemozoin and DNA during malaria. Cell Rep. 6, 196
210. doi: 10.1016/j.celrep.2013.12.014

Kanda, Y., Kawamura, H., Matsumoto, H., Kobayashi, T., Kawamura, T., and Abo, T.
(2010). Identification and characterization of autoantibody-producing B220(low)
B (B-1) cells appearing in malarial infection. Cell Immunol. 263, 49-54. doi:
10.1016/j.cellimm.2010.02.015

Kapelski, S., Klockenbring, T., Fischer, R., Barth, S., and Fendel, R. (2014).
Assessment of the neutrophilic antibody-dependent respiratory burst
(ADRB) response to Plasmodium falciparum. J. Leukoc. Biol. 96, 1131-1142.
doi: 10.1189/j1b.4A0614-283RR

Karunarathne, D. S., Horne-Debets, ]. M., Huang, J. X., Faleiro, R., Leow, C. Y.,
Amante, F., et al. (2016). Programmed Death-1 Ligand 2-Mediated Regulation
of the PD-L1 to PD-1 Axis Is Essential for Establishing CD4(+) T Cell
Immunity. Immunity 45, 333-345. doi: 10.1016/j.immuni.2016.07.017

Kent, L. N., Rumi, M. A., Kubota, K., Lee, D. S., and Soares, M. J. (2011). FOSLI is
integral to establishing the maternal-fetal interface. Mol. Cell Biol. 31, 4801-
4813. doi: 10.1128/MCB.05780-11

Kimura, D., Miyakoda, M., Kimura, K., Honma, K., Hara, H., Yoshida, H., et al.
(2016). Interleukin-27-Producing CD4(+) T Cells Regulate Protective
Immunity during Malaria Parasite Infection. Immunity 44, 672-682. doi:
10.1016/j.immuni.2016.02.011

Kinjyo, I, Hanada, T., Inagaki-Ohara, K., Mori, H., Aki, D., Ohishi, M., et al.
(2002). SOCS1/JAB is a negative regulator of LPS-induced macrophage
activation. Immunity 17, 583-591. doi: 10.1016/S1074-7613(02)00446-6

Kordes, M., Matuschewski, K., and Hafalla, J. C. (2011). Caspase-1 activation of
interleukin-1beta (IL-1beta) and IL-18 is dispensable for induction of
experimental cerebral malaria. Infect. Immun. 79, 3633-3641. doi: 10.1128/
TAL05459-11

Krishnegowda, G., Hajjar, A. M., Zhu, J., Douglass, E. J., Uematsu, S., Akira, S.,
et al. (2005). Induction of proinflammatory responses in macrophages by the
glycosylphosphatidylinositols of Plasmodium falciparum: cell signaling
receptors, glycosylphosphatidylinositol (GPI) structural requirement, and
regulation of GPI activity. J. Biol. Chem. 280, 8606-8616. doi: 10.1074/
jbc.M413541200

Kumar, S., and Miller, L. H. (1990). Cellular mechanisms in immunity to blood
stage infection. Immunol. Lett. 25, 109-114. doi: 10.1016/0165-2478(90)90100-5

Kumaratilake, L. M., and Ferrante, A. (2000). Opsonization and phagocytosis of
Plasmodium falciparum merozoites measured by flow cytometry. Clin. Diagn.
Lab. Immunol. 7, 9-13. doi: 10.1128/CDLI.7.1.9-13.2000

Kurtovic, L., Boyle, M. ], Opi, D. H., Kennedy, A. T., Tham, W. H., Reiling, L.,
et al. (2020). Complement in malaria immunity and vaccines. Immunol. Rev.
293, 38-56. doi: 10.1111/imr.12802

Kurup, S. P., Obeng-Adjei, N., Anthony, S. M., Traore, B., Doumbo, O. K., Butler,
N. S, etal. (2017). Regulatory T cells impede acute and long-term immunity to
blood-stage malaria through CTLA-4. Nat. Med. 23, 1220-1225. doi: 10.1038/
nm.4395

Langhorne, J., Gillard, S., Simon, B., Slade, S., and Eichmann, K. (1989).
Frequencies of CD4+ T cells reactive with Plasmodium chabaudi chabaudi:
distinct response kinetics for cells with Thl and Th2 characteristics during
infection. Int. Immunol. 1, 416-424. doi: 10.1093/intimm/1.4.416

Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M., Chernova, L,
et al. (2001). PD-L2 is a second ligand for PD-1 and inhibits T cell activation.
Nat. Immunol. 2, 261-268. doi: 10.1038/85330

Le Bouteiller, P., Barakonyi, A., Giustiniani, J., Lenfant, F., Marie-Cardine, A.,
Aguerre-Girr, M., et al. (2002). Engagement of CD160 receptor by HLA-C is a
triggering mechanism used by circulating natural killer (NK) cells to mediate
cytotoxicity. Proc. Natl. Acad. Sci. U.S.A. 99, 16963-16968. doi: 10.1073/
pnas.012681099

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1111/nyas.12661
https://doi.org/10.1016/j.celrep.2013.11.002
https://doi.org/10.4049/jimmunol.1000106
https://doi.org/10.1016/j.atherosclerosis.2012.02.009
https://doi.org/10.1093/infdis/jiw428
https://doi.org/10.3389/fmicb.2017.01431
https://doi.org/10.3389/fmicb.2017.01431
https://doi.org/10.4269/ajtmh.16-0141
https://doi.org/10.1016/j.immuni.2004.08.010
https://doi.org/10.1038/sj.emboj.7600863
https://doi.org/10.1371/journal.pone.0088408
https://doi.org/10.1016/j.pt.2010.03.006
https://doi.org/10.1126/science.aar5304
https://doi.org/10.1126/science.aar5304
https://doi.org/10.1073/pnas.1204480109
https://doi.org/10.1073/pnas.1204480109
https://doi.org/10.1016/j.coi.2009.01.002
https://doi.org/10.1016/j.coi.2009.01.002
https://doi.org/10.1038/nm.4110
https://doi.org/10.1016/j.it.2012.11.003
https://doi.org/10.1016/j.it.2012.11.003
https://doi.org/10.1002/eji.200838186
https://doi.org/10.4049/jimmunol.171.8.4243
https://doi.org/10.1016/j.ccell.2014.10.018
https://doi.org/10.1016/j.jhep.2009.12.005
https://doi.org/10.1016/j.imbio.2017.05.002
https://doi.org/10.1016/j.celrep.2013.12.014
https://doi.org/10.1016/j.cellimm.2010.02.015
https://doi.org/10.1189/jlb.4A0614-283RR
https://doi.org/10.1016/j.immuni.2016.07.017
https://doi.org/10.1128/MCB.05780-11
https://doi.org/10.1016/j.immuni.2016.02.011
https://doi.org/10.1016/S1074-7613(02)00446-6
https://doi.org/10.1128/IAI.05459-11
https://doi.org/10.1128/IAI.05459-11
https://doi.org/10.1074/jbc.M413541200
https://doi.org/10.1074/jbc.M413541200
https://doi.org/10.1016/0165-2478(90)90100-5
https://doi.org/10.1128/CDLI.7.1.9-13.2000
https://doi.org/10.1111/imr.12802
https://doi.org/10.1038/nm.4395
https://doi.org/10.1038/nm.4395
https://doi.org/10.1093/intimm/1.4.416
https://doi.org/10.1038/85330
https://doi.org/10.1073/pnas.012681099
https://doi.org/10.1073/pnas.012681099
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

Lennartz, F., Adams, Y., Bengtsson, A., Olsen, R. W., Turner, L., Ndam, N. T., et al.
(2017). Structure-Guided Identification of a Family of Dual Receptor-Binding
PfEMP1 that Is Associated with Cerebral Malaria. Cell Host. Microbe 21, 403
414. doi: 10.1016/j.chom.2017.02.009

Lennartz, F., Smith, C,, Craig, A. G., and Higgins, M. K. (2019). Structural insights
into diverse modes of ICAM-1 binding by Plasmodium falciparum-infected
erythrocytes. Proc. Natl. Acad. Sci. U.S.A. 116, 20124-20134. doi: 10.1073/
pnas.1911900116

Liehl, P., Zuzarte-Luis, V., Chan, J., Zillinger, T., Baptista, F., Carapau, D., et al.
(2014). Host-cell sensors for Plasmodium activate innate immunity against
liver-stage infection. Nat. Med. 20, 47-53. doi: 10.1038/nm.3424

Lin, Y., Wei, ], Fan, L., and Cheng, D. (2015). BTNL2 gene polymorphism and
sarcoidosis susceptibility: a meta-analysis. PloS One 10, €0122639. doi: 10.1371/
journal.pone.0122639

Liu, D., Sheng, C., Gao, S., Yao, C,, Li, J., Jiang, W., et al. (2015). SOCS3 Drives
Proteasomal Degradation of TBK1 and Negatively Regulates Antiviral Innate
Immunity. Mol. Cell Biol. 35, 2400-2413. doi: 10.1128/MCB.00090-15

Liu, T., Cheng, X,, Ding, Y., Zhu, F,, Fu, Y., Peng, X,, et al. (2018). PD-1 deficiency
promotes TFH cells expansion in ITV-immunized mice by upregulating
cytokines secretion. Parasit. Vectors 11, 397. doi: 10.1186/s13071-018-2984-4

Liu, T., Lu, X,, Zhao, C., Fu, X, Zhao, T., and Xu, W. (2015). PD-1 deficiency
enhances humoral immunity of malaria infection treatment vaccine. Infect.
Immun. 83, 2011-2017. doi: 10.1128/IA1.02621-14

Ma, C. S., Deenick, E. K., Batten, M., and Tangye, S. G. (2012). The origins,
function, and regulation of T follicular helper cells. J. Exp. Med. 209, 1241
1253. doi: 10.1084/jem.20120994

Macchia, G., Trombetta, D., Moller, E., Mertens, F., Storlazzi, C. T., Debiec-
Rychter, M., et al. (2012). FOSL1 as a candidate target gene for 11q12
rearrangements in desmoplastic fibroblastoma. Lab. Invest. 92, 735-743. doi:
10.1038/labinvest.2012.46

Machado, F. S., Johndrow, J. E., Esper, L., Dias, A., Bafica, A., Serhan, C. N., et al.
(2006). Anti-inflammatory actions of lipoxin A4 and aspirin-triggered lipoxin
are SOCS-2 dependent. Nat. Med. 12, 330-334. doi: 10.1038/nm1355

Macian, F. (2005). NFAT proteins: key regulators of T-cell development and
function. Nat. Rev. Immunol. 5, 472-484. doi: 10.1038/nril632

Macri, C,, Pang, E. S., Patton, T., and O’keeffe, M. (2018). Dendritic cell subsets.
Semin. Cell Dev. Biol. 84, 11-21. doi: 10.1016/j.semcdb.2017.12.009

Maeda, M., Carpenito, C., Russell, R. C., Dasanjh, J., Veinotte, L. L., Ohta, H., et al.
(2005). Murine CD160, Ig-like receptor on NK cells and NKT cells, recognizes
classical and nonclassical MHC class I and regulates NK cell activation.
J. Immunol. 175, 4426-4432. doi: 10.4049/jimmunol.175.7.4426

Manfredi, A. A., Ramirez, G. A., Rovere-Querini, P., and Maugeri, N. (2018). The
Neutrophil’s Choice: Phagocytose vs Make Neutrophil Extracellular Traps.
Front. Immunol. 9, 288. doi: 10.3389/fimmu.2018.00288

Mantel, P. Y., and Marti, M. (2014). The role of extracellular vesicles in
Plasmodium and other protozoan parasites. Cell Microbiol. 16, 344-354. doi:
10.1111/cmi.12259

Marsh, K., Otoo, L., Hayes, R. J., Carson, D. C., and Greenwood, B. M. (1989).
Antibodies to blood stage antigens of Plasmodium falciparum in rural
Gambians and their relation to protection against infection. Trans. R Soc.
Trop. Med. Hyg. 83, 293-303. doi: 10.1016/0035-9203(89)90478-1

Martins, G. A., Tadokoro, C. E., Silva, R. B,, Silva, J. S., and Rizzo, L. V. (2004).
CTLA-4 blockage increases resistance to infection with the intracellular
protozoan Trypanosoma cruzi. J. Immunol. 172, 4893-4901. doi: 10.4049/
jimmunol.172.8.4893

Marvel, J., and Mayer, A. (1988). CD45R gives immunofluorescence and
transduces signals on mouse T cells. Eur. J. Immunol. 18, 825-828. doi:
10.1002/€ji. 1830180526

Mchugh, R. S., Whitters, M. J., Piccirillo, C. A., Young, D. A., Shevach, E. M.,
Collins, M., et al. (2002). CD4(+)CD25(+) immunoregulatory T cells: gene
expression analysis reveals a functional role for the glucocorticoid-induced
TNF receptor. Immunity 16, 311-323. doi: 10.1016/S1074-7613(02)00280-7

Mcleod, B, Miura, K., Scally, S. W., Bosch, A., Nguyen, N, Shin, H., etal. (2019). Potent
antibody lineage against malaria transmission elicited by human vaccination with
Pfs25. Nat. Commun. 10, 4328. doi: 10.1038/s41467-019-11980-6

Mcnab, F., Mayer-Barber, K., Sher, A., Wack, A, and O’garra, A. (2015). Type I
interferons in infectious disease. Nat. Rev. Immunol. 15, 87-103. doi: 10.1038/
nri3787

Medana, I. M., Hien, T. T., Day, N. P, Phu, N. H,, Mai, N. T., Chu’ong, L. V., et al.
(2002). The clinical significance of cerebrospinal fluid levels of kynurenine
pathway metabolites and lactate in severe malaria. J. Infect. Dis. 185, 650-656.
doi: 10.1086/339009

Medana, I. M,, Day, N. P, Salahifar-Sabet, H., Stocker, R., Smythe, G., Bwanaisa, L.,
et al. (2003). Metabolites of the kynurenine pathway of tryptophan metabolism
in the cerebrospinal fluid of Malawian children with malaria. J. Infect. Dis. 188,
844-849. doi: 10.1086/377583

Mellor, A. L., and Munn, D. H. (2004). IDO expression by dendritic cells: tolerance
and tryptophan catabolism. Nat. Rev. Immunol. 4, 762-774. doi: 10.1038/
nril457

Mendis, K. N., and Targett, G. A. (1979). Immunisation against gametes and
asexual erythrocytic stages of a rodent malaria parasite. Nature 277, 389-391.
doi: 10.1038/277389a0

Mendonca, V. R., and Barral-Netto, M. (2015). Immunoregulation in human
malaria: the challenge of understanding asymptomatic infection. Mem. Inst.
Oswaldo Cruz 110, 945-955. doi: 10.1590/0074-02760150241

Miller, J. L., Sack, B. K., Baldwin, M., Vaughan, A. M., and Kappe, S. H. I. (2014).
Interferon-mediated innate immune responses against malaria parasite liver
stages. Cell Rep. 7, 436-447. doi: 10.1016/j.celrep.2014.03.018

Mitchell, A. J., Hansen, A. M., Hee, L., Ball, H. J., Potter, S. M., Walker, J. C,, et al.
(2005). Early cytokine production is associated with protection from murine
cerebral malaria. Infect. Immun. 73, 5645-5653. doi: 10.1128/IA1.73.9.5645-
5653.2005

Mittal, S. K., Cho, K. J., Ishido, S., and Roche, P. A. (2015). Interleukin 10 (IL-10)-
mediated Immunosuppression: MARCH-I INDUCTION REGULATES
ANTIGEN PRESENTATION BY MACROPHAGES BUT NOT DENDRITIC
CELLS. J. Biol. Chem. 290, 27158-27167. doi: 10.1074/jbc.M115.682708

Miyakoda, M., Kimura, D., Honma, K., Kimura, K., Yuda, M., and Yui, K. (2012).
Development of memory CD8+ T cells and their recall responses during blood-
stage infection with Plasmodium berghei ANKA. J. Immunol. 189, 4396-4404.
doi: 10.4049/jimmunol.1200781

Montes De Oca, M., Kumar, R,, Rivera, F. L., Amante, F. H., Sheel, M., Faleiro, R. J.,
et al. (2016). Type I Interferons Regulate Immune Responses in Humans with
Blood-Stage Plasmodium falciparum Infection. Cell Rep. 17, 399-412. doi:
10.1016/j.celrep.2016.09.015

Mordmuller, B, Surat, G., Lagler, H., Chakravarty, S, Ishizuka, A. S., Lalremruata, A.,
et al. (2017). Sterile protection against human malaria by chemoattenuated PfSPZ
vaccine. Nature 542, 445-449. doi: 10.1038/nature21060

Moretto, M. M., Hwang, S., and Khan, I. A. (2017). Downregulated IL-21
Response and T Follicular Helper Cell Exhaustion Correlate with
Compromised CD8 T Cell Immunity during Chronic Toxoplasmosis. Front.
Immunol. 8, 1436. doi: 10.3389/fimmu.2017.01436

Moschonas, A., Toannou, M., and Eliopoulos, A. G. (2012). CD40 stimulates a
“feed-forward” NF-kappaB-driven molecular pathway that regulates IFN-beta
expression in carcinoma cells. J. Immunol. 188, 5521-5527. doi: 10.4049/
jimmunol.1200133

Mota, M. M., Pradel, G., Vanderberg, J. P., Hafalla, J. C,, Frevert, U., Nussenzweig, R. S,
et al. (2001). Migration of Plasmodium sporozoites through cells before infection.
Science 291, 141-144. doi: 10.1126/science.291.5501.141

Murray, S. A., Mohar, I, Miller, J. L., Brempelis, K. J., Vaughan, A. M., Kappe, S. H.,
et al. (2015). CD40 is required for protective immunity against liver stage
Plasmodium infection. J. Immunol. 194, 2268-2279. doi: 10.4049/
jimmunol.1401724

Murugan, R., Buchauer, L., Triller, G., Kreschel, C., Costa, G., Pidelaserra Marti, G.,
et al. (2018). Clonal selection drives protective memory B cell responses in
controlled human malaria infection. Sci. Immunol. 3, eaap802. doi: 10.1126/
sciimmunol.aap8029

Muscate, F., Stetter, N., Schramm, C., Schulze Zur Wiesch, J., Bosurgi, L., and
Jacobs, T. (2018). HVEM and CD160: Regulators of Immunopathology During
Malaria Blood-Stage. Front. Immunol. 9, 2611. doi: 10.3389/fimmu.2018.02611

Nair, S. C., Xu, R., Pattaradilokrat, S., Wu, J., Qi, Y., Zilversmit, M., et al. (2017). A
Plasmodium yoelii HECT-like E3 ubiquitin ligase regulates parasite growth
and virulence. Nat. Commun. 8, 223. doi: 10.1038/s41467-017-00267-3

Nair, S. R., Abraham, R., Sundaram, S., and Sreekumar, E. (2017). Interferon
regulated gene (IRG) expression-signature in a mouse model of chikungunya
virus neurovirulence. J. Neurovirol. 23, 886-902. doi: 10.1007/s13365-017-
0583-3

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

54

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1016/j.chom.2017.02.009
https://doi.org/10.1073/pnas.1911900116
https://doi.org/10.1073/pnas.1911900116
https://doi.org/10.1038/nm.3424
https://doi.org/10.1371/journal.pone.0122639
https://doi.org/10.1371/journal.pone.0122639
https://doi.org/10.1128/MCB.00090-15
https://doi.org/10.1186/s13071-018-2984-4
https://doi.org/10.1128/IAI.02621-14
https://doi.org/10.1084/jem.20120994
https://doi.org/10.1038/labinvest.2012.46
https://doi.org/10.1038/nm1355
https://doi.org/10.1038/nri1632
https://doi.org/10.1016/j.semcdb.2017.12.009
https://doi.org/10.4049/jimmunol.175.7.4426
https://doi.org/10.3389/fimmu.2018.00288
https://doi.org/10.1111/cmi.12259
https://doi.org/10.1016/0035-9203(89)90478-1
https://doi.org/10.4049/jimmunol.172.8.4893
https://doi.org/10.4049/jimmunol.172.8.4893
https://doi.org/10.1002/eji.1830180526
https://doi.org/10.1016/S1074-7613(02)00280-7
https://doi.org/10.1038/s41467-019-11980-6
https://doi.org/10.1038/nri3787
https://doi.org/10.1038/nri3787
https://doi.org/10.1086/339009
https://doi.org/10.1086/377583
https://doi.org/10.1038/nri1457
https://doi.org/10.1038/nri1457
https://doi.org/10.1038/277389a0
https://doi.org/10.1590/0074-02760150241
https://doi.org/10.1016/j.celrep.2014.03.018
https://doi.org/10.1128/IAI.73.9.5645-5653.2005
https://doi.org/10.1128/IAI.73.9.5645-5653.2005
https://doi.org/10.1074/jbc.M115.682708
https://doi.org/10.4049/jimmunol.1200781
https://doi.org/10.1016/j.celrep.2016.09.015
https://doi.org/10.1038/nature21060
https://doi.org/10.3389/fimmu.2017.01436
https://doi.org/10.4049/jimmunol.1200133
https://doi.org/10.4049/jimmunol.1200133
https://doi.org/10.1126/science.291.5501.141
https://doi.org/10.4049/jimmunol.1401724
https://doi.org/10.4049/jimmunol.1401724
https://doi.org/10.1126/sciimmunol.aap8029
https://doi.org/10.1126/sciimmunol.aap8029
https://doi.org/10.3389/fimmu.2018.02611
https://doi.org/10.1038/s41467-017-00267-3
https://doi.org/10.1007/s13365-017-0583-3
https://doi.org/10.1007/s13365-017-0583-3
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

Naka, T., Narazaki, M., Hirata, M., Matsumoto, T., Minamoto, S., Aono, A., et al.
(1997). Structure and function of a new STAT-induced STAT inhibitor. Nature
387, 924-929. doi: 10.1038/43219

Naka, T., Matsumoto, T., Narazaki, M., Fujimoto, M., Morita, Y., Ohsawa, Y., et al.
(1998). Accelerated apoptosis of lymphocytes by augmented induction of Bax
in SSI-1 (STAT-induced STAT inhibitor-1) deficient mice. Proc. Natl. Acad.
Sci. U.S.A. 95, 15577-15582. doi: 10.1073/pnas.95.26.15577

Nakae, S., Suto, H., Iikura, M., Kakurai, M., Sedgwick, J. D., Tsai, M., et al. (2006).
Mast cells enhance T cell activation: importance of mast cell costimulatory
molecules and secreted TNF. J. Immunol. 176, 2238-2248. doi: 10.4049/
jimmunol.176.4.2238

Nakagawa, R., Naka, T., Tsutsui, H., Fujimoto, M., Kimura, A., Abe, T., et al.
(2002). SOCS-1 participates in negative regulation of LPS responses. Immunity
17, 677-687. doi: 10.1016/S1074-7613(02)00449-1

Ndungu, F. M., Olotu, A., Mwacharo, J., Nyonda, M., Apfeld, J., Mramba, L. K., et al.
(2012). Memory B cells are a more reliable archive for historical antimalarial
responses than plasma antibodies in no-longer exposed children. Proc. Natl.
Acad. Sci. U.S.A. 109, 8247-8252. doi: 10.1073/pnas.1200472109

Ndungu, F. M., Lundblom, K., Rono, J., Illingworth, J., Eriksson, S., and Farnert, A.
(2013). Long-lived Plasmodium falciparum specific memory B cells in
naturally exposed Swedish travelers. Eur. J. Immunol. 43, 2919-2929. doi:
10.1002/€ji.201343630

Niikura, M., Kamiya, S., Kita, K., and Kobayashi, F. (2008). Coinfection with
nonlethal murine malaria parasites suppresses pathogenesis caused by
Plasmodium berghei NK65. J. Immunol. 180, 6877-6884. doi: 10.4049/
jimmunol.180.10.6877

Niknam, A., Karimi, M. H., Geramizadeh, B., Roozbeh, J., Yaghobi, R., and
Salehipour, M. (2017). Polymorphisms of the Costimulatory Genes CTLA-4,
CD28, PD-1, and ICOS and Outcome of Kidney Transplants in Iranian
Patients. Exp. Clin. Transplant. 15, 295-305. doi: 10.6002/ect.2014.0253

Nishioka, T., Nishida, E., Iida, R., Morita, A., and Shimizu, J. (2008). In vivo
expansion of CD4+Foxp3+ regulatory T cells mediated by GITR molecules.
Immunol. Lett. 121, 97-104. doi: 10.1016/j.imlet.2008.09.003

Nocentini, G., Ronchetti, S., Cuzzocrea, S., and Riccardi, C. (2007). GITR/GITRL:
more than an effector T cell co-stimulatory system. Eur. J. Immunol. 37, 1165—
1169. doi: 10.1002/¢ji.200636933

Obeng-Adjei, N., Portugal, S., Tran, T. M., Yazew, T. B., Skinner, J., Li, S., et al.
(2015). Circulating Th1-Cell-type Tth Cells that Exhibit Impaired B Cell Help
Are Preferentially Activated during Acute Malaria in Children. Cell Rep. 13,
425-439. doi: 10.1016/j.celrep.2015.09.004

Ohmura-Hoshino, M., Goto, E., Matsuki, Y., Aoki, M., Mito, M., Uematsu, M.,
et al. (2006). A novel family of membrane-bound E3 ubiquitin ligases.
J. Biochem. 140, 147-154. doi: 10.1093/jb/mvj160

Okazaki, T., and Honjo, T. (2006). The PD-1-PD-L pathway in immunological
tolerance. Trends Immunol. 27, 195-201. doi: 10.1016/].it.2006.02.001

O'neill, L. A., Golenbock, D., and Bowie, A. G. (2013). The history of Toll-like
receptors - redefining innate immunity. Nat. Rev. Immunol. 13, 453-460. doi:
10.1038/nri3446

Orsini, G., Legitimo, A., Failli, A., Massei, F., Biver, P., and Consolini, R. (2012).
Enumeration of human peripheral blood dendritic cells throughout the life. Int.
Immunol. 24, 347-356. doi: 10.1093/intimm/dxs006

Ortonne, N., Ram-Wolff, C., Giustiniani, J., Marie-Cardine, A., Bagot, M.,
Mecheri, S., et al. (2011). Human and mouse mast cells express and secrete
the GPI-anchored isoform of CD160. J. Invest. Dermatol. 131, 916-924. doi:
10.1038/jid.2010.412

Osier, F. H.,, Fegan, G., Polley, S. D., Murungi, L., Verra, F., Tetteh, K. K, et al.
(2008). Breadth and magnitude of antibody responses to multiple Plasmodium
falciparum merozoite antigens are associated with protection from clinical
malaria. Infect. Immun. 76, 2240-2248. doi: 10.1128/IA1.01585-07

Othman, A. S, Franke-Fayard, B. M., Imai, T., Van Der Gracht, E. T. I, Redeker, A.,
Salman, A. M., et al. (2018). OX40 Stimulation Enhances Protective Immune
Responses Induced After Vaccination With Attenuated Malaria Parasites. Front.
Cell Infect. Microbiol. 8, 247. doi: 10.3389/fcimb.2018.00247

Otterdal, K., Berg, A., Michelsen, A. E., Patel, S., Tellevik, M. G., Haanshuus, C. G.,
et al. (2018). Soluble markers of neutrophil, T-cell and monocyte activation are
associated with disease severity and parasitemia in falciparum malaria. BMC
Infect. Dis. 18, 670. doi: 10.1186/5s12879-018-3593-8

Ouattara, A., and Laurens, M. B. (2015). Vaccines against malaria. Clin. Infect. Dis.
60, 930-936. doi: 10.1093/cid/ciu954

Pan, Y., Sun, X,, Li, D., Zhao, Y., Jin, F., and Cao, Y. (2020). PD-1 blockade
promotes immune memory following Plasmodium berghei ANKA reinfection.
Int. Immunopharmacol. 80, 106186. doi: 10.1016/j.intimp.2020.106186

Parmar, R, Patel, H., Yadav, N., Parikh, R, Patel, K., Mohankrishnan, A., et al.
(2018). Infectious Sporozoites of Plasmodium berghei Effectively Activate Liver
CD8alpha(+) Dendritic Cells. Front. Immunol. 9, 192. doi: 10.3389/
fimmu.2018.00192

Parroche, P., Lauw, F. N., Goutagny, N., Latz, E., Monks, B. G., Visintin, A., et al.
(2007). Malaria hemozoin is immunologically inert but radically enhances
innate responses by presenting malaria DNA to Toll-like receptor 9. Proc. Natl.
Acad. Sci. U.S.A. 104, 1919-1924. doi: 10.1073/pnas.0608745104

Perez-Mazliah, D., and Langhorne, J. (2014). CD4 T-cell subsets in malaria: TH1/
TH2 revisited. Front. Immunol. 5, 671. doi: 10.3389/fimmu.2014.00671

Perez-Mazliah, D., Ng, D. H., Freitas Do Rosario, A. P., Mclaughlin, S., Mastelic-
Gavillet, B., Sodenkamp, J., et al. (2015). Disruption of IL-21 signaling affects T
cell-B cell interactions and abrogates protective humoral immunity to malaria.
PloS Pathog. 11, €1004715. doi: 10.1371/journal.ppat.1004715

Perez-Mazliah, D., Nguyen, M. P., Hosking, C., Mclaughlin, S., Lewis, M. D.,
Tumwine, L, et al. (2017). Follicular Helper T Cells are Essential for the
Elimination of Plasmodium Infection. EBioMedicine 24, 216-230. doi: 10.1016/
j.ebiom.2017.08.030

Peters, N. C.,, Egen, J. G., Secundino, N., Debrabant, A., Kimblin, N., Kamhawi, S.,
et al. (2008). In vivo imaging reveals an essential role for neutrophils in
leishmaniasis transmitted by sand flies. Science 321, 970-974. doi: 10.1126/
science.1159194

Ratelade, J., and Verkman, A. S. (2014). Inhibitor(s) of the classical complement
pathway in mouse serum limit the utility of mice as experimental models of
neuromyelitis optica. Mol. Immunol. 62, 104-113. doi: 10.1016/
j.molimm.2014.06.003

Renaud, S. J., Kubota, K., Rumi, M. A., and Soares, M. J. (2014). The FOS
transcription factor family differentially controls trophoblast migration and
invasion. J. Biol. Chem. 289, 5025-5039. doi: 10.1074/jbc.M113.523746

Renno, T., Attinger, A., Rimoldi, D., Hahne, M., Tschopp, J., and Macdonald, H. R.
(1998). Expression of B220 on activated T cell blasts precedes apoptosis. Eur. J.
Immunol. 28, 540-547. doi: 10.1002/(SICI)1521-4141(199802)28:02<540::
AID-IMMU540>3.0.CO;2-Y

Ribot, J. C., Debarros, A., Mancio-Silva, L., Pamplona, A., and Silva-Santos, B.
(2012). B7-CD28 costimulatory signals control the survival and proliferation of
murine and human gammadelta T cells via IL-2 production. J. Immunol. 189,
1202-1208. doi: 10.4049/jimmunol.1200268

Ridge, J. P., Di Rosa, F., and Matzinger, P. (1998). A conditioned dendritic cell can
be a temporal bridge between a CD4+ T-helper and a T-killer cell. Nature 393,
474-478. doi: 10.1038/30989

Riley, E. M., and Stewart, V. A. (2013). Immune mechanisms in malaria: new
insights in vaccine development. Nat. Med. 19, 168-178. doi: 10.1038/nm.3083

Rivera-Correa, J., Guthmiller, J. J., Vijay, R., Fernandez-Arias, C., Pardo-Ruge, M. A.,
Gonzalez, S., et al. (2017). Plasmodium DNA-mediated TLR9 activation of T-bet
(+) B cells contributes to autoimmune anaemia during malaria. Nat. Commun. 8,
1282. doi: 10.1038/s41467-017-01476-6

Rodig, N, Ryan, T., Allen, J. A,, Pang, H., Grabie, N., Chernova, T, et al. (2003).
Endothelial expression of PD-L1 and PD-L2 down-regulates CD8+ T cell
activation and cytolysis. Eur. J. Immunol. 33, 3117-3126. doi: 10.1002/
€j1.200324270

Rodig, S. J., Shahsafaei, A., Li, B., and Dorfman, D. M. (2005). The CD45 isoform
B220 identifies select subsets of human B cells and B-cell lymphoproliferative
disorders. Hum. Pathol. 36, 51-57. doi: 10.1016/j.humpath.2004.10.016

Roestenberg, M., Mccall, M., Hopman, J., Wiersma, J., Luty, A. J., Van Gemert, G. J.,
et al. (2009). Protection against a malaria challenge by sporozoite inoculation.
N Engl. ]. Med. 361, 468-477. doi: 10.1056/NEJM0a0805832

Ross, R. (1896). Dr. Manson’s Mosquito-Malaria Theory. Ind. Med. Gaz. 31, 264.

Rothbard, J. B., and Gefter, M. L. (1991). Interactions between immunogenic
peptides and MHC proteins. Annu. Rev. Immunol. 9, 527-565. doi: 10.1146/
annurev.iy.09.040191.002523

Rowe, J. A, Claessens, A., Corrigan, R. A., and Arman, M. (2009). Adhesion of
Plasmodium falciparum-infected erythrocytes to human cells: molecular

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

55

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1038/43219
https://doi.org/10.1073/pnas.95.26.15577
https://doi.org/10.4049/jimmunol.176.4.2238
https://doi.org/10.4049/jimmunol.176.4.2238
https://doi.org/10.1016/S1074-7613(02)00449-1
https://doi.org/10.1073/pnas.1200472109
https://doi.org/10.1002/eji.201343630
https://doi.org/10.4049/jimmunol.180.10.6877
https://doi.org/10.4049/jimmunol.180.10.6877
https://doi.org/10.6002/ect.2014.0253
https://doi.org/10.1016/j.imlet.2008.09.003
https://doi.org/10.1002/eji.200636933
https://doi.org/10.1016/j.celrep.2015.09.004
https://doi.org/10.1093/jb/mvj160
https://doi.org/10.1016/j.it.2006.02.001
https://doi.org/10.1038/nri3446
https://doi.org/10.1093/intimm/dxs006
https://doi.org/10.1038/jid.2010.412
https://doi.org/10.1128/IAI.01585-07
https://doi.org/10.3389/fcimb.2018.00247
https://doi.org/10.1186/s12879-018-3593-8
https://doi.org/10.1093/cid/ciu954
https://doi.org/10.1016/j.intimp.2020.106186
https://doi.org/10.3389/fimmu.2018.00192
https://doi.org/10.3389/fimmu.2018.00192
https://doi.org/10.1073/pnas.0608745104
https://doi.org/10.3389/fimmu.2014.00671
https://doi.org/10.1371/journal.ppat.1004715
https://doi.org/10.1016/j.ebiom.2017.08.030
https://doi.org/10.1016/j.ebiom.2017.08.030
https://doi.org/10.1126/science.1159194
https://doi.org/10.1126/science.1159194
https://doi.org/10.1016/j.molimm.2014.06.003
https://doi.org/10.1016/j.molimm.2014.06.003
https://doi.org/10.1074/jbc.M113.523746
https://doi.org/10.1002/(SICI)1521-4141(199802)28:023.0.CO;2-Y
https://doi.org/10.1002/(SICI)1521-4141(199802)28:023.0.CO;2-Y
https://doi.org/10.4049/jimmunol.1200268
https://doi.org/10.1038/30989
https://doi.org/10.1038/nm.3083
https://doi.org/10.1038/s41467-017-01476-6
https://doi.org/10.1002/eji.200324270
https://doi.org/10.1002/eji.200324270
https://doi.org/10.1016/j.humpath.2004.10.016
https://doi.org/10.1056/NEJMoa0805832
https://doi.org/10.1146/annurev.iy.09.040191.002523
https://doi.org/10.1146/annurev.iy.09.040191.002523
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

mechanisms and therapeutic implications. Expert Rev. Mol. Med. 11, el6. doi:
10.1017/51462399409001082

Ryg-Cornejo, V., Ioannidis, L. J., Ly, A., Chiu, C. Y., Tellier, J., Hill, D. L., et al.
(2016). Severe Malaria Infections Impair Germinal Center Responses by
Inhibiting T Follicular Helper Cell Differentiation. Cell Rep. 14, 68-81. doi:
10.1016/j.celrep.2015.12.006

Sabatos, C. A., Chakravarti, S., Cha, E., Schubart, A., Sanchez-Fueyo, A., Zheng, X. X.,
et al. (2003). Interaction of Tim-3 and Tim-3 ligand regulates T helper type 1
responses and induction of peripheral tolerance. Nat. Immunol. 4, 1102-1110.
doi: 10.1038/ni988

Sabins, N. C., Chornoguz, O., Leander, K., Kaplan, F., Carter, R., Kinder, M., et al.
(2017). TIM-3 Engagement Promotes Effector Memory T Cell Differentiation
of Human Antigen-Specific CD8 T Cells by Activating mTORCIL. J. Immunol.
199, 4091-4102. doi: 10.4049/jimmunol.1701030

Sakuishi, K., Jayaraman, P., Behar, S. M., Anderson, A. C., and Kuchroo, V. K.
(2011). Emerging Tim-3 functions in antimicrobial and tumor immunity.
Trends Immunol. 32, 345-349. doi: 10.1016/.it.2011.05.003

Samji, T., Hong, S., and Means, R. E. (2014). The Membrane Associated RING-CH
Proteins: A Family of E3 Ligases with Diverse Roles through the Cell. Int. Sch.
Res. Notices 2014, 637295. doi: 10.1155/2014/637295

Sanchez-Torres, L., Rodriguez-Ropon, A., Aguilar-Medina, M., and Favila-
Castillo, L. (2001). Mouse splenic CD4+ and CD8+ T cells undergo
extensive apoptosis during a Plasmodium chabaudi chabaudi AS infection.
Parasite Immunol. 23, 617-626. doi: 10.1046/j.1365-3024.2001.00422.x

Schoenberger, S. P, Toes, R. E., Van Der Voort, E. I, Offringa, R., and Melief, C. J.
(1998). T-cell help for cytotoxic T lymphocytes is mediated by CD40-CD40L
interactions. Nature 393, 480-483. doi: 10.1038/31002

Schofield, L., Ioannidis, L. J., Karl, S., Robinson, L. J., Tan, Q. Y., Poole, D. P., et al.
(2017). Synergistic effect of IL-12 and IL-18 induces TIM3 regulation of
gammadelta T cell function and decreases the risk of clinical malaria in
children living in Papua New Guinea. BMC Med. 15, 114. doi: 10.1186/
s12916-017-0883-8

Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell 140, 821-832. doi:
10.1016/j.cell.2010.01.040

Sedegah, M., Sim, B. K., Mason, C., Nutman, T., Malik, A., Roberts, C., et al.
(1992). Naturally acquired CD8+ cytotoxic T lymphocytes against the
Plasmodium falciparum circumsporozoite protein. J. Immunol. 149, 966-971.

Seder, R. A,, Chang, L. J., Enama, M. E., Zephir, K. L., Sarwar, U. N., Gordon, L. J.,
et al. (2013). Protection against malaria by intravenous immunization with a
nonreplicating sporozoite vaccine. Science 341, 1359-1365. doi: 10.1126/
science.1241800

Segal, A. W. (2005). How neutrophils kill microbes. Annu. Rev. Immunol. 23,197
223. doi: 10.1146/annurev.immunol.23.021704.115653

Sharma, S., Deoliveira, R. B., Kalantari, P., Parroche, P., Goutagny, N., Jiang, Z.,
et al. (2011). Innate immune recognition of an AT-rich stem-loop DNA motif
in the Plasmodium falciparum genome. Immunity 35, 194-207. doi: 10.1016/
jimmuni.2011.05.016

Sharpe, A. H,, and Freeman, G. J. (2002). The B7-CD28 superfamily. Nat. Rev.
Immunol. 2, 116-126. doi: 10.1038/nri727

Shear, H. L., Srinivasan, R., Nolan, T., and Ng, C. (1989). Role of IFN-gamma in
lethal and nonlethal malaria in susceptible and resistant murine hosts.
J. Immunol. 143, 2038-2044.

Shevach, E. M., and Stephens, G. L. (2006). The GITR-GITRL interaction: co-
stimulation or contrasuppression of regulatory activity? Nat. Rev. Immunol. 6,
613-618. doi: 10.1038/nri1867

Shimizu, J., Yamazaki, S., Takahashi, T., Ishida, Y., and Sakaguchi, S. (2002).
Stimulation of CD25(+)CD4(+) regulatory T cells through GITR breaks
immunological self-tolerance. Nat. Immunol. 3, 135-142. doi: 10.1038/ni759

Shin, D. S., Jordan, A., Basu, S., Thomas, R. M., Bandyopadhyay, S., De Zoeten, E. F.,
etal. (2014). Regulatory T cells suppress CD4+ T cells through NFAT-dependent
transcriptional mechanisms. EMBO Rep. 15, 991-999. doi: 10.15252/
embr.201338233

Shio, M. T., Eisenbarth, S. C., Savaria, M., Vinet, A. F., Bellemare, M. J., Harder,
K. W., et al. (2009). Malarial hemozoin activates the NLRP3 inflammasome
through Lyn and Syk kinases. PloS Pathog. 5, e1000559. doi: 10.1371/
journal.ppat.1000559

Sibilano, R., Gaudenzio, N., Degorter, M. K., Reber, L. L., Hernandez, J. D., Starkl,
P. M, et al. (2016). A TNFRSF14-FcvarepsilonRI-mast cell pathway

contributes to development of multiple features of asthma pathology in
mice. Nat. Commun. 7, 13696. doi: 10.1038/ncomms13696

Silveira, E. L. V., Dominguez, M. R,, and Soares, L. S. (2018). To B or Not to B:
Understanding B Cell Responses in the Development of Malaria Infection.
Front. Immunol. 9, 2961. doi: 10.3389/fimmu.2018.02961

Singh, B., and Daneshvar, C. (2013). Human infections and detection of
Plasmodium knowlesi. Clin. Microbiol. Rev. 26, 165-184. doi: 10.1128/
CMR.00079-12

Soroosh, P., Doherty, T. A., So, T., Mehta, A. K., Khorram, N., Norris, P. S, et al.
(2011). Herpesvirus entry mediator (TNFRSF14) regulates the persistence of T
helper memory cell populations. J. Exp. Med. 208, 797-809. doi: 10.1084/
jem.20101562

Soto-Nieves, N., Puga, I, Abe, B. T., Bandyopadhyay, S., Baine, I, Rao, A,, et al.
(2009). Transcriptional complexes formed by NFAT dimers regulate the
induction of T cell tolerance. J. Exp. Med. 206, 867-876. doi: 10.1084/
jem.20082731

Soulat, D., and Bogdan, C. (2017). Function of Macrophage and Parasite
Phosphatases in Leishmaniasis. Front. Immunol. 8, 1838. doi: 10.3389/
fimmu.2017.01838

Sponaas, A. M., Freitas Do Rosario, A. P., Voisine, C., Mastelic, B., Thompson, J.,
Koernig, S., et al. (2009). Migrating monocytes recruited to the spleen play an
important role in control of blood stage malaria. Blood 114, 5522-5531. doi:
10.1182/blood-2009-04-217489

Springer, A. L., Smith, L. M., Mackay, D. Q., Nelson, S. O., and Smith, J. D. (2004).
Functional interdependence of the DBLbeta domain and ¢2 region for binding
of the Plasmodium falciparum variant antigen to ICAM-1. Mol. Biochem.
Parasitol. 137, 55-64. doi: 10.1016/j.molbiopara.2004.03.019

Starr, R., Willson, T. A, Viney, E. M., Murray, L. J., Rayner, J. R, Jenkins, B. J.,
et al. (1997). A family of cytokine-inducible inhibitors of signalling. Nature
387, 917-921. doi: 10.1038/43206

Starr, R., Metcalf, D., Elefanty, A. G., Brysha, M., Willson, T. A., Nicola, N. A,, et al.
(1998). Liver degeneration and lymphoid deficiencies in mice lacking
suppressor of cytokine signaling-1. Proc. Natl. Acad. Sci. U.S.A. 95, 14395-
14399. doi: 10.1073/pnas.95.24.14395

Stegmann, K. A., De Souza, J. B., and Riley, E. M. (2015). IL-18-induced expression
of high-affinity IL-2R on murine NK cells is essential for NK-cell IFN-gamma
production during murine Plasmodium yoelii infection. Eur. J. Immunol. 45,
3431-3440. doi: 10.1002/eji.201546018

Steinberg, M. W., Huang, Y., Wang-Zhu, Y., Ware, C. F., Cheroutre, H., and
Kronenberg, M. (2013). BTLA interaction with HVEM expressed on CD8(+) T
cells promotes survival and memory generation in response to a bacterial
infection. PloS One 8, €77992. doi: 10.1371/journal.pone.0077992

Stevenson, M. M., and Riley, E. M. (2004). Innate immunity to malaria. Nat. Rev.
Immunol. 4, 169-180. doi: 10.1038/nri1311

Stevenson, M. M., Tam, M. F., Wolf, S. F., and Sher, A. (1995). IL-12-induced
protection against blood-stage Plasmodium chabaudi AS requires IFN-gamma
and TNF-alpha and occurs via a nitric oxide-dependent mechanism.
J. Immunol. 155, 2545-2556.

Stirnweiss, A., Ksienzyk, A., Klages, K., Rand, U., Grashoff, M., Hauser, H., et al.
(2010). IFN regulatory factor-1 bypasses IFN-mediated antiviral effects
through viperin gene induction. J. Immunol. 184, 5179-5185. doi: 10.4049/
jimmunol.0902264

Stone, W.J. R., Campo, J. ]., Ouedraogo, A. L., Meerstein-Kessel, L., Morlais, I., Da,
D, et al. (2018). Unravelling the immune signature of Plasmodium falciparum
transmission-reducing immunity. Nat. Commun. 9, 558. doi: 10.1038/s41467-
017-02646-2

Storti-Melo, L. M., Da Costa, D. R., Souza-Neiras, W. C., Cassiano, G. C., Couto,
V. S., Povoa, M. M., et al. (2012). Influence of HLA-DRB-1 alleles on the
production of antibody against CSP, MSP-1, AMA-1, and DBP in Brazilian
individuals naturally infected with Plasmodium vivax. Acta Trop. 121, 152-
155. doi: 10.1016/j.actatropica.2011.10.009

Sturm, A., Amino, R., Van De Sand, C., Regen, T., Retzlaff, S., Rennenberg, A.,
et al. (2006). Manipulation of host hepatocytes by the malaria parasite for
delivery into liver sinusoids. Science 313, 1287-1290. doi: 10.1126/
science.1129720

Su, Z., and Stevenson, M. M. (2000). Central role of endogenous gamma interferon
in protective immunity against blood-stage Plasmodium chabaudi AS
infection. Infect. Immun. 68, 4399-4406. doi: 10.1128/IA1.68.8.4399-4406.2000

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

56

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1017/S1462399409001082
https://doi.org/10.1016/j.celrep.2015.12.006
https://doi.org/10.1038/ni988
https://doi.org/10.4049/jimmunol.1701030
https://doi.org/10.1016/j.it.2011.05.003
https://doi.org/10.1155/2014/637295
https://doi.org/10.1046/j.1365-3024.2001.00422.x
https://doi.org/10.1038/31002
https://doi.org/10.1186/s12916-017-0883-8
https://doi.org/10.1186/s12916-017-0883-8
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1126/science.1241800
https://doi.org/10.1126/science.1241800
https://doi.org/10.1146/annurev.immunol.23.021704.115653
https://doi.org/10.1016/j.immuni.2011.05.016
https://doi.org/10.1016/j.immuni.2011.05.016
https://doi.org/10.1038/nri727
https://doi.org/10.1038/nri1867
https://doi.org/10.1038/ni759
https://doi.org/10.15252/embr.201338233
https://doi.org/10.15252/embr.201338233
https://doi.org/10.1371/journal.ppat.1000559
https://doi.org/10.1371/journal.ppat.1000559
https://doi.org/10.1038/ncomms13696
https://doi.org/10.3389/fimmu.2018.02961
https://doi.org/10.1128/CMR.00079-12
https://doi.org/10.1128/CMR.00079-12
https://doi.org/10.1084/jem.20101562
https://doi.org/10.1084/jem.20101562
https://doi.org/10.1084/jem.20082731
https://doi.org/10.1084/jem.20082731
https://doi.org/10.3389/fimmu.2017.01838
https://doi.org/10.3389/fimmu.2017.01838
https://doi.org/10.1182/blood-2009-04-217489
https://doi.org/10.1016/j.molbiopara.2004.03.019
https://doi.org/10.1038/43206
https://doi.org/10.1073/pnas.95.24.14395
https://doi.org/10.1002/eji.201546018
https://doi.org/10.1371/journal.pone.0077992
https://doi.org/10.1038/nri1311
https://doi.org/10.4049/jimmunol.0902264
https://doi.org/10.4049/jimmunol.0902264
https://doi.org/10.1038/s41467-017-02646-2
https://doi.org/10.1038/s41467-017-02646-2
https://doi.org/10.1016/j.actatropica.2011.10.009
https://doi.org/10.1126/science.1129720
https://doi.org/10.1126/science.1129720
https://doi.org/10.1128/IAI.68.8.4399-4406.2000
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

Subramaniam, K. S., Spaulding, E., Ivan, E., Mutimura, E., Kim, R. S, Liu, X,, et al.
(2015). The T-Cell Inhibitory Molecule Butyrophilin-Like 2 Is Up-regulated in
Mild Plasmodium falciparum Infection and Is Protective During Experimental
Cerebral Malaria. J. Infect. Dis. 212, 1322-1331. doi: 10.1093/infdis/jiv217

Sun, Y., Brown, N. K,, Ruddy, M. J., Miller, M. L., Lee, Y., Wang, Y., et al. (2009). B
and T lymphocyte attenuator tempers early infection immunity. J. Immunol.
183, 1946-1951. doi: 10.4049/jimmunol.0801866

Surls, J., Nazarov-Stoica, C., Kehl, M., Casares, S., and Brumeanu, T. D. (2010).
Differential effect of CD4+Foxp3+ T-regulatory cells on the B and T helper cell
responses to influenza virus vaccination. Vaccine 28, 7319-7330. doi: 10.1016/
j.vaccine.2010.08.074

Swanson, R. M., Gavin, M. A., Escobar, S. S., Rottman, J. B., Lipsky, B. P., Dube, S.,
et al. (2013). Butyrophilin-like 2 modulates B7 costimulation to induce Foxp3
expression and regulatory T cell development in mature T cells. J. Immunol.
190, 2027-2035. doi: 10.4049/jimmunol.1201760

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and
inflammation. Cell 140, 805-820. doi: 10.1016/j.cell.2010.01.022

Tamura, T., Kimura, K., Yui, K., and Yoshida, S. (2015). Reduction of conventional
dendritic cells during Plasmodium infection is dependent on activation
induced cell death by type I and II interferons. Exp. Parasitol. 159, 127-135.
doi: 10.1016/j.exppara.2015.09.010

Tavares, J., Formaglio, P., Thiberge, S., Mordelet, E., Van Rooijen, N., Medvinsky, A.,
et al. (2013). Role of host cell traversal by the malaria sporozoite during liver
infection. J. Exp. Med. 210, 905-915. doi: 10.1084/jem.20121130

Taylor, M. W., and Feng, G. S. (1991). Relationship between interferon-gamma,
indoleamine 2,3-dioxygenase, and tryptophan catabolism. FASEB J. 5, 2516
2522. doi: 10.1096/fasebj.5.11.1907934

Thaiss, C. A., Levy, M,, Itav, S, and Elinav, E. (2016). Integration of Innate
Immune Signaling. Trends Immunol. 37, 84-101. doi: 10.1016/j.it.2015.12.003

Tian, X,, Lin, Y., Cui, C,, Su, M., and Lai, L. (2019). BTNL2-Ig Protein Attenuates
Type 1 Diabetes in Non-Obese Diabetic (NOD) Mice. Adv. Healthc. Mater. 8,
€1800987. doi: 10.1002/adhm.201800987

Torcia, M. G., Santarlasci, V., Cosmi, L., Clemente, A., Maggi, L., Mangano, V. D.,
et al. (2008). Functional deficit of T regulatory cells in Fulani, an ethnic group
with low susceptibility to Plasmodium falciparum malaria. Proc. Natl. Acad.
Sci. U.S.A. 105, 646-651. doi: 10.1073/pnas.0709969105

Torgler, R, Bongfen, S. E., Romero, J. C,, Tardivel, A., Thome, M., and Corradin, G.
(2008). Sporozoite-mediated hepatocyte wounding limits Plasmodium parasite
development via MyD88-mediated NF-kappa B activation and inducible NO
synthase expression. J. Immunol. 180, 3990-3999. doi: 10.4049/jimmunol.
180.6.3990

Tweedell, R, Tao, D., and Dinglasan, R. R. (2015). The cellular and proteomic
response of primary and immortalized murine Kupffer cells following immune
stimulation diverges from that of monocyte-derived macrophages. Proteomics
15, 545-553. doi: 10.1002/pmic.201400216

Tweedell, R. E., Qi, L., Sun, Z., and Dinglasan, R. R. (2018). Kupfter Cells Survive
Plasmodium berghei Sporozoite Exposure and Respond with a Rapid Cytokine
Release. Pathogens 7, 91. doi: 10.3390/pathogens7040091

Ubillos, I., Campo, J. J., Requena, P., Ome-Kaius, M., Hanieh, S., Rose, H., et al.
(2017). Chronic Exposure to Malaria Is Associated with Inhibitory and
Activation Markers on Atypical Memory B Cells and Marginal Zone-Like B
Cells. Front. Immunol. 8, 966. doi: 10.3389/fimmu.2017.00966

Van Kooten, C., and Banchereau, J. (2000). CD40-CD40 ligand. J. Leukoc. Biol. 67,
2-17. doi: 10.1002/j1b.67.1.2

Vendel, A. C., Calemine-Fenaux, J., Izrael-Tomasevic, A., Chauhan, V., Arnott, D.,
and Eaton, D. L. (2009). B and T lymphocyte attenuator regulates B cell
receptor signaling by targeting Syk and BLNK. J. Immunol. 182, 1509-1517.
doi: 10.4049/jimmunol.182.3.1509

Vijay, R., Guthmiller, J. J., Sturtz, A. ., Surette, F. A., Rogers, K. J., Sompallae, R. R.,
et al. (2020). Infection-induced plasmablasts are a nutrient sink that impairs
humoral immunity to malaria. Nat. Immunol. 21, 790-801. doi: 10.1038/
$41590-020-0678-5

Villegas-Mendez, A., Inkson, C. A, Shaw, T. N., Strangward, P., and Couper, K. N.
(2016). Long-Lived CD4+IFN-gamma+ T Cells rather than Short-Lived CD4
+IFN-gamma+IL-10+ T Cells Initiate Rapid IL-10 Production To Suppress
Anamnestic T Cell Responses during Secondary Malaria Infection. J. Immunol.
197, 3152-3164. doi: 10.4049/jimmunol. 1600968

Vinetz, J. M., Kumar, S., Good, M. F., Fowlkes, B. ., Berzofsky, J. A., and Miller, L. H.
(1990). Adoptive transfer of CD8+ T cells from immune animals does not
transfer immunity to blood stage Plasmodium yoelii malaria. J. Immunol. 144,
1069-1074.

Vinuesa, C. G., and Cyster, J. G. (2011). How T cells earn the follicular rite of
passage. Immunity 35, 671-680. doi: 10.1016/j.immuni.2011.11.001

Wabhlgren, M., Goel, S., and Akhouri, R. R. (2017). Variant surface antigens of
Plasmodium falciparum and their roles in severe malaria. Nat. Rev. Microbiol.
15, 479-491. doi: 10.1038/nrmicro.2017.47

Walker, J. A., and Mckenzie, A. N. J. (2018). TH2 cell development and function.
Nat. Rev. Immunol. 18, 121-133. doi: 10.1038/nri.2017.118

Walker, L. S., Gulbranson-Judge, A., Flynn, S., Brocker, T., Raykundalia, C.,
Goodall, M., et al. (1999). Compromised OX40 function in CD28-deficient
mice is linked with failure to develop CXC chemokine receptor 5-positive CD4
cells and germinal centers. J. Exp. Med. 190, 1115-1122. doi: 10.1084/
jem.190.8.1115

Walther, M., Woodruff, J., Edele, F., Jeffries, D., Tongren, J. E., King, E., et al.
(2006). Innate immune responses to human malaria: heterogeneous cytokine
responses to blood-stage Plasmodium falciparum correlate with parasitological
and clinical outcomes. J. Immunol. 177, 5736-5745. doi: 10.4049/
jimmunol.177.8.5736

Wei, L., Laurence, A., Elias, K. M., and O’shea, J. J. (2007). IL-21 is produced by
Th17 cells and drives IL-17 production in a STAT3-dependent manner. J. Biol.
Chem. 282, 34605-34610. doi: 10.1074/jbc.M705100200

Weiss, G. E., Crompton, P. D., Li, S., Walsh, L. A., Moir, S., Traore, B., et al. (2009).
Atypical memory B cells are greatly expanded in individuals living in a malaria-
endemic area. J. Immunol. 183, 2176-2182. doi: 10.4049/jimmunol.0901297

Weiss, G. E., Traore, B., Kayentao, K., Ongoiba, A., Doumbo, S., Doumtabe, D.,
et al. (2010). The Plasmodium falciparum-specific human memory B cell
compartment expands gradually with repeated malaria infections. PloS Pathog.
6, €1000912. doi: 10.1371/journal.ppat.1000912

White, N. J., Turner, G. D., Medana, I. M., Dondorp, A. M., and Day, N. P. (2010).
The murine cerebral malaria phenomenon. Trends Parasitol. 26, 11-15. doi:
10.1016/j.pt.2009.10.007

WHO. World Malaria Report 2019. Available at: https://www.who.int/publications/i/
item/9789241565721.

Wijayalath, W., Danner, R., Kleschenko, Y., Majji, S., Villasante, E. F., Richie, T. L.,
etal. (2014). HLA class II (DR0401) molecules induce Foxp3+ regulatory T cell
suppression of B cells in Plasmodium yoelii strain 17XNL malaria. Infect.
Immun. 82, 286-297. doi: 10.1128/IA1.00272-13

Wu, J., Tian, L., Yu, X,, Pattaradilokrat, S., Li, ]., Wang, M., et al. (2014). Strain-
specific innate immune signaling pathways determine malaria parasitemia
dynamics and host mortality. Proc. Natl. Acad. Sci. U.S.A. 111, E511-E520. doi:
10.1073/pnas.1316467111

Wu, J., Xia, L., Yao, X, Yu, X., Tumas, K. C., Sun, W, et al. (2020). The E3
ubiquitin ligase MARCHI regulates antimalaria immunity through interferon
signaling and T cell activation. Proc. Natl. Acad. Sci. U.S.A. 117, 16567-16578.
doi: 10.1073/pnas.2004332117

Wykes, M. N., and Good, M. F. (2008). What really happens to dendritic cells
during malaria? Nat. Rev. Microbiol. 6, 864-870. doi: 10.1038/nrmicro1988

Wrykes, M. N,, Liu, X. Q., Beattie, L., Stanisic, D. L, Stacey, K. J., Smyth, M. J., et al.
(2007). Plasmodium strain determines dendritic cell function essential for
survival from malaria. PloS Pathog. 3, €96. doi: 10.1371/journal.ppat.0030096

Xia, L., Wu, J., Pattaradilokrat, S., Tumas, K., He, X., Peng, Y. C,, et al. (2018).
Detection of host pathways universally inhibited after Plasmodium yoelii
infection for immune intervention. Sci. Rep. 8, 15280. doi: 10.1038/s41598-
018-33599-1

Yagi, H., Nomura, T., Nakamura, K., Yamazaki, S., Kitawaki, T., Hori, S., et al.
(2004). Crucial role of FOXP3 in the development and function of human
CD25+CD4+ regulatory T cells. Int. Immunol. 16, 1643-1656. doi: 10.1093/
intimm/dxh165

Yao, X, Wu, J,, Lin, M., Sun, W., He, X., Gowda, C,, et al. (2016). Increased CD40
Expression Enhances Early STING-Mediated Type I Interferon Response and
Host Survival in a Rodent Malaria Model. PloS Pathog. 12, €1005930. doi:
10.1371/journal.ppat.1005930

Young, M. R,, and Colburn, N. H. (2006). Fra-1 a target for cancer prevention or
intervention. Gene 379, 1-11. doi: 10.1016/j.gene.2006.05.001

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

57

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1093/infdis/jiv217
https://doi.org/10.4049/jimmunol.0801866
https://doi.org/10.1016/j.vaccine.2010.08.074
https://doi.org/10.1016/j.vaccine.2010.08.074
https://doi.org/10.4049/jimmunol.1201760
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/j.exppara.2015.09.010
https://doi.org/10.1084/jem.20121130
https://doi.org/10.1096/fasebj.5.11.1907934
https://doi.org/10.1016/j.it.2015.12.003
https://doi.org/10.1002/adhm.201800987
https://doi.org/10.1073/pnas.0709969105
https://doi.org/10.4049/jimmunol.180.6.3990
https://doi.org/10.4049/jimmunol.180.6.3990
https://doi.org/10.1002/pmic.201400216
https://doi.org/10.3390/pathogens7040091
https://doi.org/10.3389/fimmu.2017.00966
https://doi.org/10.1002/jlb.67.1.2
https://doi.org/10.4049/jimmunol.182.3.1509
https://doi.org/10.1038/s41590-020-0678-5
https://doi.org/10.1038/s41590-020-0678-5
https://doi.org/10.4049/jimmunol.1600968
https://doi.org/10.1016/j.immuni.2011.11.001
https://doi.org/10.1038/nrmicro.2017.47
https://doi.org/10.1038/nri.2017.118
https://doi.org/10.1084/jem.190.8.1115
https://doi.org/10.1084/jem.190.8.1115
https://doi.org/10.4049/jimmunol.177.8.5736
https://doi.org/10.4049/jimmunol.177.8.5736
https://doi.org/10.1074/jbc.M705100200
https://doi.org/10.4049/jimmunol.0901297
https://doi.org/10.1371/journal.ppat.1000912
https://doi.org/10.1016/j.pt.2009.10.007
https://www.who.int/publications/i/item/9789241565721
https://www.who.int/publications/i/item/9789241565721
https://doi.org/10.1128/IAI.00272-13
https://doi.org/10.1073/pnas.1316467111
https://doi.org/10.1073/pnas.2004332117
https://doi.org/10.1038/nrmicro1988
https://doi.org/10.1371/journal.ppat.0030096
https://doi.org/10.1038/s41598-018-33599-1
https://doi.org/10.1038/s41598-018-33599-1
https://doi.org/10.1093/intimm/dxh165
https://doi.org/10.1093/intimm/dxh165
https://doi.org/10.1371/journal.ppat.1005930
https://doi.org/10.1016/j.gene.2006.05.001
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Cai et al.

Immune Regulators in Malaria

Yu, Y., and Hayward, G. S. (2010). The ubiquitin E3 ligase RAUL negatively
regulates type i interferon through ubiquitination of the transcription factors
IRF7 and IRF3. Immunity 33, 863-877. doi: 10.1016/j.immuni.2010.11.027

Yu, X,, Harden, K., Gonzalez, L. C., Francesco, M., Chiang, E., Irving, B., et al.
(2009). The surface protein TIGIT suppresses T cell activation by promoting
the generation of mature immunoregulatory dendritic cells. Nat. Immunol. 10,
48-57. doi: 10.1038/ni.1674

Yu, X., Cai, B., Wang, M., Tan, P., Ding, X., Wu, J,, et al. (2016). Cross-Regulation
of Two Type I Interferon Signaling Pathways in Plasmacytoid Dendritic Cells
Controls Anti-malaria Immunity and Host Mortality. Immunity 45, 1093
1107. doi: 10.1016/j.immuni.2016.10.001

Yu, X,, Du, Y., Cai, C,, Cai, B, Zhu, M., Xing, C,, et al. (2018). Inflammasome
activation negatively regulates MyD88-IRF7 type I IFN signaling and anti-
malaria immunity. Nat. Commun. 9, 4964. doi: 10.1038/s41467-018-07384-7

Zander, R. A., Obeng-Adjei, N., Guthmiller, J. J., Kulu, D. L, Li, J., Ongoiba, A.,
et al. (2015). PD-1 Co-inhibitory and OX40 Co-stimulatory Crosstalk
Regulates Helper T Cell Differentiation and Anti-Plasmodium Humoral
Immunity. Cell Host. Microbe 17, 628-641. doi: 10.1016/j.chom.2015.03.007

Zander, R. A., Guthmiller, J. J., Graham, A. C, Pope, R. L., Burke, B. E., Carr, D. ],
et al. (2016). Type I Interferons Induce T Regulatory 1 Responses and Restrict
Humoral Immunity during Experimental Malaria. PloS Pathog. 12, e1005945.
doi: 10.1371/journal.ppat.1005945

Zander, R. A, Vijay, R, Pack, A. D., Guthmiller, J. J., Graham, A. C,, Lindner, S. E.,
et al. (2017). Thl-like Plasmodium-Specific Memory CD4(+) T Cells Support
Humoral Immunity. Cell Rep. 21, 1839-1852. doi: 10.1016/j.celrep.2017.10.077

Zhang, Y., Jiang, N., Zhang, T., Chen, R,, Feng, Y., Sang, X,, et al. (2019a). Tim-3
signaling blockade with alpha-lactose induces compensatory TIGIT expression
in Plasmodium berghei ANKA-infected mice. Parasit. Vectors 12, 534. doi:
10.1186/513071-019-3788-x

Zhang, Y., Tada, T., Ozono, S., Yao, W., Tanaka, M., Yamaoka, S., et al. (2019b).
Membrane-associated RING-CH (MARCH) 1 and 2 are MARCH family
members that inhibit HIV-1 infection. J. Biol. Chem. 294, 3397-3405. doi:
10.1074/jbc.AC118.005907

Zhu, J., Krishnegowda, G., and Gowda, D. C. (2005). Induction of proinflammatory
responses in macrophages by the glycosylphosphatidylinositols of Plasmodium
falciparum: the requirement of extracellular signal-regulated kinase, p38, c-Jun
N-terminal kinase and NF-kappaB pathways for the expression of
proinflammatory cytokines and nitric oxide. J. Biol. Chem. 280, 8617-8627. doi:
10.1074/jbc.M413539200

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Cai, Hu and Yu. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

58

December 2020 | Volume 10 | Article 610121


https://doi.org/10.1016/j.immuni.2010.11.027
https://doi.org/10.1038/ni.1674
https://doi.org/10.1016/j.immuni.2016.10.001
https://doi.org/10.1038/s41467-018-07384-7
https://doi.org/10.1016/j.chom.2015.03.007
https://doi.org/10.1371/journal.ppat.1005945
https://doi.org/10.1016/j.celrep.2017.10.077
https://doi.org/10.1186/s13071-019-3788-x
https://doi.org/10.1074/jbc.AC118.005907
https://doi.org/10.1074/jbc.M413539200
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

:\' frontiers

in Cellular and Infection Microbiology

ORIGINAL RESEARCH
published: 23 February 2021
doi: 10.3389/fcimb.2021.631545

OPEN ACCESS

Edited by:
Xiaojun Chen,
Nanjing Medical University, China

Reviewed by:

Feng Tan,

Wenzhou Medical University, China
Bang Shen,

Huazhong Agricultural University,
China

*Correspondence:
Qingfeng Zhang
qfzhang@tongji.edu.cn
Jun Cao
caojuncn@hotmail.com

These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Parasite and Host,

a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 20 November 2020
Accepted: 05 January 2021
Published: 23 February 2021

Citation:

Yang M, Shang X, Zhou Y, Wang C,
Wei G, Tang J, Zhang M, Liu Y, Cao J
and Zhang Q (2021) Full-Length
Transcriptome Analysis of
Plasmodium falciparum by Single-
Molecule Long-Read Sequencing.
Front. Cell. Infect, Microbiol. 11:631545.
doi: 10.3389/fcimb.2021.631545

Check for
updates

Full-Length Transcriptome Analysis
of Plasmodium falciparum by Single-
Molecule Long-Read Sequencing

Mengquan Yang ">3", Xiaomin Shang", Yiqing Zhou®, Changhong Wang’, Guiying Wei’,
Jianxia Tang®, Meihua Zhang*, Yaobao Liu?, Jun Cao*®* and Qingfeng Zhang"*

" Research Center for Translational Medicine, Key Laboratory of Arrhythmias of the Ministry of Education of China, East
Hospital, Tongji University School of Medicine, Shanghai, China, 2 State Key Laboratory of Drug Research, Shanghai Institute
of Materia Medica, Chinese Academy of Sciences, Shanghai, China, 3 CAS Key Laboratory of Synthetic Biology, CAS Center
for Excellence in Molecular Plant Sciences, Chinese Academy of Sciences, Shanghai, China, # National Health Commission
Key Laboratory of Parasitic Disease Control and Prevention, Jiangsu Provincial Key Laboratory on Parasite and Vector
Control Technology, Jiangsu Institute of Parasitic Diseases, Wuxi, China, ® Center for Global Health, School of Public Health,
Nanjing Mediical University, Nanjing, China

Malaria, an infectious disease caused by Plasmodium parasites, still accounts for amounts
of deaths annually in last decades. Despite the significance of Plasmodium falciparum as a
model organism of malaria parasites, our understanding of gene expression of this
parasite remains largely elusive since lots of progress on its genome and transcriptome
are based on assembly with short sequencing reads. Herein, we report the new version of
transcriptome dataset containing all full-length transcripts over the whole asexual blood
stages by adopting a full-length sequencing approach with optimized experimental
conditions of cDNA library preparation. We have identified a total of 393 alternative
splicing (AS) events, 3,623 long non-coding RNAs (IncRNAs), 1,555 alternative
polyadenylation (APA) events, 57 transcription factors (TF), 1,721 fusion transcripts in
P. falciparum. Furthermore, the shotgun proteome was performed to validate the full-
length transcriptome of P. falciparum. More importantly, integration of full-length
transcriptomic and proteomic data identified 160 novel small proteins in INCRNA
regions. Collectively, this full-length transcriptome dataset with high quality and
accuracy and the shotgun proteome analyses shed light on the complex gene
expression in malaria parasites and provide a valuable resource for related functional
and mechanistic researches on P. falciparum genes.

Keywords: Plasmodium falciparum, small protein, long non-coding RNA, alternative splicing, full-length RNA-seq

Abbreviations: AS, alternative splicing; APA, alternative polyadenylation; LncRNA, long non-coding RNA; TF, transcription
factor; NR, NCBI non-redundant protein sequences; NT, NCBI non-redundant nucleotide sequences; Pfam, protein family;
KOG/COG, Clusters of Orthologous Groups of proteins; Swiss-Prot, SWISS-PROT Protein Sequence Data Bank; KO, KEGG
Ortholog database; GO, Gene Ontology; NCBI, National Center for Biotechnology Information; iProx, Integrated
Proteome Resources.
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INTRODUCTION

Malaria is still a major threat to public health globally caused by
Plasmodium genus with the occurrence of artemisinin resistance
(van der Pluijm et al., 2020). Plasmodium, especially P. falciparum,
is one of the deadliest pathogens that causes malaria in humans
which is a disease transmitted by Anopheles mosquitoes. Therefore,
potential mechanistic regulation pathways should be researched
urgently (White et al., 2014). P. falciparum as a research model
specie of malaria disease was widely studied in a long period,
however, the infection and resistance mechanism are still unclear
entirely, which attributes to the great adaptation ability of P.
falciparum to evade host immunity and develop drug resistance.
Further understanding of P. falciparum will give us clues on
discovering the new therapy to cure malaria.

In the last two decades, second-generation sequencing
approaches were widely used in genome and transcriptome
sequencing which assisted us furtherly understanding the
molecular mechanism and function of unknown genes. However,
sequences obtained by second-generation short reads assembly
always lead to errors so that we could not obtain the full-length
transcripts directly and characterize the gene structure accurately,
such as the alternative splicing events. RNA-seq as a routine
approach was widely used in research of gene discovery and
biological functions. Recently, the full-length RNA-seq platform
showed advantages in biological research, especially in gene
structure identification, gradually taking the place of short-read
RNA sequencing in transcriptome profiling.

The understanding of the infection was hindered by high
variable and repetitive sequences in the P. falciparum genome in
previous genetic studies by using short-read sequencing platform.
As known, gene structural variations (alternative splicing,
alternative polyadenylation, IncRNA and gene fusion, etc.) in
transcriptional process resulted in transcriptome complexity
which affects the gene function and gene expression regulation
(Ma et al.,, 2018). Gene structural variations were proved to drive
genomic diversity in P. falciparum (Miles et al., 2016). Besides,
mRNA polyadenylation is a universal phenomenon in the
transcriptional process in eukaryotes. For the understanding of
the mRNA polyadenylation, the high throughout sequencing study
of Sarcocystis neurona, a unicellular parasite, was performed and it
indicated that alternative polyadenylation (APA) is a common
phenomenon in unicellular parasites that has the potential to
impact growth and development.

Recently, it was revealed that non-coding RNAs play an
important role in biological processes and gene function
regulation in Apicomplexan parasites by experimental and
sequencing technologies (Li et al., 2020). As for Plasmodium
species, various strategies were carried out for non-coding RNA
characterization (Mourier et al., 2008; Raabe et al., 2010; Liao et al.,
2014; Siegel et al., 2014; Broadbent et al., 2015; Chappell et al., 2020).
Gene fusion is a common phenomenon which was overlooked for a
long time. This phenomenon was confirmed with the development
of long reads sequencing approach (Rhoads and Au, 2015). For
decades, open reading frames (ORF, > 100 codons) were considered
as coding sequences which can be translated into proteins (Cabrera-
Quio et al., 2016; Yin et al,, 2019). However, amounts of small open

reading frames (<100 codons) were also produced in the
transcriptional stages which were dismissed by current
bioinformatic algorithms and always considered meaningless
because known functional proteins longer than 100 amino acids
(Frith et al., 2006; Ladoukakis et al., 2011). The first research on
sORFs were carried out on baker’s yeast, revealing 299 sORFs not
annotated before (Kastenmayer et al., 2006). Later, sSORFs with high
potential of encoding microproteins were found in kinds of
organisms like bacteria, insects, plants, and human (Cabrera-Quio
et al, 2016; Hsu and Benfey, 2018; Fesenko et al., 2019; Miravet-
Verde et al,, 2019; Ruiz-Orera and Alba, 2019; Segonzac and
Monaghan, 2019; Orr et al,, 2020; Patraquim et al,, 2020). Among
them, it was reported that one small peptide that regulates
metabolism and reduces obesity (Lee et al., 2015). Based on these
research results, we predicted that sSORFs or small proteins probably
play an important role in growth development and infection
processes in P. falciparum which were ignored for a long period.
To further understand the functional genes and exploit the infection
mechanism of P. falciparum for drug discovery and new therapy
development, it is necessary to obtain the full-length transcriptional
isoforms of its genes and characterize the gene structures.
Defining all the transcripts expressing in the whole asexual
blood stages of P. falciparum with full length would avoid the
assembly errors and assist significantly in understanding the
malaria infection process. Herein, we performed the full-length
transcriptome sequencing to characterize the full-length
transcripts and uncovered alternative splicing, long non-coding
RNA, alternative polyadenylation (APA) sites. Besides,
combining the full-length transcriptome and the shotgun
proteome approaches were used to validate the small proteins
coded by CDS in long non-coding RNA. In this process, a
modified ¢cDNA library construction procedure for TA-rich
species and mixtures of samples at six time points in the whole
asexual blood stages were applied into P. falciparum
resequencing. This work broadens our knowledge far beyond
the existing resources in terms of accuracy (full-length
sequencing without assembly). Collectively, we not only
systematically characterize the complexity of the transcriptome
and proteome but also provide a valuable resource for
investigating the infection mechanisms of Plasmodium parasites.

MATERIALS AND METHODS

Parasites Culture and Collection

P. falciparum 3D7 strains were used in this study. P. falciparum
parasites were grown in 5% O human erythrocytes in
RPMI1640/25 mM Hepes supplemented with 0.5% Albumax I,
and were cultured in vitro at 37°C under a gaseous mixture
of 5% O, 5% CO,, and 90% N,. Parasites were repeatedly
synchronized with 5% sorbitol treatment in ring stage during
two consecutive lifecycles when grown at 3-5% parasitemia and
then maintained culturing in 175 cm” flasks. After reinvasion,
the parasites were started to collect mainly in ring stage when
grown at 5-8% parasitemia and then collected by every 8 h. We
collected six time-point (8, 16, 24, 32, 40, and 48 hpi) samples
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with a time window of ~8 h which may cover all stages of
parasites in an intraerythrocytic lifecycle. Two biological
replicates of pelleted parasites were stored in TRIzol reagent
(Invitrogen) at —80°C prior to RNA isolation. Meanwhile,
aliquots of the mixed samples were also used for total protein
extraction. The proteome extracted from P. falciparum mixtures
of two biological replicates were used for proteome profiling.

RNA Preparation and cDNA Library
Construction

Total RNA from six time-points (8, 16, 24, 32, 40, and 48 hpi)
were prepared by treated in TRIzol reagent and processing
according to the manufacturer’s instruction of Zymo RNA
Extract kit. To remove genomic DNA, each sample was treated
with RNase-free DNase I digestion for 15 min at room
temperature and eluted with 50 ul RNase-free water
(Invitrogen). Each total RNA was quantified and assessed
using an Agilent Bioanalyzer 2100, and then the six RNA
samples were pooled into one sample with equal amounts for
further library construction. The full-length cDNA was
synthesized and library amplified by using the SMARTer PCR
cDNA Synthesis Kit (Clontech, CA, USA). After purification, the
BluePippin Size Selection System (Sage Science, MA, USA) was
used for selection and the cDNA library was constructed by using
SMARTDell Template Prep kit (Clontech, CA, USA). The cDNA
library was sequenced on PacBio Sequel platform. To obtain the
sequencing data with better quality, the optimized method for
TA-rich species was applied: an AT-rich optimized KAPA
protocol using KAPA HiFi HotStart ready mix (KAPA
Biosystems, KM2602) with the following PCR program: 95°C
for 5 min; 14 cycles of 95°C for 10 s, 65°C for 1 min; 65°C for
5 min to reduce the bias in the process of cDNA library
construction, which improved the coverage of RNA-seq notably.

PacBio Sequencing Processing and
Transcriptome Analysis Pipeline

Sequencing data were processed using the SMRTIlink 5.0
software. Circular consensus sequence (CCS) were generated
from subread BAM files, parameters: min_length 200,
max_drop_fraction 0.8, no_polish TRUE, min_passes 1,
min_zscore -9999, min_passes 1. Min_predicted_accuracy 0.8,
max_length 18000. CCS.BAM files were output, which were then
classified into full length (as defined by reads both with 5" primer,
3’ primer, and a polyA tail) and non-full length reads using
pbclassify.py script, ignore polyA false, minSeq Length 200. Non-
full length and full-length fasta files produced were then fed into
the cluster step, which dose isoform-level clustering (ICE),
followed by final Arrow polishing, hq_quiver_min_accuracy
0.99, bin_by_primer false, bin_size_kb 1, qv_trim_5p 100,
qv_trim_3p 30. The misread of nucleobases are much higher
in PacBio sequencing reads than in shorter Illumina sequencing
reads and can lead to incorrectly detected gene structures. The
sequencing errors in the consensus reads were corrected using
the Illumina RNA-seq data with the software LORDEC (Salmela
and Rivals, 2014). The corrected consensus reads were then
aligned to reference genome using GMAP with parameters: —no-

chimeras -cross-species —expand-offsets 1 -B 5 -K 50000 —f
samse -n 1 against reference genome (Wu and Watanabe, 2005).
The GMAP output bam format file and gff/gtf format genome
annotation file were used for gene and transcript determination.
All transcripts were mapped on reference genome of P.
falciparum and unmapped transcripts without overlapping
were considered as novel genes. Novel gene transcripts
function were annotated based on the following databases: NR,
NT, Pfam, KOG/COG, Swiss-Prot, KO, and GO database.

Characterization of Alternative Splicing
Events

SUPPA was used to calculate expression weight (Psi) of alternative
splice based on transcript TPM values (Alamancos et al., 2015).
Differential alternative splice of two conditions was performed using
significance test of Psi. The dpsi value was adjusted using the Mann-
Whitney U test method. The absolute dpsi value of 0.1 and p-value
of 0.05 were set as the threshold for significantly differential
alternative splice. Alternative splicing events were classified into
SE (skipped exon), MX (mutually exclusive exon), A5 (alternative 5’
splice site), A3 (alternative 3’ splice site), RI (retained intron), AF
(alternative first exon), AL (alternative last exon).

Alternative Polyadenylation Sites
Detection and Transcription Factor
Identification

Alternative polyadenylation (APA) sites detection was
performed using TAPIS pipeline (Abdel-Ghany et al., 2016).
Transcription factors (TFs) were identified and assigned into
different families by HMMER 3.0 (Eddy, 2009).

Gene Fusion Characterization

Fusion transcripts were determined as transcripts mapping to
two or more long-distance range genes (Weirather et al., 2015).
All the consensus sequences were used for fusion transcripts
identification and the criteria used in the process was as follows:
(a) a full-length transcript must be mapped to two or more loci
on the P. falciparum genome; (b) minimum coverage for each
locus is 10% of the full-length transcripts; (c) > = 99% total
coverage of the full-length transcript was mapped on the P.
falciparum genome; (d) the distance between each locus mapped
on the P. falciparum genome is more than 100 kb.

LncRNA Identification From PacBio
Sequences

We used CNCI (Coding-Non-Coding-Index), CPC (Coding
Potential Calculator), Pfam-scan, and PLEK four tools to predict
the coding potential of transcripts. We use CNCI with default
parameters (Sun et al., 2013). We used the NCBI eukaryotes’ protein
database and set the e-value “le-10” in CPC analysis (Kong et al,
2007). Pfam searches used default parameters of -E 0.001 ~domE
0.001 (Finn et al., 2016). PLEK used parameters of -minlength 200
(Li et al, 2014). Transcripts predicted with coding potential by
either/all of the three tools above were filtered out, and those
without coding potential were our candidate set of IncRNAs.
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Global Proteomic Profiling of Plasmodium
falciparum
P. falciparum cultures in different growth stages (8, 16, 24, 32, 40,
and 48 hpi) were collected. The proteomics experiment was
performed in biological duplicates. Then the cultures were washed
with PBS, harvested and lysed with SDT lysis buffer (100 mM Tris-
HCI pH 7.6, 4% SDS, 0.1 M DTT) at 95°C for 3 min. The lysates
were centrifuged at 14,000 g for 15 min and the supernatants were
collected. Each of 300 ug of protein was alkylated with 55 mM of
iodoacetamide and subjected to in-solution tryptic digestion
utilizing the FASP (filter aided sample preparation) protocol
(Wisniewski et al., 2009). The digested peptides were combined
and fractionated by high-pH reversed-phase chromatography on a
1-mm Xbridge column (Waters), and eight fractions were collected.
Each fraction was evaporated to dryness on a SpeedVac and dried
peptides were resuspended in 15 pl of ddH2O containing 0.1%
formic acid with sonication for subsequent MS analysis. A volume
of 1 ul of each sample was desalted by loading on a Thermo C18
PepMap100 precolumn (300 pm x 5 mm) and eluted on a Thermo
Acclaim PepMap RSLC analytical column (75 um x 15 cm). Mobile
phase A (0.1% formic acid in H20) and mobile phase B (0.1%
formic acid in acetonitrile) were used to establish the 120 min
gradient comprised of 85 min of 4-30% B, 15 min of 30-50% B, and
5 min of 90% B, followed by re-equilibrating at 4% B for 15 min.
The flow rate was 0.3 ul/min. Peptides were then analyzed on
Thermo Orbitrap Fusion Lumos proteomic mass spectrometer
(Thermo Scientific) in a data-dependent manner, with automatic
switching between MS and MS/MS scans using a cycle time 3 s. MS
spectra were acquired at a resolution of 120,000 with AGC target
value of 4 x 105 ions or a maximum integration time of 50 ms. The
scan range was limited from 375 to 1,500 m/z. Peptide
fragmentation was performed via high energy collision
dissociation (HCD) with the energy set at 38 NCE. The MS/MS
spectra were acquired at a resolution of 50,000 with AGC target
value of 1 x 10° ions or a maximum integration time of 105 ms. The
fixed first m/z was 120, and the isolation window was 0.7 m/z.
Protein identification and quantification were performed
using Proteome Discoverer 2.1 software (Thermo Scientific).
Peptide sequences (and hence protein identity) were searched
against the protein database constructed by using the PacBio
sequencing and the database of small protein (<100 amino acids)
from identified IncRNA with the acquired fragmentation pattern
by SEQUEST HT algorithm. The precursor mass tolerance was
set to 10 ppm and fragment ion mass tolerance to 0.02 Da. One
missed cleavage site of trypsin was allowed. Oxidation (M) was
used as variable modifications. All spectra were searched against
protein database using a target false discovery rate (FDR) of 1%.
The proteins identified in both channels were additionally
filtered by at least two spectral counts and one unique peptide
in each experimental replicate. Protein ratios were calculated as
the median of peptide with S/N ratio higher than 10 of a protein.

Proteome Analysis and Potential Small
Proteins Validation

For global profiling of P. falciparum and validating the
transcripts identified by full-length transcriptome sequencing,

the transcripts with open reading frames (ORF, >300 bp) were
translated to construct the protein database. Firstly, all the
proteins characterized by liquid chromatography-mass
spectrometry were discovered by searching against the protein
datasets. And then, these sequences were annotated by KEGG
database (Kyoto encyclopedia of genes and genomes) by using
BLAST and classified into different KEGG pathway.

To identify small ORFs with high coding potential, the long
non-coding RNA (IncRNA) sequences were used to predict the
small proteins by selecting the sequences with small open reading
frames (ORF, <300 bp). It is considered that these small open
reading frames were likely to be translated into small proteins.
And then, all of the small ORFs were translated as the small
protein (<100 amino acids) database. For small protein detection
and validation, these small proteins were validated by using the
peptides searching against the small protein database.

Gene Structure Visualization

The structures of chromosomes, alternative splicing sites,
alternative polyadenylation, novel transcripts distribution,
novel genes distribution, IncRNA density, and gene fusion
were visualized by Circos (Krzywinski et al., 2009).

RESULTS

Sample Preparation and PacBio
Sequencing

To further understand the mechanism and discover the novel
genes in P. falciparum, the study was designed to perform the
full-length transcriptome sequencing by collecting the samples at
six time points over the whole asexual blood stages (6, 12, 18, 24,
36, and 48 h). The time window of each sample is 6 h. Two
approaches were applied into cDNA library construction and the
transcriptome sequencing was performed on PacBio Sequel. For
the conventional library construction (1st-PacBio), a total of
18.69 Gb clean data were generated by the mixed sample. The
genome of P. falciparum is extremely TA-rich, so we carried out
the sequencing again by using optimized method (2nd-PacBio)
for cDNA library construction and a total of 24.56 Gb clean data
was generated. The length distribution of the PacBio sequencing
reads from the PacBio sequencing data by using the different
cDNA library construction approaches were compared (Figure
1A), and it indicated that the optimized library construction
method improved the transcriptome data quality a lot. Thus, the
sequencing data obtained from the optimized cDNA library
approach was used for following analysis.

PacBio Sequencing and GAMP Mapping

After filtering using the subreads, 7,309,966 subreads were obtained.
Next, the Circular consensus sequence (CCS) was generated using
the SMRTlink software and the CCS was classified into full-length
and non-full length reads according to the 5" and 3’ adapters and
the poly(A) tails. A total of 376,592 circular consensus sequences
(CCS) reads were generated and 299,462 (79.5%) sequences were
considered as full-length transcripts. A total of 145,469 polished
CCS reads with average size 2,387 bp ranging from 155 to 14,521 bp
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were obtained. The statistics information of transcriptome in detail
were summarized in Supplementary Table 1.

A total of 145,469 polished CCS reads were searched against
P. falciparum genome and 139,263 (95.73%) transcripts were
mapped on reference genome by GMAP (Figure 1B) and the
results were summarized in Supplementary Table 2. In addition,
the reads density showed that all the reads were distributed on
the chromosomes homogeneously (Figure 1C).

Alternative Splicing Events Analysis

As known, alternative splicing plays an important role in the process
of differentiation and growth in multicellular organisms. For the
unicellular protozoa, the study in P. berghei indicates that alternative
splicing is a stage-specific phenomenon regulating the cellular
differentiation into variable cell types (Yeoh et al., 2019).
Although alternative splicing events have been studied in

P. falciparum, only short-read sequencing technologies were
applied into detecting the AS events by short reads assembly.
In this study, long-read sequencing platform was employed to
improve the detection accuracy. The results provide an accurate
AS events of all the genes by aligning all the transcripts on the
reference genome. Usually, AS events will be classified into seven
categories (Figure 2A): SE (skipping exon), MX (mutually exclusive
exons), A5 (alternative 5’ splice-site), A3 (alternative 3 splice-site),
RI (retained intron), AF (alternative first exon), and AL (alternative
last exon). In our study, a total of 393 AS events were detected
in P. falciparum (Supplementary Table 3). Based on the
classification and statistics, the AS events were divided into
different types. Among these types, A3 (24%), A5 (33%), and RI
(31%) were dominant in these AS events (Figure 2B). Among
them, Apetala 2 (AP2) encode a set of transcription factors in
Apicomplexa including P. falciparum and the AS events of these
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genes were visualized: PF3D7_0730300 (A5), PF3D7_0420300 (RI),
PE3D7_0613800 (A5), and PF3D7_1239200 (AF) (Supplementary

Figure 3).

Long Non-coding RNA Analysis

In previous study, unlike those protein-coding RNAs, non-coding
RNAs especially IncRNAs are still not well investigated. Though
lots of IncRNAs were characterized by the second-generation
sequencing, amounts of IncRNAs are still not fully characterized
as well as un-correctly because of sequencing shortness. We
compared the length distribution (Supplementary Figure 4A)
and the exon number (Supplementary Figure 4B) of mRNA and
IncRNA in PacBio sequencing data. To identify IncRNAs in the
full-length sequencing transcriptome and obtain the high-
confidence IncRNA dataset, four algorithms including Coding-
Noncoding Index (CNCI), Pfam-scan (Pfam), the predictor of
long non-coding RNAs and messenger RNAs based on an

improved k-mer scheme (PLEK), and Coding Potential
Calculator (CPC) were employed to characterize the IncRNAs.
Among 12,553 potential IncRNAs predicted by four algorithms, the
intersection of 3,623 IncRNAs (Figure 3A, Supplementary Table
4) were identified and were divided into four categories: Antisense
(2,023, 55.84%), IncRNA (1,071, 29.56%), sense-overlapping
(394, 10.87%), and sense-intronic (135, 3.73%) (Figure 3B,
Supplementary Table 4).

Alternative Polyadenylation and
Transcription Factors Identification
Differential alternative polyadenylation (APA) of mRNAs has
been proved to play an important regulatory role in different
species (Shen et al., 2011; Elkon et al., 2013). In this study, 1,555
APA events were detected and annotated in Supplementary
Table 5. Genes with different number of Poly(A) sites were
visualized in Figure 4A and 478 genes contain 1 poly(A) sites

PLEK

Pfam

CPC

FIGURE 3 | Statistics of long non-coding RNA (IncRNA) in P. falciparum. (A) Venn diagram showing the number of INcRNAs predicted using four algorithms (CNCI,
Pfam, PLEK, and CPC). (B) The number of INcRNA classified into sense intronic, sense overlapping, INcRNA, and antisense.
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were dominant in all APA events. In addition, 369 genes contain
more than five poly(A) sites. A total of 55 variant transcripts of
TFs were identified and assigned into different families (Figure
4B, Supplementary Table 6): NF-YB (19 members), zf-MIZ (17
members), NF-YA (8 members), and MYB (5 members) were the
most abundant in P. falciparum.

Full Scan of Proteome

To validate the full-length sequencing data, the full scan genome
was performed with the mixed samples containing the whole
asexual blood stages. Proteins in the mixed sample were
characterized by Lumos and the spectrums were searched
against the protein database constructed by full length
sequencing data of P. falciparum. A total of 1,535 proteins with
high confidence were characterized and list in Supplementary
Table 7. And then, KEGG analysis was performed by using the
proteome data which were classified into six main categories:
human diseases, organismal systems, cellular processes,
environmental information processing, genetic information
processing, and metabolism (Figure 5).

Small Proteins in Long Non-coding RNA
Recently, small proteins (<100 amino acids) were characterized
in different species and proved to be functional (Kastenmayer
et al., 2006; Fesenko et al., 2019; Sberro et al., 2019; Martinez
et al., 2020). P. falciparum as a very important species related to
human health, however, the small proteins in P. falciparum are
still unexplored. Thus, small proteins were analyzed in this study
and 160 small proteins (<100 aa) were validated by searching
against the small protein database (Supplementary Table 8).

Fusion Transcript Identification

Fusion transcripts, usually caused by chromosomal
rearrangements, have been proved to play an important role in
oncogenesis (Friedrich and Sonnhammer, 2020). In our study, a
total of 1,721 fusion transcripts were identified by long-read
sequencing. The fusion transcripts were distributed in different
chromosomes and shown in Figure 6. Among them, 84 and

1,636 fusion transcripts were located in the intra- and inter-
chromosomic region (Supplementary Table 9).

DISCUSSION

Currently, the mechanisms of Plasmodium parasite invasion and
hijacking of host cells, transmission, and immune evasion
remain largely elusive. These processes are regulated precisely
by a complex dynamic system. Fortunately, a full genome
sequence of P. falciparum has been sequenced and partial
genes have been annotated functionally, which may reveal
some underlying mechanisms for physiological activities of
malaria parasites (Gardner et al, 2002). However, in most
cases, the routine approach of sequencing is not capable of
generating reads corresponding to entire transcripts because of
the short reads which will result in mistakes during the assembly
(van Dijk et al., 2014). Now, the single-molecule, real-time
(SMRT) sequencing technique producing kilobase-sized reads
has been developed (Eid et al., 2009), which help us obtain the
entire transcripts without assembly easily (Sharon et al., 2013).
As for the malaria parasites, though the genome annotation of
P. falciparum has been updated frequently based on more and
more microarray or RNA-seq data since 2002 (Gardner et al.,
2002), there are still many annotation mistakes. This interferes
those researches on gene function or underlying mechanism.
Here, the updated full-length transcriptome provides a valuable
resource for further studies on gene regulation and protein
functions in the human malaria parasites.

Long non-coding RNA (IncRNA) were proved to play a role
in transcriptional regulation in eukaryotic organisms including
P. falciparum (Broadbent et al., 2015). For instance, the antisense
IncRNAs produced by the intronic promoters of var genes were
involved in the transcriptional activation of these virulence genes
(Jing et al., 2018). To date, the non-coding transcriptome and
their biological functions remain largely unknown. In our study,
3,623 full-length IncRNA were characterized by using four
algorithms (CNCI, Pfam, PLEK, and CPC) and were divided
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into four categories including Antisense, IncRNA, sense-
overlapping, and sense-intronic transcripts. This data will
facilitate the functional studies of IncRNAs in malaria
parasites. More importantly, IncRNA-derived small proteins
have been validated by integration of full-length transcriptomic
and proteomic data in this study. Until then, small proteins are
often ignored in transcriptome. Here, the proteome profiling was
applied successfully to characterize 1,535 proteins with high
confidence. Besides, 160 small proteins were validated by liquid
chromatography-mass spectrometry corresponding to IncRNA
regions of P. falciparum. These results not only provide an
updated proteome database within the whole asexual blood
stages, but also assist the small protein discovery and
functional investigation in P. falciparum.

Finally, to our knowledge, this is the first report of the PacBio
full-length transcriptome in Plasmodium, which compensates
the deficiency of the conventional sequencing methods using
Ilumina-generated short reads in terms of gene expression.
Many of the predicted transcripts that did not correspond to

Translati Processin
Transcription-{Immy 9
Metabolism
Q o N N
4 S &8
Number of Gene

FIGURE 5 | KEGG pathway assignment of proteins characterized by liquid chromatography-mass spectrometry. The bottom x-axis indicates the number of
proteins. The left y-axis indicates the categories in detail, the right y-axis indicates the main clustered group of the specific categories.

the annotated transcripts may potentially regulate P. falciparum
development and reveal a complex transcriptional landscape in
the asexual blood stage. However, the underlying molecular
mechanism of alternative splicing, long non-coding RNAs,
alternative polyadenylation, and fusion transcripts still requires
more sufficient research to investigate in the future, especially
how these novel proteins identified by multi-omics analysis are
involved in parasites growth and development process. We
believe this work provides a novel and valuable genetic
resource for functional and mechanistic studies of genes of
interest in P. falciparum.

CONCLUSION

In our study, full-length RNA sequencing was used to
reconstruct the transcriptome of P. falciparum. An improved
transcriptomic dataset covering the whole asexual blood stages
without short-read assembly was obtained. This is the first time
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to reveal the full-length transcriptome in P. falciparum.
Among 145,469 transcripts, 139,263 (95.73%) of them were
mapped on reference genome, and 393 alternative splicing (AS)
events, 3,623 long non-coding RNAs (IncRNA), 1,555 alternative
polyadenylation (APA) events, 57 transcription factors (TF),
1,721 fusion transcripts were identified, respectively. In
addition, 1,535 proteins with high confidence were validated by
liquid chromatography-mass spectrometry. Notably, 160 small
proteins were identified by liquid chromatography-mass
spectrometry searching against the small protein database. This
study not only provides an improved full-length transcriptomic
dataset with high quality and accuracy, but also contributes
to better understanding of structural variations in the
transcription process.
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Multi-organ failure caused by the inflammatory cytokine storm induced by severe infection
is the major cause of death for sepsis. Sj-Cys is a cysteine protease inhibitor secreted by
Schistosoma japonicum with strong immunomodulatory functions on host immune
system. Our previous studies have shown that treatment with Sj-Cys recombinant
protein (rSj-Cys) attenuated inflammation caused by sepsis. However, the
immunological mechanism underlying the immunomodulation of Sj-Cys for regulating
inflammatory diseases is not yet known. In this study, we investigated the effect of Sj-Cys
on the macrophage M2 polarization and subsequent therapeutic effect on sepsis. The rSj-
Cys was expressed in yeast Pichia pastoris. Incubation of mouse bone marrow-derived
macrophages (BMDMs) with yeast-expressed rSj-Cys significantly activated the
polarization of macrophages to M2 subtype characterized by the expression of F4/80"
CD206* with the elated secretion of IL-10 and TGF-f. Adoptive transfer of rSj-Cys treated
BMDMs to mice with sepsis induced by cecal ligation and puncture (CLP) significantly
improved their survival rates and the systemic clinical manifestations of sepsis compared
with mice receiving non-treated normal BMDMs. The therapeutic effect of Sj-Cys-induced
M2 macrophages on sepsis was also reflected by the reduced pathological damages in
organs of heart, lung, liver and kidney and reduced serological levels of tissue damage-
related ALT, AST, BUN and Cr, associated with downregulated pro-inflammatory
cytokines (IFN-gamma and IL-6) and upregulated regulatory anti-inflammatory cytokines
(IL-10 and TGF-B). Our results demonstrated that Sj-Cys is a strong immunomodulatory
protein with anti-inflammatory features through activating M2 macrophage polarization.
The findings of this study suggested that Sj-Cys itself or Sj-Cys-induced M2 macrophages
could be used as therapeutic agents in the treatment of sepsis or other
inflammatory diseases.

Keywords: cysteine protease inhibitor, Schistosoma japonicum, sepsis, macrophage, immunomodulation,
adoptive transfer
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INTRODUCTION

Sepsis is a complex syndrome caused by a dysregulated host
response to infection, leading to life-threatening organ
dysfunction and failure (Singer et al., 2016). It remains a major
cause of death throughout the world (Rudd et al., 2020; Yang et al,,
2020b) regardless of appropriate antibiotic treatment and
supportive care (Seymour et al., 2017; Williams et al, 2019;
Baghdadi et al., 2020). Difficulties in developing drugs to treat
sepsis also reflect the extreme complexity and variability of the
serious condition (Fink and Shaw Warren, 2014; Huang et al,
2019). The progression of sepsis can be roughly categorized into two
distinct but concomitant stages termed systemic inflammatory
response syndrome (SIRS) and compensatory anti-inflammatory
response syndrome (CARS) (Singer et al., 2016). SIRS is initiated by
innate immune cells such as macrophages which release
inflammatory cytokines upon the detection of pathogens or
activation by LPS released by infected gram-negative bacteria, to
mobilize host immune system to clean the infection (Ge et al., 2019;
Huang et al,, 2019). This stage is also referred to as the cytokine
storm and is thought to be responsible for lethal organ damage
during the early stage of sepsis (Guo et al., 2019; Sackett et al., 2019).
On the other hand, CARS is a systemic deactivation of the immune
system tasked with restoring homeostasis from an inflammatory
state, which is related to the production of Th2 and regulatory
cytokines such as IL-4, IL-10 and TGF-3 (Ward et al., 2008). The
timing and balance of SIRS and CARS responses have a powerful
influence on clinical outcomes in sepsis.

Macrophages are common phagocytic cells for clearing
invaded pathogens or apoptotic innate cells. The phenotype and
function of macrophages may be polarized by microenvironment
into Ml-type (classically activated macrophage) or M2-type
(alternatively activated macrophage). M1 macrophages are
stimulated by IFN-gamma to promote inflammation by
secreting pro-inflammatory cytokines IL-6, IL-12, and TNEF-
alpha. Th2 cells produced IL-4 can convert macrophages into
M2-type that inhibit inflammation by secreting Arginase-I, IL-10
and TGF-} mainly involved in wound healing and tissue repair
(Ley, 2017). Multiple studies have shown that M1 macrophages
are associated with the SIRS stage of sepsis and are involved in the
pathology and mortality in patients with sepsis. Thereby
increasing M2 cells population and prolonging the presence of
this macrophage subtype in the systemic microenvironment could
be developed as a strategy to reduce organ damage and to increase
tissue repair in sepsis condition (Xu et al., 2014; Liang et al., 2019;
Takakura and Zandi-Nejad, 2019; Yang et al., 2019b; Jin et al,
2020). Additional studies also confirmed that M2 macrophages
conferred a therapeutic effect on peritonitis-induced sepsis (Mehta
et al,, 2004) while M1-related inflammatory factor level was
associated with the mortality of sepsis (Bozza et al., 2007).

Extensive experimental and epidemiological evidence suggest
that helminth infections or helminth-derived products effectively
modulate host immune responses to reduce deleterious
inflammatory immune responses and stimulate regulatory
responses, thereby exerting a therapeutic effect on inflammatory
diseases (Ziegler et al., 2015; Chen et al., 2016; Jang et al., 2017; Jiang
et al., 2018; Xu et al., 2018; Jin et al., 2019; Ryan et al., 2020). It has

been observed that chronic infection of Schistosoma japonicum
promoted macrophages from M1 to M2 polarization (Zhu et al.,
2014; Giri and Cheng, 2019) and had a protective effect on sepsis
(Du et al., 2011a). This protective effect on sepsis could be replicated
in mice adoptively transferred with ex vivo programmed M2
macrophages (Du et al,, 2011). The further study identified that .
japonicum soluble egg antigen (SEA) had the similar effect as S.
japonicum infection to boost M2 polarization through STAT6 and
PI3K pathway (Du et al,, 2011). However, although the concept of
worm therapy has been described as safe and effective, the
application of living parasites or the derived raw materials still
bears the risk of safety and side effects (Togre et al,, 2018). Thus,
therapeutic intervention by applying defined helminth-secreted
protein with immunomodulation functions should be more
practical and feasible to treat inflammatory diseases. It was found
that S. japonicum adult worm secreted cysteine protease inhibitor or
cystatin (Sj-Cys) played a significant role in immunomodulation of
host immune system to reduce inflammatory responses as a survival
strategy for the fluke living inside host (Chen et al., 2017), and has
been successfully used to treat inflammatory bowel diseases (Wang
et al., 2016b; Bisht et al., 2019), and collagen-induced arthritis (Liu
et al., 2016) in mouse models. Our previous studies have identified
that treatment with Sj-Cys significantly reduced the pathology
caused by LPS-induced (Wan et al., 2018) or bacterial infestation-
induced (Li et al., 2017) sepsis in mice with less inflammation and
tissue damage through stimulating anti-inflammatory cytokines and
inhibiting Th1 pro-inflammatory cytokines. In particular, treatment
with §j-Cys significantly reduced sepsis-induced cardiomyopathy
(Gao et al, 2020). However, the immunological mechanism and
targeted immune cells underlying the immunomodulation and
therapeutic effect of Sj-Cys on sepsis remains unknown. Due to
the important role of M2 macrophages in maintaining immune
homeostasis from an inflammatory state to tissue repair, we would
like to investigate whether treatment with Sj-Cys induces M2
macrophage polarization and whether Sj-Cys induced M2
polarization is involved in the therapeutic mechanism on sepsis.
In this study, we induced sepsis with cecal ligation and puncture
(CLP) in a mouse model. The mice with CLP-induced sepsis were
adaptively transferred with in vitro Sj-Cys-induced M2
macrophages. We successfully determined that Sj-Cys stimulated
bone marrow-derived macrophages (BMDMs) to differentiate to
M2 and Sj-Cys-induced M2 macrophages had significant
therapeutic effect on sepsis in adoptively transferred mice
characterized with less tissue damage, lower pro-inflammatory
cytokines and higher regulatory cytokines compared to mice
transferred with normal BMDMs, indicating the M2 macrophage
polarization is an important mechanism for the therapeutic effect of
Sj-Cys on sepsis and other inflammatory diseases.

MATERIALS AND METHODS

Expression and Purification of
Recombinant Sj-Cys Protein (rSj-Cys)

DNA encoding the full-length Sj-Cys (GenBank accession#
FJ617450) was synthesized by Zoobio Biotechnology, China,
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and then subcloned into yeast expression vector pPIC9k using
EcoRI and NotI sites. The correct insert and reading frame of the
constructed recombinant plasmid Sj-Cys/pPIC9k was confirmed
by double-stranded DNA sequencing. The plasmid Sj-Cys/
pPIC9k was linearized with Sacl and then transformed into P.
pastoris GS115 by electroporation. The expression of rSj-Cys
with His-tag at C-terminus was induced with 0.5% methanol for
120 h. The expressed rSj-Cys secreted in the medium was
purified with immobilized metal affinity chromatography
(IMAC) using a nickel column (Thermo, USA) as previously
described (Zhan et al., 2005). The concentration of purified rSj-
Cys was measured using an enhanced BCA Protein Assay Kit
(Beyotime, China). The purity of rSj-Cys was measured with
SDS-PAGE and the His-tag protein was confirmed by Western
blotting with the anti-His antibody.

Animals

The specific-pathogen-free male BALB/c mice with weight of 18-
20 g, were purchased from the Animal Center of Anhui Medical
University. All animal study protocols and procedures were
reviewed and approved by the Animal Care and Use
Committee of Bengbu Medical College and complied with the
National Institutes of Health Guidelines for the Care and Use of
Experimental Animals. All efforts were made to minimize the
suffering of animals.

Murine Model of Sepsis

A clinically relevant rodent model of sepsis was created by CLP
as previously described (Li et al., 2017). Briefly, mice were
anesthetized by intraperitoneal injection of 200 UL of 4%
chloral hydrate (MACKLIN, China). The abdominal cavity was
opened with a midline incision. The cecum was isolated, ligated
(1.0 cm from the apex), and punctured with a 22-gauge needle,
then returned to the abdominal cavity. The opened abdominal
cavity was closed with sutures.

Induction of Mouse Bone Marrow-Derived
Macrophages (BMDMs)

Bone marrow cells were collected from sacrificed donor mice by
flushing bone marrow cavities of femurs and tibias with complete
DMEM medium (HyClone, USA) containing 10% fetal bovine
serum (FBS) (EVERY GREEN, China) and penicillin (100 U/ml)/
streptomycin (100 pg/ml) (Beyotime, China). The collected bone
marrow cells were seeded in a 100 mm Petri dish and incubated
with complete DMEM at 37°C, 5% CO, for 4 h to collect adherent
cells. The collected adherent cells were continuously co-cultured
with murine macrophage colony-stimulating factor (M-CSF) (R&D
Systems, USA) at 20 ng/ml for 7 days to stimulate the maturation of
macrophages. Seven days after the culture, the matured bone
marrow-derived macrophages (BMDMs) were examined using
FITC-conjugated rat anti-mouse F4/80 (BioLegend, USA) and
APC-conjugated rat anti-mouse CD11b (BioLegend, USA) staining.

Macrophage Polarization

To determine the effect of rSj-Cys on the macrophage
polarization, a total of 1x10° BMDMs obtained above were
incubated with rSj-Cys (2 ug/ml). The same number of

BMDMs were incubated with LPS (100 ng/ml) (Solarbio,
China) as M1 polarization control, and with IL-4 (10 ng/ml) +
IL-10 (10 ng/ml) (R&D Systems, USA) as M2 polarization
control. After being incubated for 24 h, cells from each group
were measured for M1 marker (CD86) and M2 marker (CD206)
by flow cytometry. For flow cytometry assay, BMDMs were fixed
with fixable viability dye efluor 510 (BioLegend, USA) first in the
dark for 10 min at RT to differentiate live/dead cells. After being
washed with 2 ml PBS containing 1% FBS, the cells were
collected by centrifuging at 500xg for 5 min at RT. After Fc
receptors being blocked with 0-CD16/32 (BioLegend, USA) for
10 min at RT, the cells were stained with FITC-conjugated rat
anti-mouse F4/80 (BioLegend, USA) and APC-conjugated rat
anti-mouse CD86 (Thermo Fisher Scientific, USA) for 30 min at
4°C. The cells were fixed and permeabilized using a Thermo
Fixation/Permeabilization Kit (Thermo Fisher Scientific, USA)
as per manufacturer’s instructions, then stained with PE-
conjugated rat anti-mouse CD206 (BioLegend, USA) for
30 min at 4°C. The isotype-matched immunoglobulins
(BioLegend, USA; Thermo Fisher Scientific, USA) and FMO
were used as control for non-specific staining as baseline. The
flow cytometry was performed with a flow cytometer DxP
Athena (CYTEK, USA) and the data were analyzed using
FlowJo-V10 software (BD Biosciences, USA).

Adoptive Transfer of rSj-Cys-Treated
BMDMs to Mice With CLP-Induced Sepsis
A total of 56 mice were given CLP surgery to induce sepsis, then
randomly divided into 4 groups; another 14 mice served as the
blank control group. Thirty minutes after surgery, one group of
14 mice received intravenously with 1x10° BMDMs treated with
1§j-Cys. Other three groups with the same number of mice
received BMDMs treated with LPS, or LPS + 1Sj-Cys, or PBS,
respectively, as controls. Four mice from each group were
euthanized 12 h after the macrophage transfer, blood was
collected from each euthanized mouse and sera were obtained
for serological tests, heart, lung, liver and kidney tissues were
collected for histopathologic analysis. The survival rate was
observed for 72 h for the left 10 mice from each group.

Serological Test

The levels of alanine transaminase (ALT), aspartate transaminase
(AST), blood urea nitrogen (BUN) and creatinine (Cr) in sera
were used as biomarkers for tissue damage, cell disruption or failed
functions of tissues including liver and kidney (Tesch, 2010; Kwo
et al,, 2017) in mice with sepsis. These biomarkers were measured
in sera of experimental mice (4 of each group) by automatic
chemistry analyzer (Beckman Coulter, USA) to evaluate sepsis-
caused tissue injury.

Cytokine Measurement

The concentrations of pro-inflammatory (IFN-gamma and IL-6)
and regulatory (IL-10 and TGEF-P) cytokines in the culture
supernatants of BMDMs incubated with rSj-Cys and other
controls or in the sera collected from mice 12 h after
macrophage transfer were determined using specific ELISA
detection kits (Mouse IFN-gamma ELISA Kit, Mouse IL-6
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ELISA Kit and Mouse IL-10 ELISA Kit from Dakewe Biotech,
China and Mouse TGF-beta 1 ELISA Kit from ABclonal, USA)
according to the manufacturer’s procedures. In order to remove
the exogenously added IL-10 in the culture medium, the culture
supernatant in the group with added IL-10 was removed after
24 h of culture, and cells were washed with PBS 3 times. The
culture was continued with medium without IL-10 for another
24 h before harvested for IL-10 measurement.

Histopathologic Analysis

Mouse heart, lung, liver and kidney were collected from four
mice in each group euthanized 12 h after sepsis induction and
receiving treated BMDMs. These tissues were fixed with 4%
paraformaldehyde for 24 h, embedded in paraffin, sectioned to a
thickness of 4 um and stained with hematoxylin and eosin.
Histological pathology was scored using a semi-quantitative scale
as previously described. Briefly, the severity of heart damage was
scored 0-4 as follows: 0 = normal; 1 = moderate (normal
arrangement of myocardial fibers, punctate myocardial cell
edema, degeneration, and necrosis); 2 = severe (normal
arrangement of myocardial fibers, scattered myocardial cell
edema, degeneration, and necrosis); 3 = extremely severe (loose
arrangement of myocardial fibers, sheet-like myocardial cell edema,
degeneration, and necrosis); and 4 = critical (loose arrangement of
muscle fibers, breakage, and dissolution of myocardial fibers, diffuse
edema, degeneration and necrosis of myocardial cells) (Li et al,
2017). Lung injury was determined by the alveolar congestion, tissue
hemorrhage, inflammatory cell infiltration and scored 0-4 as
follows: 0 = no pathology; 1 = mild (< 25% lung involvement);
2 = moderate (25-50% lung involvement); 3 = severe (50-75% lung
involvement); 4 = extremely severe (> 75% lung involvement) (Yang
et al,, 2019a). Liver injury was determined as hepatocyte edema and
tissue congestion/hemorrhage, inflammatory cell infiltration and
scored as 0 = no pathology; 1 = mild (< 25% liver involvement); 2 =
moderate (25-50% liver involvement); 3 = severe (50-75% liver
involvement); 4 = very severe (> 75% lung involvement) (Wang
et al., 2019). The degree of kidney injury was scored as follows: 0 =
no pathology; 1 = mild (areas of tubular epithelial cell swelling,
vacuolar degeneration, necrosis and desquamation involving < 25%
of cortical tubules); 2 = moderate with tissue damaged involved >
25% but < 50%; 3 = severe (similar changes involving > 50% but <
75% of cortical tubules); 4 = extremely severe (similar changes
involving > 75% of cortical tubules) (Li et al., 2019).

Statistical Analysis

Statistical analysis was performed using SPSS 26.0 software
(Chicago, USA). Data were expressed as mean + SEM. Data
with normal distribution and uniform variance were analyzed
using unpaired, two-tailed Student’s f-test with Bonferroni
adjustment, or ANOVA for multiple comparisons. A P-value
less than 0.05 was considered as statistically significant.

RESULTS

Expression of rSj-Cys in Yeast
The 1Sj-Cys with His-tag at C-terminus was successfully
expressed as a soluble protein in P. pastoris GS115 under

induction with 0.5% methanol for 120 h and purified with
IMAC using a nickel column. The purified rSj-Cys migrated as
about 12 kDa on SDS-PAGE, the similar size as predicted by
sequence (12.4 kDa). A small portion of degradation was
observed at lower band (~11 kDa). The purified His-tagged
1§j-Cys was recognized by the anti-His antibody on Western
blot (Figure 1). The smaller band was also recognized by the
anti-His antibody, indicating it is a recombinant protein-
derived product.

rSj-Cys Induced M2 Macrophage
Polarization

BMDMs were obtained by co-incubating with M-CSF (20 ng/ml)
for 7 days. Flow cytometry measurement with a complete gating
strategy (Figure 2A) to differentiate dead cells and adhere cells
confirmed that more than 95% cells were labeled with
CD11b"F4/80", indicating most of the mouse bone marrow
cells have been converted to BMDM cells (Figure 2B).

After being incubated with rSj-Cys at 2 ug/ml for 24 h, 47.08 +
4.59% BMDM:s expressed CD206 which is significantly higher
than BMDM:s incubated with PBS (32.30 + 2.72%) or LPS (33.32 +
1.99%), however, incubation with rSj-Cys did not affect the
expression of CD86 on BMDMSs compared with PBS control,
indicating rSj-Cys significantly stimulated M2 macrophage
polarization, but not M1. In the control groups, Ml
polarization (CD86) was strongly induced by LPS (100 ng/ml),
and the IL-4 + IL-10 (each 10 ng/ml) induced M2 polarization
(CD206). Interestingly, rSj-Cys itself not only induced
macrophage M2 polarization, but also significantly inhibited
LPS-induced M1 polarization, however, the rSj-Cys-induced
M2 polarization was not affected in the presence of LPS
(Figures 2C-E).

The cytokine profiles in the culture supernatants of each
incubation group also showed that rSj-Cys induced BMDMs to
secrete M2 macrophages-related IL-10 and TGF-3, and LPS was
not able to inhibit rSj-Cys induced M2-related cytokines (IL-10
and TGF-B). Incubation of BMDMs with 1Sj-Cys also induced
MIl-related cytokines IFN-gamma and IL-6 compared to PBS
control, however, co-incubation with rSj-Cys reduced LPS-
induced M1 cytokines (IFN-gamma and IL-6) (Figure 3).

Adoptive Transfer of rSj-Cys Treated-
BMDMs Mitigated CLP-Induced Sepsis
in Mouse
To evaluate the therapeutic effect of rSj-Cys treated-BMDMs on
sepsis, mice with CLP-induced sepsis were adoptively transferred
with rSj-Cys treated-BMDMs, the survival rate in each group was
observed and the pathological improvement was identified in
tissues of the treated mouse. All mice with CLP-induced sepsis
without macrophage transfer or receiving LPS-treated BMDMs
died within 24 h, however, 80% of mice adoptively transferred
with rSj-Cys treated BMDM:s survived up to 72 h while only 20%
of mice receiving non-treated BMDMs survived (Figure 4A).
Histological examination showed significant damage in the
hearts, lungs, livers, and kidneys of mice with CLP-induced
sepsis. Specifically, all tissues showed varying degree of edema
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and swelling, inflammatory cell infiltration, disrupted or
disordered tissue structure, hemorrhages, and congestion
(Figures 4B, C). The amount of ALT, AST, BUN and Cr also
remained at high levels in the sera of mice with sepsis (Figure
4D), further indicating the tissue damage caused by serious
infection and sepsis.

After being passively transferred with rSj-Cys-treated
BMDMs, the mice with sepsis revealed significantly reduced
tissue damage and inflammatory cell infiltration in all tissues of
heart, lung, liver and kidney compared with tissues of mice
receiving untreated-BMDMs or PBS only. Strikingly, sepsis mice
receiving LPS-treated BMDMs showed significantly more serious
damage in all tissues compared with mice receiving untreated
BMDMs or PBS control groups (Figures 4B, C). However, the
LPS-treated BMDMs exacerbated pathology was significantly
reduced in all tissues of mice when receiving LPS-treated
BMDMs co-incubated with rSj-Cys, indicating Sj-Cys
mitigated LPS-induced inflammation and tissue damage. The
levels of ALT, AST, BUN, and Cr in serum were also greatly
decreased in mice after receiving rSj-Cys-treated BMDMs
compared to mice receiving untreated BMDMs or PBS only,
reflecting the reduced injury or damage of tissue cells
(Figure 4D).

rSj-Cys Treated-BMDMs Downregulated
Pro-Inflammatory Cytokines and
Upregulated Regulatory Cytokines in Mice
With Sepsis

To further understand the potential immunological mechanism
underlying the therapeutic effect of rSj-Cys treated BMDMs on
sepsis in mice, the cytokine profile was measured in the serum of
each treated mouse. As shown in Figure 5, the levels of
inflammatory cytokines IFN-gamma and IL-6 were significantly
reduced in mice with CLP-induced sepsis when receiving rSj-Cys-
treated BMDMs compared with sepsis mice receiving untreated

FIGURE 1 | IMAC purification of recombinant Sj-Cys expressed in P. pastoris GS115. The rSj-Cys with His-tag at C-terminus was expressed as a soluble protein in
the culture medium. After binding on the nickel column, rSj-Cys was eluted in a buffer containing imidazole. The purified protein was recognized by the anti-His

Western blot with anti-His

BMDMs or PBS control. The mice receiving LPS-treated BMDMs
showed even high production of IFN-gamma and IL-6 than the
mice receiving non-treated BMDMs. On the other hand, the levels
of regulatory cytokines IL-10 and TGF-B were significantly
increased in sera of sepsis mice receiving rSj-Cys-treated
BMDMs compared with control mice receiving untreated or
LPS-treated BMDMs or PBS only. The results further suggested
that rSj-Cys promoted M2 macrophage polarization which
upregulated regulatory cytokines and downregulated pro-
inflammatory cytokines production in donor mice, thus
coffering a therapeutic effect on sepsis-induced inflammation
and pathology.

DISCUSSION

In this article, we described a regulatory macrophage induced by
the helminth immunomodulatory protein Sj-Cys and
demonstrated its ability to efficiently suppress inflammatory
responses in experimental CLP-induced sepsis. More and more
evidence has shown that helminth infection causes damage on
host, at meanwhile, it plays important roles in modulating host
immune responses through secreting some proteins with
immunomodulatory functions to reduce inflammation as a
survival strategy (Venugopal et al., 2017; Ding et al., 2020). As
a bystander effect, helminth infection or helminth-derived
proteins enable to reduce host hypersensitivity to some
allergens or autoantigen, therefore have been used to treat
inflammatory diseases such as allergic asthma (Park et al,
2011; Aranzamendi et al., 2013; Ziegler et al., 2015; Sun et al,,
2019a) or inflammatory bowel diseases (Du et al., 2011b; Ziegler
et al., 2015; Sotillo et al., 2017; Xu et al.,, 2019). The identified
mechanisms for helminth-induced immunomodulation are
usually related to induce host Th2 and regulatory T cell (Treg)
responses so as to reduce pro-inflammatory cytokines and
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FIGURE 2 | rSj-Cys induced M2 macrophage polarization and reduced LPS-induced M1 macrophages phenotype in vitro. (A) The flow cytometry experiments were
repeated by adding live/dead cell staining, and re-gated to differentiate dead cells, adhere cells and to block Fc. (B) BMDMs were obtained by incubating mouse bone
marrow cells (adherent) with M-CSF for 7 days. The mature BMDMs were defined as CD11b*F4/80" subpopulations using FACS. (C-E) BMDMs were incubated with
rSi-Cys (2 ug/ml), LPS (100 ng/mi), IL-4 (10 ng/ml) + IL-10 (10 ng/ml), rSj-Cys + LPS, rS-Cys + IL-4 + IL-10, or PBS, respectively, for 24 h. The M1 (CD86) and M2
(CD206) markers were detected using FACS. n = 5. Data are expressed as mean + SEM, ns, not significant, *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

75

February 2021 | Volume 11 | Article 617461


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Xie et al. Schistosoma japonicum Cystatin Alleviates Sepsis

A B
*okkk  kokkk
skkkk  kkkk }
807 pb——— 1000 * )
ns | . =
= 700 e
@ _I_ i 00 A o
80
2 A ® & g0d e M
: 40 v v * e o e 30T
- o = x 3 5 @
Z . = 204 .
= 20 ? A MR = o = .
10] 528 —3?
0 T T T T T T 0 T T T T T T
S S O & N > ¢ & & N
TS T N
& & PGS & 38 X x
) > X N X
SRR & v ¥
< S $
'/(} (@)
8 &
C D
ns * ns *
250 '**** 12001 |*_”_|
I | 1 3
= 200 A = 1000
= A = 1 A .
E 150 _I_ E‘Z 800-] v
g 5 Swl o F o £+
< 1004 e 1 1 e v be
= e AR el S S
2 sl & oo o & 2004 o’
0 T T T T T T 0 T T T T T T
S & & & Q Q S & =) & \J D
FFIFFITS F L F N
& 3 G & 8 SR
(e » > ) \;b‘ X
&Y &Y N
<F &
& N
FIGURE 3 | rSj-Cys induced BMDMs to secrete M2 macrophage-related cytokines IL-10 and TGF-B. Mature BMDMs were stimulated with PBS, rSj-Cys (2 ug/ml),
LPS (100 ng/ml), IL-4 (10 ng/ml) + IL-10 (10 ng/ml), rSj-Cys + LPS, or rSj-Cys + IL-4 + IL-10 for 24 h. The levels of M2-related cytokines IL-10 (C), TGF-B (D), and
M1-related cytokines IFN-gamma (A), IL-6 (B) were measured in the supernatant by ELISA. n = 5. The results are presented as mean + SEM, ns, not significant, *P <
0.05, *P < 0.01, **P < 0.001, ***P < 0.0001.

subsequent inflammation (Shevach, 2009; Maruyama et al., 2011;  immunosuppressive function, wound healing and tissue repair
Velavan and Ojurongbe, 2011; Gao et al.,, 2012; Kobpornchai (Wynn et al., 2013; Francos-Quijorna et al., 2016).
et al., 2020). In our previous studies, we demonstrated that Sj-Cys protein

Recent studies indicated that innate immune cells are  suppressed inflammation when applied to mice with sepsis
involved in immunomodulation mediated by parasitic worms  induced by CLP operation in a mouse model (Wan et al,
(Chen et al.,, 2016; Jiang et al., 2018; Jin et al., 2019; Cai et al., ~ 2018). In this study, we showed that the rSj-Cys-modulated
2020), but little is known about the specific immune cells  regulatory macrophages are sufficient to replicate the anti-
targeted by helminth immunomodulatory proteins or the  inflammatory effects of rSj-Cys. To gain insight into the
mechanisms conferring suppression of ongoing inflammatory ~ immunomodulatory properties of rSj-Cys, the effect of Sj-Cys
immune responses (Chuah et al., 2014). Macrophage cellsarenot ~ on the induction of different macrophage subpopulations (M1
only involved in the direct process of specific immune responses ~ and M2) has been explored in the study. Our results showed that
as antigen presenting cells, but also act as innate immune cells  incubation of rSj-Cys with BMDMs significantly stimulated M2
to clear pathogens or senescent/apoptotic cells through  macrophage polarization (47.08% expressed CD206, Figures
phagocytosis (Mosser and Edwards, 2008). In recent year, = 2C-E) associated with the secretion of regulatory cytokines IL-
macrophages have been identified to play important roles in 10 and TGF-f (Figure 3). Interestingly, incubation of rSj-Cys
maintaining immune homeostasis by regulating the polarization ~ with BMDMs even inhibited the secretion of LPS-induced pro-
of M1 or M2 subtype macrophages. The M1 macrophages  inflammatory cytokines IFN-gamma and IL-6, and the addition
stimulate inflammation by secreting pro-inflammatory  of LPS could not prevent rSj-Cys-treated BMDMs from the
cytokines and chemokines to promote clearing of invaded  secretion of IL-10 and TGF-f3, (Figure 3), indicating rSj-Cys is
pathogens, while M2 reduce inflammation by secreting  able to inhibit bacterial infection-induced inflammation. It is well
anti-inflammatory cytokines to play important roles in  known that IL-10 and TGF-B play an important role in

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 76 February 2021 | Volume 11 | Article 617461


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Xie et al.

Schistosoma japonicum Cystatin Alleviates Sepsis

o~ Normal
Wil g I,s < CLP+PBS
‘T l_,,_o_o_o B CLP+BMDMs
o & CLP+BMDMS/LPS
A
I % |% | & CLP+BMDMsrSj-Cys
* [x
L
L

— T T
0 8 16 24 32 40 48 56 64 T2

2
2
i

a
H
1

Percent Survival(%)
8 2
T T

Time post of CLP (Hours)

CLP+PBS

CLP+BMDMs -
/LPS

CLP+BMDMs
/rSj-Cys

(o7
5 s
£ ©
S S
@ @
z I
3 3 5 3
P R
E ¥
R i
= 3
o o
CcLP - + + + + CLP + * + +*
BMDMs - - * + * BMDMs - - ¥ & #
Lps - - — = LPS - = P -
rSj-Cys - - - - + wSj-Cys - - - - +
o
& Bl
£, 5
£, z
P z
2 5
= 2
o
cLp [ cLp
BMDMs - - + + + BMDMs + * +
LPS - - - + - LPS - - - +
r$j-Cys - - - - + r§j-Cys - = o = *
wxnx
b ane [}
Pl wxnr
*xnr
—
o
0, — 1000
ns
—_
300- » 800-
a =
) . F S oo
= i B =
5 = Z 0
) 200-
0
| cLp
BMDMs - - + + + BMDMs - - + + +
LPS - - - + - LPS - - - + -
r§j-Cys - - .- j-Cys - - - -+
oxxr
r —
[l wrr
[ wwwammn |
'—"‘ AR
e (. M
s p ™ *
o M
»
<) : b a7 =
Sis _3% < E
s o = =2 ddex e
Zw . . T g
a E _I_ (S

wjCys - - - -+

FIGURE 4 | Continued

FIGURE 4 | Adoptive transfer of rSj-Cys treated-BMDMs mitigated
pathology caused by CLP-induced sepsis. (A) Mice adoptively transferred
with rSj-Cys-treated BMDMs significantly increased their survival rate up to
72 h (80%) compared to mice receiving PBS (0%), LPS-treated BMDMs
(0%), or untreated BMDMs (20%) during the same observation period (n =
10). (B, C) The results of histopathology of heart, lung, liver and kidney
stained with H&E staining from mice 12 h after CLP and transferred with
BMDMs treated with rSj-Cys, LPS or untreated BMDMs (n = 4). The
pathological score comparison was shown on the right. The magnification
%400, scale bar = 100 pm. (D) The levels of ALT, AST, BUN, and Cr were
measured in the sera from mice 12 h after receiving CLP and differently
treated BMDMs (n = 4). The results are presented as mean + SEM. ns, not
significant, *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

establishing tolerance and suppression of inflammation diseases
(Murray et al., 2014; Li et al., 2018; Yan et al,, 2020). IL-10 is a
particularly noteworthy cytokine because it has anti-
inflammatory properties and influences in the activity of
several cell types of the immune system, thereby regulating the
immune network (Verma et al., 2016; Mazer et al., 2019; Saraiva
et al., 2020). The TGEF-P is a pleiotropic cytokine with important
immunoregulatory functions to reduce activities related to
immune disorders (Branchett and Lloyd, 2019). Results in this
study confirm that Sj-Cys not only stimulates the polarization of
M2 macrophage, but also inhibits macrophage’s pro-
inflammatory responses to LPS, further indicating the ability of
r§j-Cys to stimulate M2 macrophage regulatory property and
reverse LPS-induced M1 differentiation and inflammation
caused by sepsis or other bacterial infection.

To verify whether rSj-Cys-induced M2 macrophages are
involved in the therapeutic effect of rSj-Cys on sepsis, the mice
with CLP-induced sepsis were adoptively transferred with rSj-Cys-
treated BMDMs. The results revealed that the 72 h survival rate of
mice with CLP-induced sepsis was significantly improved after
being transferred with rSj-Cys-treated BMDMSs (80%) compared
with mice receiving non-treated normal BMDMs (20%) or LPS-
treated BMDMs (mimicking sepsis condition) or PBS only (0%)
(Figure 4A), confirming that the therapeutic effect of Sj-Cys can
be conducted by Sj-Cys-induced M2 macrophages. The
therapeutic effect of Sj-Cys-induced M2 macrophages on sepsis
was also reflected by the reduced pathological damages in organs
of heart, lung, liver and kidney caused by sepsis (Figures 4B, C)
and reduced serological levels of tissue injury-related enzymes or
proteins including ALT, AST, BUN and Cr (Figure 4D). The
cytokine profile in sera of mice receiving Sj-Cys-induced M2
macrophages also showed significantly upregulated anti-
inflammatory IL-10 and TGF-B and down-regulated pro-
inflammatory IFN-gamma and IL-6. This inhibitory cytokine
profile could be derived from the direct secretion of transferred
M2 macrophages or subsequent inhibitory immune responses
induced by transferred M2 subtype in recipient mice. All mice
with sepsis adoptively transferred with LPS-activated BMDMs
demonstrated more severe inflammation and tissue damage,
aggravating the bacterial infection caused inflammation. Our
results are consistent with the previous finding that systemic
inflammation of sepsis leads to partial activation of BMDM,
deteriorating the inflammation and pathological damage (Zhu
et al,, 2014).
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FIGURE 5 | rSj-Cys treated-BMDMs downregulated pro-inflammatory cytokines and upregulated regulatory cytokines in mice with sepsis. The levels of IFN-gamma
(A), IL-6 (B), IL-10 (C), and TGF-B (D) were measured in the sera of mice in each group using ELISA. n = 4. The results are presented as mean + SEM. ns, not

All results in this study provide the evidence at the first time
that rSj-Cys-induced M2 macrophage polarization was involved
in the therapeutic effects of rSj-Cys on sepsis-caused
inflammation and tissue damages, providing another
immunological mechanism pathway for immunomodulatory
functions of helminth-secreted proteins except for the Treg
regulatory pathway. However, the M2 macrophage-secreted
regulatory cytokines IL-10 and TGF-f3 could further stimulate
Treg responses (Wang et al., 2016a). It is also identified that
helminth-secreted proteins stimulated Treg response through
up-regulating PD-1 in CD4" T cells (Cheng et al., 2018). A recent
study also showed that helminth-derived proteins stimulated
Treg differentiation through activating dendritic cells (Sun et al.,
2019b). It is unknown if PD-1 or dendritic cells pathways are
involved in the rSj-Cys-initiated immunomodulation.

The finding of the therapeutic effect of rSj-Cys-induced M2 on
the inflammatory sepsis in this study provides evidence that a
therapeutic approach for the treatment of inflammatory disorders
based on cells modulated by a single parasitic molecule may be
feasible. Such an approach would be attractive because it allows the
exploitation of helminth immunomodulatory therapy without the
risk of living worms or the side effects of direct application of

worm-derived proteins. Cell-based therapies constitute a
promising approach in which cells are differentiated into an
immunosuppressive or regulatory phenotype in administered
patients (Ledesma-Soto et al.,, 2015; Kang et al,, 2019). Several
basic and clinical immunotherapy studies have been performed
with adoptive cells, such as T cells, NK cells, dendritic cells, to
targeting cancer (Magalhaes et al., 2019; Wculek et al., 2019; Xiao
et al,, 2019). Cell immunotherapy studies advance not only in the
field of cancer but also in inflammatory disease. Adoptive transfer
of helminth protein induced M2 (Ziegler et al., 2015; Reyes et al,
2016) or SNX10 deficiency induced M2 macrophages (You et al,
2016) ameliorated inflammatory bowel diseases in wild-type mice.
There is evidence that mesenchymal stem/stromal cells (MSCs)
could be used as a therapy for sepsis and acute respiratory distress
syndrome (Byrnes et al., 2021). Adoptive transfer of macrophages
containing antimicrobial peptides was successfully used for the
treatment of multidrug-resistant bacteria-induced sepsis in mice
(Hou et al., 2020). Inhibition of mitophagy promoted macrophage
activation favored bactericidal clearance, adoptive transfer of these
macrophages to mice with sepsis resulted in better survival (Patoli
et al,, 2020). It was also showed that adoptive transfer of polarized
M2c macrophages reduced acute rejection to liver transplantation
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in rat (Yang et al., 2020a). The macrophages have been evaluated
as good candidates for cell-based therapeutic intervention not only
for inflammatory diseases, but also for autoimmune diseases (De
Dios Ruiz-Rosado et al., 2017).

Our results further confirmed the strong immunomodulatory
functions of Sj-Cys, especially on the polarization of macrophages
to regulatory M2 subtype. Adoptive transfer of Sj-Cys-induced M2
macrophages significantly mitigated the inflammation and tissue
damage in mice with sepsis, providing a novel therapeutic
approach for the treatment of inflammatory disorders.
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Background: Mosquito-borne diseases are rapidly spreading due to increasing
international travel and trade. Routine mosquito surveillance and screening for
mosquito-bormne pathogens can be early indicators for local disease transmission and
outbreaks. However, arbovirus detection in mosquito vectors has rarely been reported in
Saudi Arabia.

Methods: A total of 769,541 Aedes and Culex mosquitoes were collected by Black Hole
traps during routine mosquito surveillance in the first half of 2016. Culex. quinquefasciatus
and Ae. aegypti were the most prevalent species observed. Twenty-five and 24 randomly
selected pools of Ae. aegypti and Cx. quinquefasciatus, respectively, were screened for
arboviruses by RT-PCR.

Results: Dengue 2 (DENV-2) and four strains of insect-specific flaviviruses, including one
of cell-fusing agent virus (CFAV) and three of Phlebotomus-associated flavivirus (PAFV)
were detected in pools of Ae. aegypti. We also detected 10 strains of Culex flavivirus
(CxFV) in pools of Cx. quinquefasciatus. Phylogenetic analysis using whole genome
sequences placed the DENV strain into the cosmopolitan 1 sub-DENV-2 genotype, and
the CxFVs into the African/Caribbean/Latin American genotype. These analyses also
showed that the DENV-2 strain detected in the present study was closely related to strains
detected in China in 2014 and in Japan in 2018, which suggests frequent movement of
DENV-2 strains among these countries. Furthermore, the phylogenetic analysis
suggested at least five introductions of DENV-2 into Saudi Arabia from 2014 through
2018, most probably from India.

Conclusions: To our knowledge, this study reports the first detection of four arboviruses
DENV, CFAV, PAFV, and CxFV in mosquitoes in Saudi Arabia, which shows that they are
co-circulating in Jeddah. Our findings show a need for widespread mosquito-based
arbovirus surveillance programs in Saudi Arabia, which will improve our understanding of
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the transmission dynamics of the mosquito-borne arboviruses within the country and help
early predict and mitigate the risk of human infections and outbreaks.

Keywords: Aedes aegypti, Culex flavivirus, Culex quinquefasciatus, dengue virus, insect specific flavivirus

INTRODUCTION

Mosquitoes are the most important arthropod disease vectors in
the world. They transmit malaria parasites, lymphatic filariasis
nematodes, dengue virus (DENV), Chikungunya virus (CHIKV),
Zika virus (ZIKV) virus, Japanese Encephalitis virus, St. Louis
Encephalitis virus, Lacrosse Encephalitis virus, Eastern Equine
Encephalitis virus, Western Encephalitis virus, West Nile virus
(WNV), Mayaro virus, yellow fever virus, Venezuelan Encephalitis
virus and many others worldwide. It is estimated that every year,
approximately 700 million people are diagnosed with a mosquito-
borne disease and approximately one million deaths are attributed
to mosquito-borne diseases (Caraballo and King, 2014). Although
the disease burden of malaria and filariasis has gradually been
alleviated (WHO, 2018), the rapid spread of mosquito-borne
arboviruses and associated epidemics, especially DENV, CHIKV,
and ZIKV, present serious threats to public health worldwide
(Roth et al, 2014). In addition, novel mosquito-transmitted
arboviruses are emerging (Pybus et al., 2002).

At least four arboviruses have been detected in Saudi Arabia:
DENV, Alkhurma hemorrhagic fever virus, Rift Valley fever
virus, and Crimean-Congo hemorrhagic fever virus (Al-Saeed
etal,, 2017). DENV is currently the most prevalent. Interestingly,
Saudi Arabia was traditionally a DENV-free country (Alhaeli
et al., 2016); however, the recent DENV outbreaks in Jeddah,
Makkah (Mecca), and Madinah in the western region (Heilman
et al., 2014; Organji et al., 2017; Mohammed et al., 2018), and in
Jazan in the southwestern region (Alhaeli et al., 2016; Hashem
et al., 2018) suggest widespread circulation and transmission of
the virus in the country. DENV-1 and DENV-2 were the most
prevalent serotypes circulating during the first reported DENV
outbreak in Saudi Arabia in 1994 (Fakeeh and Zaki, 2001; Zaki
et al., 2008). DENV-3 was first detected in 1996 and was the
dominant serotype in the dengue epidemic of 1997 (Fakeeh and
Zaki, 2001). DENV-3 was not detected again for several years,
but was probably circulating at low levels until it was detected
again in 2004 in Jeddah (Zaki et al., 2008) and Makkah (Khan
et al., 2008). Recent studies have shown that the three serotypes
have been sporadically transmitted in Jeddah and Makkah (Al-
Saeed et al., 2017; Organji et al., 2017). Furthermore, the DENV-
4 serotype was found in serum samples from blood donors in
Makkah that were collected between March 2015 and August
2016 (Ashshi, 2017), and DENV-4 infection was detected in a
few cases from Jeddah in 2015 (Al-Saeed et al., 2017). Thus, all
four DENV serotypes may be currently co-circulating in Saudi
Arabia, and, periodical active surveillance in the Ae. aegypti-
prone cities is needed, especially in Jeddah and Makkah, which
constitute the Makkah Almokarramah (Holy) region.

The first documented DENV outbreak in Saudi Arabia was in
Jeddah (289 confirmed cases) in 1994 (Fakeeh and Zaki, 2001).

Jeddah is the second largest city in Saudi Arabia, and has a mean
annual temperature range of 22°C-34°C, and a rainy season at
the end of the year. The hot and humid climate of Jeddah is
suitable for mosquito breeding. In addition, as a coastal city,
Jeddah is rich in underground water and water sanitation is
underdeveloped, which creates plenty of Culex mosquito larval
habitats and is ideal for Cx. quinquefasciatus, the primary vector
of RVFV and WNV (Franklinos et al., 2019). Owing to fresh-
water scarcity, people largely depend on water storage devices as
well as air-conditioning, which creates most of the Ae. aegypti-
preferred larval water containers (natural and man-made)
associated with human dwellings and activities. The city of
Jeddah contains a major Saudi Arabian seaport and harbor, as
well as the main airport on the Red Sea and is less than 100 km
from the Holly City of Makkah. Millions of Muslim pilgrims
from DENV-endemic countries travel through Jeddah to reach
the Holy City of Makkah for the Holy Hajj and Umrah
ceremonies every year. These pilgrims increase the chances of
introducing DENV and other mosquito-borne pathogens into
the city of Jeddah (Zaki et al., 2008; Alhaeli et al., 2016). The
presence of high densities of competent mosquito vector in field
populations, especially Ae. aegypti, in Jeddah puts this city at
high risk of transmission of mosquito-borne viruses, especially
DENV. Notably, more than 73% (3161 cases in total) of the
laboratory-confirmed dengue cases in Saudi Arabia in 2015 were
detected in Jeddah (Hashem et al., 2018). Moreover, the DENV
antibody prevalence among the residents of Jeddah in 2015 was
47.8% (927/1939) (Jamjoom et al., 2016).

The recent studies by Alikhan et al. (2014) have observed that
the relative abundance of Ae. aegypti in and around Jeddah is
increasing (Alikhan et al., 2014), which suggests that the risk of Ae.
aegypti-borne diseases is also increasing. Furthermore, insecticide
resistance to deltamethrin was detected in field populations of Ae.
aegypti in Jeddah and Makkah (Al Nazawi et al., 2017), making the
control of this vector difficult within these cities. To the best of our
knowledge, mosquito-borne disease surveillance in Saudi Arabia is
currently limited to DENV, and this mainly focuses on screening
serum of clinically suspected cases in endemic areas. Mosquito-
based arboviral surveillance programs have not been implemented
and infection rates in mosquito vectors are not routinely
investigated in Saudi Arabia. It is currently unknown whether
mosquito-borne arboviruses than DENV exist in Saudi Arabia.
Thus, establishing mosquito-based arboviral surveillance is
urgently needed to understand the dynamics of mosquito-borne
disease transmission in this region. In the present study, we used
mosquito samples from routine surveillance in Jeddah in the first
half of 2016 to estimate the infection rates of alphaviruses,
flaviviruses, and orthobunyaviruses in mosquitoes, and used
molecular phylogeny to study the genotypes and the possible
geographical origins of these arboviruses.
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MATERIALS AND METHODS
Mosquito Sampling

Routine mosquito surveillance was conducted in Jeddah from
January to June in 2016. The main purpose was to collect
mosquitoes from various vulnerable municipalities for speciation
and detection of viruses, especially DENV and other arboviruses
that might be associated with mosquito species (family Culicidae)
present in Jeddah. Mosquitoes were collected with Black Hole strap
(BioTrap Co., Ltd, Seoul. S. Korea) which uses UV-LED lamps and
photocatalysis to permanently produce carbon dioxide (CO,) to
lure mosquitoes and a fan to suck them up into the collection bag.
The collection was carried out over a 24-h cycle from Sunday to
Thursday and transferred in air-conditioned vehicles to the
laboratory for sorting at 9:00-11:00 AM daily. The specimens
were placed on ice and identified using standard taxonomic keys
(Mattingly and Knight, 1956; Knight and Stone, 1977; Harbach and
Knight, 1980; Harbach, 1985; Reinert, 2000; Rueda, 2004; Al-

Ahmad et al,, 2011). Ambiguous specimens were confirmed by
molecular methods (Fang et al., 2017). Owing to the large number
of adult mosquitoes collected daily, the mosquitoes were randomly
sampled by species, date, and collection locality and pooled with a
maximum of 20 per pool. Pooled mosquitoes were stored in 2-ml
sterile Eppendorf tubes and frozen at —86°C for further nucleic acid
extraction. As a preliminary mosquito-borne virus survey, a total of
450 Ae. aegypti in 25 pools from 12 municipalities and a total of 407
Cx. quinquefasciatus in 24 pools from 10 municipalities in Jeddah
were randomly selected among sentinel sites and processed for virus
detection. Survey sites are shown in Figure 1, from a map generated
by using ArcGIS 10.1 ArcMap software (ESRI, Redlands, CA, USA).

RNA Extraction and Target

Gene Sequencing

Pools of mosquitoes were transferred into new tubes containing
450 pl of TRIzol (Invitrogen, Carlsbad, CA, USA) and
homogenized in a frozen block using a Mixer Mill (Jingxin,

cell fusing agent virus & PAFV detection, respectively.

FIGURE 1 | Map of mosquito collection sites in 2016 in Jeddah, Saudi Arabia. Squares represent collection sites of Aedes aegypti, triangles represent sites of Culex
quinquefasciatus. Color symbols filled with red, yellow, green, and blue represent dengue virus, Culex flavivirus, Phlebotomus-associated flavivirus (PAFV), and co-
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Shanghai, China) with one 3-mm and one 5-mm stainless-steel
bead added. The samples were then centrifuged at full speed
(12,700 x rpm) for 10 mins at 4°C. Then, 350 pl of the
supernatant from each homogenate was added to the
processing cartridge and placed into the MagNA Pure 96
System (Roche, Basel, Switzerland) for automated RNA
extraction as described in a previous study (Fang et al., 2018).
First-strand cDNA was synthesized by reverse transcription
polymerase chain reaction (PCR) using the PrimeScript RT
reagent kit with gDNA eraser (TAKARA BIO, Shiga, Japan).
After the RT reactions, PCR amplification targeting mosquito
18S rRNA was implemented with the primers 185417 and
185920c (Hoffmann et al, 2004) to verify RNA integrity in
each pool. If the control amplification was successful, the
c¢DNA was amplified by semi-nested PCR using a set of
primers (cFD2 and MAMD, cFD2 and FS778) for detection of
the partial NS5 gene of flaviviruses as reported previously
(Scaramozzino et al, 2001). Alphavirus and orthobunyavirus
in mosquito samples were amplified using the primer sets
06533f/0:6999¢ (Bryant et al,, 2005) and BCS82C/BCS332V
(Kuno et al.,, 1996), respectively. The amplified products were
separated by agarose gel electrophoresis, then purified and
sequenced in both directions by Sangon Biotech (Shanghai,
China). Sequences were compared with those available in the
GenBank database using the BLAST program.

Whole-Genome Sequencing

For further analysis of the molecular characteristics and possible
pathogenetic mechanisms of the viruses, the Primer Premier 5.0
(Premier Biosoft International, Palo Alto, CA, USA) was used to
design primers for amplifying the complete genome of DENV
and CxFV. DENV whole-genome sequencing was designed using
the genomic sequence of an Indian isolate (RGCB921/2011) as
reference. To sequence the full-length genome of CxFV, primers
were designed from the Chinese strain PA3_17-6E-P-Cxp-C-1-3
(MN318426). The resulting PCR products were sequenced and
subsequently used to design new Saudi-isolate-specific primers.

Comparison of Virus-Deduced Amino Acid
Sequences

The whole genomes of DENV and CxFV sequenced in this study
were translated into amino acid sequences and aligned with other
homologous sequences retrieved from GenBank using MEGA
v7.0 [31]. Amino acid substitutions unique to the newly
sequenced strains and those different from their closest
sequences were observed.

Phylogenetic Analysis

Multiple sequence alignments were generated using the virus
sequences obtained in the present study and homologous
sequences were retrieved from GenBank using ClustalW2
(Larkin et al., 2007) with default settings and were manually
adjusted as necessary. Neighbor-joining trees were established
following the Kimura’s two-parameter distance model (Kimura,
1980) with 1,000 bootstrap replications using MEGA v7.0
(Kumar et al., 2016). Based on the Akaike Information
Criterion, the best-fit model for the alignment was determined

using Modeltest 3.7 in cooperation with PAUP* v4.0b10
(Wilgenbusch and Swofford, 2003). Consequently, maximum
likelihood and Bayesian likelihood trees were constructed
under the GTR+I+G model for the DENV-2 whole genome,
DENV-2 E gene, and CxFV whole genome, and the TrN+I+G
model for the ISFV NS5 gene. The neighbor-joining and
maximum likelihood trees were constructed using MEGA v7.0
with 1,000 bootstraps. The Bayesian tree was constructed with
MrBayes v3.2.1 (Ronquist et al.,, 2012) on the CIPRES portal
(www.phylo.org/) (Miller et al., 2010) and run for 10 million
generations, with the first 25% of generations discarded as burn-
in. The trees were visualized using Figtree v1.4.2 (http://
tree.bio.ed.ac.uk/software/figtree/).

Infection Rate Calculation

The size of the pools of collected mosquitoes varied considerably;
therefore, infection rates were calculated using bias-corrected
maximum likelihood estimation (MLE) and minimum infection
rate (MIR) using the Excel add-in PooledInfRate v.4 statistical
software package (Biggerstaff, 2006). The rates are expressed as the
number of infected mosquitoes per 1,000 collected mosquitoes.

RESULTS

Mosquito Adult Species Collected

A total of 29,678 Aedes spp. and 739,863 Culex spp. were
collected at Jeddah from January to June in 2016 (Figure 2A).
Fourteen species belonging to four genera were found in the
2,499 identified mosquitoes (Figure 2B). Among them, Cx.
quinquefasciatus accounted for 44.78% (1,119/2,499), Ae.
aegypti accounted for 17.65% (441/2,499), Cx. pipiens
accounted for 15.85% (396/2,499), Anopheles dthali accounted
for 6.56% (164/2,499), and Cx. sitiens accounted for 5.36% (134/
2,499). Nine other species, Ae. vexan arabiensis, Cx.
tritaeniorhynchus, Cx. poicilipes, Cx. theileri, Cx. mattingly, Cx.
tigripes, Cx. perexiguus, Cx. laticinctus, and Ochlerotatus caspius
were collected, but in extremely limited numbers.

Detection of Flavivirus in Mosquito Pools
Collected in Jeddah

Twenty-five pools of Ae. aegypti from 12 municipalities and 24
pools of Cx. quinquefasciatus from 10 municipalities were randomly
selected for virus detection. Control amplifications of the 18S rRNA
mosquitoes were successful in all detected pools. The BLAST
homology results showed that 14 pools were positive for flavivirus
NS5, whereas neither alphavirus nor orthobunyavirus were detected.
One pool of Ae. aegypti was DENV-2 positive, two pools of Ae.
aegypti were Phlebotomus-associated flavivirus (PAFV) positive
and one pool of Ae. aegypti was co-positive for PAFV and CFAV.
CxFV was detected in 10 pools of Cx. quinquefasciatus. All
generated sequences were deposited in GenBank (GenBank
accession numbers: MN294937-MN294953). Details regarding
virus species, host species, collection information, and GenBank
accession numbers are listed in Table 1. The collection locations of
flavivirus-positive pools are shown in Figure 1.
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Sequence Analysis and Phylogenetic
Characterization of the DENV-2 Strain
Isolated From Jeddah

The newly detected DENV-2 strain was isolated from an Ae.
aegypti pool collected from the Bani-Malek-4 District, Al-
Sharafyia municipality, Jeddah, in February 2016. The length
of the whole genome of DENV-2 (SA-AS-BM4-16-2-A9 strain,
MN294937) was 10,723 nt, with an open reading frame coding
for 3,392 amino acids flanked by 96 nt and 451 nt at the 5’UTR
and 3'UTR, respectively. The complete genome was amplified by
a total of 17 pairs of overlapping primers (see Supplemental
Material Table S1). In the BLAST results, the complete genome
shared the highest nucleotide identity (98.91%) with the Indian
isolate RGCB921/2011 (KY427085) collected in 2011, whereas
the genome was slightly distant from that detected in Jeddah in
2014 (Jeddah-2014 strain, KJ830750) with an identity of 97.19%.
In the phylogenetic tree based on DENV-2 complete genomes of
106 strains from various sources, six previously described
genotypes (Sylvatic, American, American/Asian, Asian 1, Asian
2, and Cosmopolitan) clustered independently with strong
bootstrap support (Figure 3). Both DENV-2 strains with
complete genomes from Saudi Arabia belonged to the
Cosmopolitan genotype. Specifically, the two strains were
clustered within the Cosmopolitan 1 (C1) sub-genotype which
includes strains from India and Sri Lanka in Southeast Asia and
Burkina Faso in West Africa. There were 10 other DENV-2
strains with complete envelope (E) gene sequences available in
GenBank. When combined with the two DENV-2 strains with
whole genomes, in the phylogenetic tree of the DENV-2 E gene
(Figure 4), the Saudi strains fell into two lineages. Except the 237
isolate (AM746226) which was isolated in 1994 clustered in the
Cosmopolitan 2 (C2) lineage, the other strains were clustered
within the C1 lineage. The 237 isolate was closely clustered with
sequences from Burkina Faso, and sister to the strain from
Indonesia (GQ398258) which was detected in 1975.

Comparing the deduced amino acid sequences of the SA-JD-
AS-BM4-16-2-A9 and Saudi-2014 strains, there were 33 non-
synonymous changes distributed in capsid (C, 3 positions), pre-
membrane (prM, 2 positions), E (3 positions), non-structure 1
(NS1, 2 positions), NS2A (3 positions), NS2B (1 position), NS3
(3 positions), NS4A (1 position), NS4B (3 positions), and NS5
(11 positions) proteins. Most of the changes were observed in the
NS5 region of the viral protein with only 1-3 substitutions
observed in other proteins. The details of the differences of
each position are provided in Supplemental Material Table S2.
Among them, five amino acid substitutions were found to be
unique in the SA-JD-AS-BM4-16-2-A9 strain, (ie., different
from the other DENV-2 strains), including '**Gly—Ser,
9 Arg—Tle, ***lle—Val, *''*Cys— Phe, and ***’Val—Gly.

It was concluded that the six substitutions on the E protein
inducing the Cosmopolitan genotype were separated from other
genotypes (Twiddy et al., 2002). Of these substitutions of the 12
Saudi DENV-2 E protein sequences, substitutions on
"'Glu—Ala, '"**His—Asn, and ***Ile—Val were observed in all
strains. >*’Asn—Ser and '**Ile— Val substitutions were detected
in all strains except for the 237 isolate (AM746226), whereas the
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'2°Ile—Val substitution was only observed in the 237 isolate.
This discrepancy was probably due to the differences between the
two sub-genotypes (Cl and C2) of the Cosmopolitan genotype.

Sequence Analysis and Phylogenetic
Characterization of CxFV Genotypes

The length of the CxFV (SA-JD-AJ-AJ-16-1-C7 strain,
MN294938) whole genome was 10,799 nt, amplified by a total
of 11 overlapping primers (Supplemental Material Table S3),
with an open reading frame coding for 3,362 amino acids flanked
by 71 and 639 nt at the 5'UTR and 3'UTR, respectively. It was
closely related to the Mexican CxFV-Mex07 strain (MH719098)
with a similarity of 97.57%. In the phylogenetic tree of the CxFV
whole genome (Figure 5), those isolated from Asia and the USA,
and those from Africa, the Caribbean, and Latin America formed
two separate clades that represented two genotypes. The SA-JD-
AJ-AJ-16-1-C7 strain was clustered within the African/
Caribbean/Latin American genotype. As expected, all 10 Saudi
CxFVs with NS5 sequences were clustered in the clade of CxFV's
from Africa, the Caribbean, and Latin America in the ISFV NS5
tree (Figure 6).

At the deduced polyprotein level, the Saudi-CxFV strain (SA-
JD-AJ-AJ-16-1-C7, MN294938) and its most closely related
strain from Mexican (CxFV-Mex07, EU879060) exhibited 17
amino acid substitutions evenly distributed in both structural
and non-structural proteins, including C (2 positions), prM (1
position), E (2 positions), NS1 (1 position), NS2A (1 position),
NS2B (2 positions), NS3 (3 positions), NS4B (2 positions), and
NS5 (3 positions) proteins (Supplemental Material Table S$4).
Among them, eight substitutions were unique in the Saudi CxFV
strain: 3’Lys—>Arg, 325 Asn—Ser, #3Ser—Ala, '*®°Ser—Phe,
1468 Ala—Val, 1902Arg—>Thr, 2404ger— Ala, and **®*Leu—Phe.

Phylogenetic Analysis of PAFV and CFAV
Sequences

We compared the 261-nt NS5 sequence of the three flavivirus-
positive pools from Ae. aegypti against genomic sequences in
GenBank using BLAST. The small NS5-specific sequence
fragments of the three flavivirus pools detected in Ae. aegypti
showed over 99.36% identity with two short sequences amplified
from Ae. aegypti (PoMoFlav_R1026 strain, HQ676625, 180 nt)
and the sand fly Phlebotomus perniciosus (Alg_F19 strain,
FJ817075, 157nt). In the phylogenetic tree of the ISFV NS5
gene (Figure 6), they formed a sister clade with other ISFVs
isolated from Aedes species. The BLAST homology search results
showed that, at the nucleotide level, another NS5 sequence
from one of the three PAFV-positive pools in Ae. aegypti
exhibited 96.17% identity with the CFAV Galveston strain
from the USA (NC_001564). In the phylogenetic tree of the
ISFV NS5 gene (Figure 6), this sequence was clustered within the
CFAV lineage.

Infection Rates of Flaviviruses in
Mosquitoes

The infection rates of flaviviruses in mosquitoes from Jeddah,
estimated by bias-corrected MLE and MIR, are shown in Table 2.
The overall MLE values (with 95% confidence intervals) of
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FIGURE 3 | Phylogenetic tree generated by Bayesian analysis of dengue virus 2 (DENV-2) complete genome. The GenBank accession number, virus genotype,
strain, collection country and year are noted. The DENV-2 sequences from Saudi Arabia are marked in red. Bootstrap values (1,000 replicates, not shown for less
than 75%) of Bayesian analyses, maximum likelihood and neighbor-joining are shown above the main lineages. The scale-bar indicates 0.1 substitutions per site.
Sequences referable to the same genotype are shaded with the same colors in the tree. AA, American/Asian; Al, Asian 1; All, Asian 2; AM, American; C,
Cosmopolitan; S, Sylvatic.
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FIGURE 4 | Phylogenetic tree generated by Bayesian analysis of dengue virus 2 (DENV-2) Cosmopolitan genotype complete envelope gene. The GenBank
accession number, virus sub-genotype, strain, collection country and year are noted. The DENV-2 sequences from Saudi Arabia are marked in red. Bootstrap values
(1,000 replicates, not shown for less than 75%) of Bayesian analyses, maximum likelihood and neighbor-joining are shown above/below the main lineages. The
scale-bar indicates 0.01 substitutions per site. Dark gray and light gray indicate DENV-2 Cosmopolitan 1 sub-genotype and DENV-2 Cosmopolitan 2 sub-genotype,
respectively. C1, Cosmopolitan 1 sub-genotype; C2, Cosmopolitan 2 sub-genotype.

DENV, PAFV, and CFAV, expressed as the number of infected
mosquitoes per 1,000 Ae. aegypti, were 2.22 (0.13-10.80), 6.93
(1.84-18.84), and 2.22 (0.13-10.80), respectively. The MLE of the
CxFV per 1,000 in Cx. quinquefasciatus was 30.39 (15.75-54.61).

DISCUSSION

DENV-2 consists of six genotypes: sylvatic, American,
Cosmopolitan, Asian 1/Asian 2, and Asian/American, in
evolutionary order (Waman et al,, 2016). In the phylogenetic
tree of the DENV-2 whole genome (Figure 3), the SA-JD-AS-
BM4-16-2-A9 strain belonged to the DENV-2 Cosmopolitan
genotype and was further classified into the CI1 sub-genotype.
The C1 sub-genotype mainly circulates in the Indian
subcontinent (Kumar et al., 2010). Based on the tree, this sub-
genotype probably originated from India, spreading eastward to
the Yunnan and Fujian Provinces, China, southward to Sri Lanka
and Singapore, and radiating westward toward Pakistan and
Saudi Arabia. The other sub-genotype of the Cosmopolitan
genotype is the C2 sub-genotype, which has been reported in a
diverse range of geographical areas worldwide (Twiddy
et al., 2002).

From the tree based on the E gene of DENV-2 Cosmopolitan
genotype (Figure 4), 12 strains that were detected in Saudi
Arabia using the complete E gene available in GenBank were
dispersed in five different clusters of the Cosmopolitan genotype.
The 12 strains were collected over 25 years. Eleven of them
belonged to the C1 sub-genotype, whereas one was classified to
the C2 sub-genotype. The tree indicates at least five independent
DENV-2 introduction events into Saudi Arabia (Figure 4). Three
of them occurred before 1994 and two occurred before 2014.
Almost all of them were related to the strains from the Indian
subcontinent, supporting the speculation that the prevalence of
DENV in Saudi Arabia is mainly associated with religious
pilgrimages and Umrah (Alhaeli et al., 2016; El-Kafrawy et al,,
20165 Al-Saeed et al., 2017). Jeddah governorate is a major coastal
city and harbor on the Red Sea. The newly-detected strain SA-
JD-AS-BM4-16-2-A9 was obtained from mosquitoes collected in
a building under construction in the Bani-Malek-4 District, Al-
Sharafyia Municipality, which is only 15 km away from the King
Abdulaziz International Airport. Notably, in the phylogenetic
tree, it is clustered with the strain D2/Hu/SaudiArabia/NIID/22/
2018 (LC416035) detected from a Japanese traveler returning
from Saudi Arabia in 2018 (Matsui et al., 2019), and was sister to
the strain D2/Saudi Arabia/1407aTw_Saudi Arabia (KT175140)
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FIGURE 5 | Phylogenetic tree generated by Bayesian analysis of Culex flavivirus (CxFV) complete genome. The GenBank accession number, host species and origin
are noted. The CxFV sequences obtained in this study are marked in red. Bootstrap values (1,000 replicates, not shown for less than 75%) of Bayesian analyses,
maximum likelihood and neighbor-joining are shown above the main lineages. The scale-bar indicates 0.01 substitutions per site. Dark gray and light gray indicate
CxFV Asian/USA genotype and Africa/Caribbean/Latin America genotype, respectively.
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isolated from a suspected dengue patient from Taiwan, China, in
2014, who had traveled to Saudi Arabia (Chang et al, 2016). It
can be inferred that this ‘newly’ detected DENV-2 strain was
probably introduced by pilgrims or working expats in Saudi
Arabia before 2014, subsequently evolving and circulating in
local areas. This strain and its relatives not only infected local
vectors but also spread from Saudi Arabia to other countries
before it was even detected in Saudi Arabia, reflecting the lack of
mosquito-borne disease surveillance in Saudi Arabia. It is
important to note that seasonal pilgrimage and Umrah are
important factors for introduction of DENV into Saudi Arabia.
However, millions of expats from Africa and Asian dengue-
endemic countries (Southeast Asia and Indian subcontinent) live
and work in Saudi Arabia, which is also a major mechanism of
virus introduction/exportation.

The potentially high transmission capacity of the strain SA-
JD-AS-BM4-16-2-A9 is indicated by the discovery of the earliest
detected strain in this cluster in India in 2011. In the next four
years, its relatives spread to Singapore (2013), Saudi Arabia
(2014), and China (2015) (Figure 4). Among the four
serotypes, DENV-2 has been associated with severe dengue
cases and is usually the most frequent cause of dengue
outbreaks worldwide (Ricohesse, 2003; Cologna et al., 2005).
However, only E gene sequences for both strains exported from
Saudi Arabia were available in GenBank. No unique
substitutions on the E protein of these three strains were
observed. Full viral genome sequencing is an important tool
for understanding both viral evolution and the mechanisms

underlying viral virulence (Christenbury et al, 2010). Thus,
further research is required to clarify whether the unique
substitutions of the strain SA-JD-AS-BM4-16-2-A9 detected
here at the whole genome level are functionally important in
terms of increasing virulence, affecting dispersal patterns, or
increasing the selection pressure on the host, vector, or both. The
substitution of **’ Asn—Ser on the E protein was observed in all
11 DENV-2 C1 strains from Saudi Arabia. This substitution has
previously been implicated in altering virulence and cellular
tropism, and may lead to changes in transmissibility (Sanchez
and Ruiz, 1996; Leitmeyer et al., 1999; Twiddy et al., 2002).

In the phylogenetic tree of the DENV-2 whole genome (Figure
3), each genotype formed a distinct clade, except two strains from
Borneo (D2Sab2015 strain, KY923048; and QML22 strain,
KX274130). Both were imported to Australia in 2015 and were
temporarily classified as DENV-2 based on serologic tests but are
highly divergent and basal to all other genotypes of DENV-2 (Liu
et al, 2016; Pyke et al, 2017). Their phylogenetic position, as
confirmed in the present study, is distant from human and
sylvatic strains. However, both of their nucleotide sequences had
~76.50% identity compared to other DENV-2 strains, which is a bit
more than the threshold of sequence differences between serotypes
(65-70%) (Green and Rothman, 2006). In addition, in 2014, the
most divergent DENV-1 was recorded from a viremic patient who
had visited the rainforest of Brunei, Borneo and then returned to
Australia (Pyke et al., 2016). Given that a series of highly divergent
DENV strains have been found in Borneo in recent years, Borneo
probably has a high DENV diversity.
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Culex flavivirus; YDFV, Yamadai flavivirus; YNCxFV, Yunnan Culex flavivirus.

FIGURE 6 | Phylogenetic tree generated by maximum likelihood analysis of insect-specific flavivirus (ISFV) partial non-structural 5 gene. Sequences referable to the
same host-genus (except for the Phlebotomus-associated flavivirus) are shown with the same colors in the tree. The ISFV sequences obtained in this study are
marked in red. Bootstrap values (1,000 replicates, not shown for less than 75%) of maximum likelihood; Bayesian analyses and neighbor-joining are shown above
the main lineages. The bar indicates 0.1 substitutions per site. AEFV, Aedes flavivirus; CFAV, cell fusing agent virus; CTFV, Culex theileri flavivirus; CxFV, Culex
flavivirus; HANKYV, Hanko virus; KRV, Kamiti River virus; NAKV, Nakiwogo virus; PAFV, Phlebotomus-associated flavivirus; QBV, Quang Binh virus; SCxFV, Spanish

TABLE 2 | Maximum likelihood estimation (MLE) and minimum infection rate (MIR) of flavivirus in mosquitoes from Jeddah, Saudi Arabia in the first half 2016.

Detected virus No. individuals No. pools No. PP PP rate (%) MLE (95% CI) MIR (95% CI)
Aedes aegypti

DENV-2 450 25 1 4.00 2.22 (0.13-10.80) 2.22 (0.00-6.57)
PAFV 450 25 3 12.00 6.93 (1.84-18.84) 6.67 (0.00-14.19)
CFAV 450 25 1 4.00 2.22 (0.13-10.80) 2.22(0.00-6.57)
Culex quinquefasciatus

CxFV 407 24 10 41.67 30.39 (15.75-54.61) 24.57 (9.53-39.61)

CFAV, cell fusing agent virus; Cl, confidence interval; CxFV, Culex flavivirus;, DENV, dengue virus; PAFV, Phlebotomus-associated flavivirus, PP, positive pool.

The estimated infection rate of DENV in Ae. aegypti was 2.22 per
1,000 individuals in Jeddah. However, this result is probably
underestimated because we did not use the homogenate of
mosquito pools to infect mosquito cell lines. A relatively low viral

load in mosquitoes is difficult to detect by direct RNA isolation. In
addition, although the mosquito samples were transported at low
temperature, the viral RNA might have degraded with the cycles of
freezing and thawing and long-distance transportation.
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Insect-specific flaviviruses (ISFVs) are flaviviruses that have
been detected in mosquitoes with no-known vertebrate host (Cook
et al,, 2012). Many ISFVs have been detected in this century
(Crabtree et al., 2003; Cook et al., 2006; Hoshino et al., 2007;
Crabtree et al., 2009; Chen et al., 2013). There were 14 strains of
ISFVs belonging to CxFV, PAFV, and CFAV reported in the
present study. Culex flavivirus is the most diverse and prevalent
ISFV detected so far and can be divided into two genotypes. One is
prevalent in Asia and the USA and is mainly detected in Cx. pipiens
but is also found in Cx. quinquefasciatus, Cx. tritaeniorhynchus,
and An. sinensis; the other is distributed in Africa, the Caribbean,
and Latin America, sharing the same host (Cx. quinquefasciatus)
(Bittar et al., 2016). Sequence alignment and phylogenetic analysis
of the NS5 gene of 10 Saudi CxFV strains showed that they have
more than 96.56% (96.56-99.62%) nucleotide identity and were
clustered in the clade that included strains from Africa, the
Caribbean, and Latin America. Here, the African/Caribbean/
Latin American genotype was detected in the Middle East,
indicating that this CxFV genotype could be transmitted and
sustained in geographically distant countries. The prevalence of
CxFV in Cx. quinquefasciatus was high in Jeddah. Among the 24
pools of Cx. quinquefasciatus, 10 were positive for CxFV. The MLE
infection rate was 30.39 per 1,000 mosquitoes, which is much
higher than that in the Cx. pipiens (1.34) population from
Shanghai, China (Fang et al., 2018). The MIR (24.57) of CxFV in
Jeddah is comparable to that in the Yucatan Peninsula of Mexico
(20.8) (Farfan-Ale et al., 2009), whereas it was 4.7 per 1,000 in
Guatemala, which is near the Yucatan Peninsula (Morales-Betoulle
et al,, 2008). It has been reported that infection with CxFV may
increase the WNV infection rate (Kent et al., 2010; Newman et al.,
2011). Whereas; some other studies showed that prior infection of
ISFVs will suppress subsequent replication of mosquito-borne
flaviviruses associated with human diseases (Hobsonpeters et al.,
2013; Goenaga et al., 2015). Further study is needed to investigate
whether the presence of ISFVs represent a potential threat to
human or animal health.

Phlebotomus-associated flavivirus was first recorded in samples
of P. perniciosus collected in Algeria between August 2006 and July
2007 (Moureau etal., 2010). PAFV was named after the genus of its
host species, similar to other ISFVs, but is the sole ISFV that was not
named after a mosquito genus. Two strains of ‘mosquito flavivirus’
were detected in Ae. aegypti from Madeira Island, Portugal in 2010
and 2013 (Osorio et al,, 2014). Together with the three strains
detected in the present study, these strains were clustered as a
monophyletic clade distinct from other Aedes flaviviruses based on
the phylogenetic analysis of a partial NS5 gene (Figure 6). Since this
ISFV was first detected in sand flies, and the name ‘mosquito
flavivirus’ would be confused with other flaviviruses, we designated
the three new ISFV strains as PAFV. Most ISFV vectors are genus-
or species-specific. CxFVs have diverse hosts and are not only
restricted to Culex species but were also once found in An. sinensis
(Liang et al., 2015), representing intergeneric infection. Moreover,
PAFVs have been detected in both P. perniciosus and Ae. aegypti,
indicating trans-family diffusion. Most of the physiological and
ecological dynamics of ISFVs, including their maintenance cycles
in nature, remain unknown (Hoshino et al., 2009). PAFVs have

been found in the Mediterranean and Red Sea regions (Moureau
et al,, 2010; Osorio et al., 2014), which might indicate that these
habitats are suitable for the transmission of PAFV and provides
evidence to suggest that the transmission of ISFVs in sympatric
species is potentially linked to a common source of infection,
especially through feeding (Cook et al., 2009; Calzolari et al., 2016).
However, the sequences of PAFVs available in GenBank for strains
from Algeria and Portugal are short (<200 nt in length). We did not
successfully sequence the whole genome of PAFV, mainly owing to
the low concentration of PAFV RNAs in vectors collected from
Jeddah and the lack of a reference genome. Nevertheless, it is
important to obtain the whole genome of PAFV to further analyze
its trans-family diffusion in insects and the underlying
infectious mechanisms.

Cell-fusing agent virus was the first ISFV detected, and was
foundinan Ae. aegypti cellline in 1975 (Stollar and Thomas, 1975).
A strain of CFAV co-detected with PAFV in a pool of Ae. aegypti
was observed in the present study. Since the pool contained 18
mosquitoes, it is possible that the two different ISFV's infected two
or more individuals of Ae. aegypti; however, the possibility that the
two ISFVs co-infected the same mosquito cannot be ruled out. It
was reported that mosquitoes infected with ISFVs might be more
susceptible to pathogenic flaviviruses (Crabtree et al., 2009;
Vazquez et al,, 2012). Whether the effect of superinfection exists
in ISFVs is unclear. Other CFAVs have been found in Galveston,
USA and Puerto Rico, and in the present study were detected in
Jeddah. Although these CFAYV isolates are geographically distant,
the latitude of their collection sites is comparable. This indicates
that the distribution of CFAVs might be influenced by climate,
similar to the two CxFV genotypes (Bittar et al., 2016).

One major limitation of our study is the small sample size of
mosquitoes used for virus detection. Among the 49 mosquito
pools, 14 were flavivirus-positive, whereas the actual mosquito-
borne virus in Jeddah is probably more diverse and of higher
prevalence. Since the potential in the supernatant of mosquito
homogenate viruses have not been cultivated in mosquito or
human cell lines and might degrade during long-term storage for
direct RNA extraction, the low concentration or titer of a given
virus in mosquito homogenates would influence the results of
pathogen detection. In addition, we did not detect any DENV-1,
DENV-3, or DENV-4 in the tested samples, possibly owing to
the low circulation of these viruses and a small sample size of
host mosquitoes, but they might co-circulate in local areas.
Wider sampling and virus isolation for mosquito-borne disease
surveillance in Jeddah and other regions of Saudi Arabia should
be carried out for a more comprehensive understanding of the
virus diversity, infection rates, transmission routes, virulence,
and pathogen mechanisms in this region.

In conclusion, one human-pathogen DENV and three different
ISFVs, including CFAV, PAFV, and CxFV, were detected in
local dominant mosquito vector species Ae. aegypti and Cx.
quinquefasciatus of Jeddah, western Saudi Arabia. To the best of
our knowledge, this study is the first to report viral detection in field-
caught mosquitoes in Saudi Arabia. The newly detected DENV
strain belonged to the C1 sub-genotype of DENV-2, possessing five
unique amino acid substitutions. The phylogenetic analyses
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revealed that most introduction events of DENV-2 to Saudi Arabia
were related to strains from the Indian subcontinent, indicating that
the DENV prevalent in Saudi Arabia is associated with religious
pilgrimages and resident working expats from Asian dengue-
endemic countries. The phylogenetic analyses further indicated
that relatives of the detected DENV-2 strain in Jeddah were
probably exported to Taiwan, China and Japan in 2014 and 2018,
which suggests that DENV prevalence in Jeddah is probably more
complex than previously thought, and will become even worse with
the increasing frequency of international travel by air and sea,
especially without efficient surveillance of mosquito-borne diseases.
Strategies for mosquito-borne pathogen control should not only
focus on the pilgrims and travelers from DENV-endemic areas for
the potential risk of DENV introduction into Saudi Arabia but also
on prevention of the exportation of locally circulating virus
genotypes to other countries when these visitors return home.
The high prevalence of CxFV in Cx. quinquefasciatus from
Jeddah suggests that CxFV is widespread in this region, which
may increase the risk of infection with WNV (Kent et al., 2010;
Newman et al,, 2011), representing a potential threat to human or
animal health. The preliminary findings reported herein with
randomly selected small mosquito samples highlight that wide-
ranging, systematic, and continuous molecular monitoring of
mosquito-borne circulating viruses in vectors is urgently needed.
This would provide a comprehensive understanding of virus
diversity, geographic distribution, evolution, shifts in circulating
genotypes, and infection rates in Jeddah and other regions of Saudi
Arabia and allow for accurate and timely estimations of the true
disease burden and prevalence of dengue and other emerging/re-
emerging mosquito-borne pathogens. This is essential to support
the decision-making process regarding appropriate prevention and
control strategies in Saudi Arabia, the Arabian Peninsula, and the
whole Middle East region.
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Initial malarial infection mostly causes symptomatic illness in humans. Infection that is not fatal
induces complete protection from severe ilness and death, and thus complete protection
from severe ilness or death is granted with sufficient exposure. However, malaria parasite
immunity necessitates constant exposure. Therefore, it is important to evaluate lowered
immunity and recurrent susceptibility to symptomatic disease in lower transmission areas. We
aimed to investigate selection pressure based on transmission levels, antimalarial drug use,
and environmental factors. We whole genome sequenced (WGS) P. falciparum clinical
samples from Chinese hosts working in Ghana and compared the results with the WGS
data of isolates from native Ghanaians downloaded from pf3k. The P. falciparum samples
were generally clustered according to their geographic origin, and Chinese imported samples
showed a clear African origin with a slightly different distribution from the native Ghanaian
samples. Moreover, samples collected from two host populations showed evidence of
differences in the intensity of selection. Compared with native Ghanaian samples, the
China-imported isolates exhibited a higher proportion of monoclonal infections, and many
genes associated with RBC invasion and immune evasion were found to be under less
selection pressure. There was no significant difference in the selection of drug-resistance
genes due to a similar artemisinin-based combination therapy medication profile. Local
selection of malarial parasites is considered to be a result of differences in the host immunity or
disparity in the transmission opportunities of the host. In China, most P. falciparum infections
were imported from Africa, and under these circumstances, distinct local selective pressures
may be caused by varying acquired immunity and transmission intensity. This study revealed
the impact of host switching on the immune system, and it may provide a better
understanding of the mechanisms that enable clinical immunity to malaria.

Keywords: Plasmodium falciparum, Ghana, imported malaria, variant surface antigen, positive selection,
acquired immunity
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INTRODUCTION

Malarial parasites have yielded to the selection pressure of host
immune systems after coexisting and interacting with their hosts
for over 150 million years. (Carter and Mendis, 2002). It is well
known that the immune system of a human host can block
parasite development at different stages; but, malarial parasites
have long been evolving in response to threats from multiple
immune mechanisms (Rénia and Goh, 2016). It is expected that
new immune escape mechanisms will constantly be uncovered.
Although not always, initial malaria infection tends to cause
symptomatic illness in humans. (Ryg-Cornejo et al., 2016). In
this process, infants may develop lethal febrile illness, but adults
acquire complete protection from severe illness or death, even
though some believe that sterile immunity can never be achieved
(Simon et al., 2015).

Over the last decade, the number of malaria cases globally has
reduced by at least half, and many of the malaria endemic countries
around the world will navigate gradual elimination with predictable
results (Ariey et al, 2019). Similar to other pathogens, parasite
immunity is acquired through constant exposure. Therefore,
research has focused on lowered immunity and recurrent
susceptibility to symptomatic disease in lower transmission areas
(Barry and Hansen, 2016). During this long-term fight between
humans and malaria, almost all surface antigens of the parasite
have been tested for vaccine development, and their extensive
polymorphisms from geographical distribution are considered to
slow down the development of acquired immunity (Doolan et al.,
2009; Barry and Arnott, 2014).

Researchers noted that selection pressure on parasites varies
with location due to several reasons, including varying
transmission ecology, innate susceptibility of mosquitoes or
human hosts, degrees of acquired immunity in humans, and
drug pressure in certain areas (Crompton et al., 2014). Duffy
et al. emphasized that in highly endemic areas, malaria faces
genotype competition due to superinfections, with stronger host
acquired immune responses (Duffy et al., 2015). More genome-
wide analyses of P. falciparum confirmed this conclusion and
revealed a significant global population structure (Manske et al.,
2012; Zhu et al.,, 2019).

After decades of efforts to control this illness, China has
reduced its malaria burden from 2,961/100,000 population in
1970 to 0 in 2017, and aims to eliminate malaria nationwide
(Feng et al,, 2018). Today, the burden weighs mostly in Sub-
Saharan Africa, where the largest prevalence rates are found
(Mbacham et al., 2019; Papaioannou et al., 2019). Researchers
reported 8,653 P. falciparum imported cases from 2011 to 2015.
These cases were imported from 41 sub-Saharan countries into
China, leading to 98 deaths, mostly of Chinese laborers (Lai
et al,, 2016).

Abbreviations: ACTs, artemisinin-based combination therapies; iHS, integrated
haplotype score; PCA, Principal component analysis; PEMP1, P. falciparum
erythrocyte membrane protein 1; RBCs, red blood cells; RIFINs, repetitive
interspersed families of polypeptides; STEVOR, subtelomeric variant open
reading frame; VSAs, variant surface antigens; XP-EHH, cross-population
extended haplotype homozygosity.

To test whether differences in selection emerge due to different
hosts, patterns relating to both transmission level and drug use and
environmental variations, Ghanaian P. falciparum samples from
two different human host populations were analyzed. Clinical
isolates from Chinese patients who either worked or have worked
in Ghana were whole genome sequenced (WGS) and compared
with the WGS data from native Ghana residents downloaded from
pf3k (https://www.malariagen.net/projects/pf3k). Our clinical
isolates were collected during a large-scale outbreak of imported
malaria in 2013 (Li et al,, 2015). Isolated parasites resembled those
from the Ghanaian population. Our comparative analysis also
revealed extensive genetic diversity, different selection signatures,
and host adaptation-focused genomic plasticity.

In this study, we scanned the difference in P. falciparum genes
under selection pressure to evaluate the impact of declining
transmission on clinical immunity. Samples collected from two
host populations showed evidence of differences in selection
intensity. The imported population exhibited a higher
proportion of monoclonal infections, and many genes
associated with RBC invasion and immune evasion were found
to be under low selection pressure. Our results deepen our
understanding of factors that might drive clinical immunity
against malaria.

MATERIALS AND METHODS

Sampling P. falciparum Parasites and
Genome Sequencing

A malaria outbreak comprising 874 patients was reported in
Shanglin County, China in 2013, and 871 of these patients were
confirmed to be overseas laborers who had returned from Ghana.
Blood samples were collected from these imported cases; all
samples tested microscopically positive, and a PCR confirmed
single P. falciparum infection. However, after rapid on-site
disposal and treatment, only nine samples with high parasite
density were retained for follow-up sequencing. DNA was
extracted from blood samples using the QIAGEN DNeasy
Blood & Tissue Kit (Qiagen, UK), and sheared into 500 bp
fragments to construct the libraries with Covaris S2 (Covaris,
Inc., USA) instrument. All libraries on Illumina X-10 were
sequenced and generated an average of 109M (34-540 M)
paired-end reads of 150 bp. All Illumina raw sequencing reads
were submitted to the Chinese National Sharing Service Platform
for Parasite Resources. In addition, we downloaded the P.
falciparum 3D7 reference sequence from the PlasmoDB
database (Aurrecoechea et al., 2008).

All sequenced raw reads were filtered by removing the adapter
and low-quality sequences with Trimmomatic-3.0 (Bolger et al.,
2014) and mapped to the 3D7 reference sequence using Burrows-
Wheeler Aligner (Li and Durbin, 2010). Genotyping was
performed using in-house R script based on GATK4 best-
practice workflows and recalibrated with pf3k standard
known-site files (Mckenna et al, 2010). High-quality single
nucleotide polymorphism (SNP) data were derived by
excluding SNPs with >5% missing calls in each sample;
missing calls were defined as positions with <2 reads. We
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downloaded high-quality SNP data from 92 indigenous Ghana P.
falciparum isolates collected in 2013 from the PF3k project to build
the reference data set (Amenga-Etego, 2012; Mensah-Brown
et al,, 2015).

Population Structure, Genetics Analysis,
and Selection Tests

We assessed the population structure using both, the global
collection and our imported isolates. Principal component
analysis (PCA, Person n-1) was performed using the R4.02
package. Analysis of the ancestry shared between individual
isolates was performed using the ADMIXTURE package
(Alexander and Lange, 2011) to check the relationship between
the China-imported and native Ghanaian isolates and their
respective populations. In these analyses, the SNP dataset was
filtered to exclude each locus with a minor allele frequency
(MAF) of <5% for all positions, which had been restricted to
loci that appeared at least once in both our samples and
the references.

In this study, we used the within-isolate Fyys fixation index to
determine the within-infection genomic diversity in relation to
the total population using the bahlolab/moimix R package (Lee,
2015). Isolates with an Fyyg score of 1 were considered as a single
predominant genotype. Two of the samples in our study had
genetically mixed infections (Fywgs <0.95), analogous to
inbreeding coefficient. We then checked the heterozygosity
calls to evaluate genotypic errors. For two or more segregating
allele loci across the two samples, we discarded the minority calls
(the allele with low read depth) and retained the major allele
only. Without hypnozoite-induced relapses, genetic complexity
was considered to not likely affect our genetic analysis process.

In the population genetics section, we followed the evolution
analysis pipeline from an earlier study, in which genome-wide
variation was undertaken on clinical isolates from highly endemic
regions of Guinea and compared with those of Gambia (Mobegi
etal, 2014). We estimated the nucleotide diversity (7 ), Watterson’s
estimator (é ), genetic differentiation (Fsr), and Tajima’s D value
across all of the genes in ARLEQUIN-Ver3.5 (Excoffier and Lischer,
2010) on the SNP dataset of both populations.

Meanwhile, we used the integrated haplotype score (iHS) test
to calculate the standardized log ratio of integrated extended-
haplotype homozygosity on nine imported samples in Selscan-
Verl.10a (Szpiech and Hernandez, 2014). The XP-EHH test was
also performed using the same software to obtain the standardized

log ratio of the integrated site-specific EHH between the China-
imported and the native Ghanaian populations.

RESULTS

Genomic Data Summary

Variant call format (VCF) files of 92 indigenous Ghanaian P.
falciparum isolates collected in 2013 were downloaded from the
PE3k project (www.malariagen.net/pf3k) to build the reference
data set. After the quality control process was completed, a total
of nine samples with high-quality genomic data was included in
the analysis. The samples generated paired-end reads with an
average read length of 150 bp. A variable proportion of reads
from the nine isolate samples were mapped to the P. falciparum
3D7 reference. An average of 95% convergence in the whole
genome was defined as high-quality consensus base calls. Using
the GATK Genotype, we uncovered a total of 109,173 SNP loci,
of which <5% contained missing calls (Table 1).

Complexity of Infection

We checked the within-sample parasite diversity of the imported
samples to determine the proportion of single-genotype isolates.
An Fyys value of >0.95 indicates that an infection predominantly
contains a single genotype; thus, a higher proportion of imported
samples were monoclonal infections. The distribution of Fyys
scores was similar across isolates, ranging from 0.73 to 0.97
(mean 0.92). Seven isolates had Fyyg values above 0.95, indicating
that the samples were centered on single genotypes. Within each
isolate, the majority allele at each SNP was included in the
population-based allele frequency analysis.

Population Structure of P. falciparum
Isolates

We applied PCA to the SNPs to compare the population
structures with reference samples from around the world
(Figures 1A, B). The P. falciparum samples clustered generally
according to their geographic origin, and the samples collected
from different hosts were divided along the major axis. The
imported cases showed a clear African origin, and a similar, yet
by no means identical, distribution with the native Ghanaian
samples. The ADMIXTURE analysis identified several parts that
correspond to each component of the samples (Figure 1C). In
accordance with the general assumption, the imported samples

TABLE 1 | Sequencing and mapping summary statistics for nine China imported samples.

Sample ID Total Reads Mapped ratio (%) Average coverage depth (X) Genome covrage >1x (%) Covrage >10x (%) Fws

Ah_28 56,712,364 16.25 51.09 99.16 92.47 0.7400
D_Pf4_1 81,054,920 7.42 29.57 98.10 81.62 0.9594
PFDL_156 49,232,000 4.97 5.73 95.05 9.46 0.9724
PFDL_17 50,636,206 5.49 8.27 97.69 27.00 0.9552
PFGX_121 47,107,990 6.48 9.86 98.84 41.81 0.8587
PFGX_154 55,644,848 9.35 20.63 98.78 86.74 0.9587
PFGX_212 47,977,732 4.46 4.29 90.18 5.06 0.9692
PFGX_316 58,322,570 2.44 6.69 96.97 18.04 0.9766
PFGX_81 56,278,848 5.46 8.62 97.32 30.34 0.9598
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FIGURE 1 | Parasite population structure in nine China-imported samples relative to the reference. (A) Principal component analysis (PCA) plots illustrating the
genetic differentiation between populations around the world. (B) Within Ghanaian population, samples collected from different hosts were divided along the
secondary axis. (C) ADMIXTURE bar plot illustrates the population structure within Ghanaian populations from local and Chinese hosts at an optimized cluster value

China imported samples (n=9)

appeared as a mixture of all the components and demonstrated
the full range of the Ghana isolates, but the native Ghanaian
samples comprised only K2, K4, and a few K1 components.
Components K3 and K5 were almost absent in native samples,
implying a higher degree of acquired immunity in African hosts.

Genomic Scan for Differentiation Between
Populations

In a total of 5,602 genes, we estimated the average 7 and 6@
values to b 0.0013 and 0.0016, respectively. As expected, the
mean values were significant lower than the native Ghanaian

samples (P<0.0001, one-tailed z-test); the 77 and 6 w values were
estimated to be 0.0017 and 0.0035, respectively. The variation
profile of some gene families, particularly those associated with
RBC invasion and immunity, exhibited greater genetic diversity
than all gene backgrounds (Figure 2A), such as rifin (0.0116) and
var (0.012). Based on a putative drug-resistance gene list from
previous studies (Gamo et al., 2010; Plouffe et al., 2016; Cowell
etal., 2018), we checked the diversity of these genes from Chinese
and Ghanaian hosts. For 37 of the most common drug-resistance
genes (Supplementary Table 1), the average 77 value was 0.0007
in imported samples and 0.0013 in native samples.

P<0.0001

A
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I Ghana ocal

P<0.0001
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P=0.021

0.02+

Nucleotide diversity

B imported isolates

samples

P<0.0001

unpaired t-test, P=0.0386
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Genetic differentiation
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® stevor
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Genetic differentiation

FIGURE 2 | Fsr value of all genes summarizing the difference between China-imported samples (n=9) and native Ghanaian (n=92) reference samples. (A) The
variation profile of some gene families exhibited greater genetic diversity between imported and local samples. (B) Fst value of each gene from two subgroups of the
rif family showed significant differences. (C) Fst value in all genes for pairs of populations to explore genomic effects of local and overseas hosts.
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We calculated the Fgr value in individual genes for pairs of
populations to explore the genomic effects from local and overseas
hosts (Figure 2C). Although these two populations should be
considered to have the same Ghanaian lineage, they still exhibited
considerable differences for each gene (mean Fsr = 0.13, median =
0.33); 1252 genes had Fgr values >0.25. Among the high Fgr value
genes, those associated with the organism membrane
(GO:0044279 and GO:0044218), protein binding (GO:0005515),
and important processes, such as stimulus response (GO:0050896)
and interspecies interaction (GO:0044419), were found to be
significantly enriched. For the variant surface antigen (VSA)
genes, only a small part (54 rif, 7 stevor, but no var) appeared in
the high Fsr value list, which is in accord with the fact that
receptor adhesion phenotypes of RBCs normally depend on a few
specific variant surface antigens that are expressed. For example,
two subgroups of the rif family showed significant (P = 0.038, ¢-
test) differences in the Fgr test (Figure 2B). RIFINs mediate the
resetting of pRBCs and demonstrate stronger geographic
differences, whereas B-RIFINs showed lower variability in
molecules and expression. Meanwhile, 13 drug-resistance genes
such like mdrl, apiap2, and crt showed higher Fsr values,
reflecting the differences in treatment policy between the two
countries (Ehrlich et al., 2020).

We identified signatures of selection pressure in individual
genes to reveal divergence between different host populations
(Supplementary Table 2). Not surprisingly, the two Tajima’s D
values were mostly negative, with an average of -0.66 and -1.58 in
imported and local samples, respectively (median = -0.85 and
-1.76), and mean value of imported samples were significantly
higher than local samples (P <0.0001, z-test for paired samples).
The background of all genes was consistent with earlier studies
that described a historical population expansion of P. falciparum
in Africa (Loy et al,, 2017), and the lower mean value in native
Ghanaian samples also suggested stronger selection pressure
from African hosts. Similar to the gene background, the mean
Tajima’s D value was less negative in drug-resistant genes from

the imported group (mean =-0.45, median =-1.17) compared
with that from the native group (mean =-1.6, median =-1.44)
(Figure 3A), which also occurred in some other infection-related
gene families, such as 2TM (mean =-0.57 and -1.05, median =
-0.61 and -1.04), fikk (mean =-0.68 and -1.31, median =-0.93 and
-1.52), and mspI (mean = — -0.39 and — -1.18, median = — -0.58
and — -1.69) (Bachmann et al., 2015). However, not much
difference within VSA gene families was detected (Figure 3B)
(average for rif, var, and stevor were -1.06, -1.35, and -1.01 in the
imported group and -1.35, -1.47, and -1.27 in the native
group, respectively).

Scan for Evidence of Directional Selection
In this study, we used the iHS statistic to detect incomplete
sweeps and identified SNPs above the top 1% value of the
randomly expected distribution at the whole-genome level
(Table 2 and Supplementary Table 3). Usually, in the
Plasmodium genome, the top selected SNP locus is associated
with RBC invasion and immune evasion genes. In our imported
population, we found that the top 1% SNPs involved 329 genes,
including 46 var, 5 msp, 66 rif, and 12 stevor (Figure 4A). In
addition, most of these gene family members are present in the
top 5% list (59 var, 130 rif, and 26 stevor in 788 genes), and these
genes are located close to each other on the chromosome. This
condition is common in malarial parasites because positive
selection could increase the prevalence of both, the selected
variant as well as of nearby variants, and local regions of
extended haplotypes were generated. For the drug-resistance
genes, only four genes, mcpl, pi3k, ap2tf, and KI3, showed
higher iHS values (Table 2 and Supplementary Table 1) and
reflected the unrestricted use of artemisinin-based combination
therapies (ACTs) in African countries (Gallien et al., 2013; Tun
et al., 2015; Velasco et al., 2017).

XP-EHH was also applied to compare the average haplotype
length associated with each SNP between the imported and
native Ghanaian references. The selection signals were

: phist
1 © pfmc-2TM
2 o msp

fikk

Afrian origin samples
°

1 0
China Imported Samples

o drugresitance
® amal & hsp70

® var

o stevor

Afrian origin samples
°

EY 0 i 2
China Imported Samples

FIGURE 3 | Tajima’s D value of all genes summarizing the difference of balanced selection between China-imported samples (n=9) and native Ghanaian (n=92)
reference samples. The lower mean value in local samples suggested a stronger selection pressure from African hosts. (A) Some important genes/gene families
showed the same trend as that of the gene background, and these genes/gene families include phist, 2TM, msp1, and drug-resistance genes. (B) Unlike the
background, there was not much difference in variant surface antigen (VSA) gene families between the imported and local groups.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

100

February 2021 | Volume 11 | Article 630797


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Shi et al.

Ghanaian Pf Genes Under Selection

TABLE 2 | Notable P. falciparum genes with their associated positive selection statistics.

Chromosome Gene Product n Tajima’s D test FST Top [ihs| value Top XP-EHH value
Mosquito transmission
13 PF3D7_1335900 thrombospondin-related 0.012 0.472 0.244 2.542
Liver Stage Infection
3 PF3D7_0304600 Circumsporozoite protein 0.005 0.222 0.350 3.595
Erythrocytic stage evasion
2 PF3D7_0206800 merozoite surface protein 2 0.009 -1.335 0.150 2.881
4 PF3D7_0421300 PEMPA 0.013 -1.397 0.401 2.627 2.436
6 PF3D7_0617600 stevor 0.009 -0.947 0.115 2.806 2.461
7 PF3D7_0711700 PEMPA1 0.013 -1.374 0.534 3.550 2.460
9 PF3D7_0930300 merozoite surface protein 1 0.005 0.060 0.312 2.676
9 PF3D7_0937500 rifin 0.015 -1.314 0.326 2.509 2.653
9 PF3D7_0900100 PEMPA1 0.010 -1.668 0.220 2.810 2.903
11 PF3D7_1149900 stevor 0.025 -1.160 0.655 3.109 2.483
12 PF3D7_1255100 rifin 0.010 -0.878 0.400 2.982 3.234
12 PF3D7_1255000 rifin 0.013 -0.941 0.373 2.529 3.221
13 PF3D7_1300200 rifin 0.010 -1.841 0.396 2.803 2.785
Drug-resistance
1 PF3D7_0108400 mitochondrial carrier protein 0.001 -1.478 0.116 3.0285
5 PF3D7_0515300 phosphatidylinositol 3-kinase 0.001 -1.074 0.674 2.732
6 PF3D7_0613800 AP2 domain TF 0.002 -0.546 0.110 3.613 -3.701
13 PF3D7_1343700 kelch protein K13 0.000 -0.552 0.368 2.642
obviously stronger in native Ghanaian samples and concentrated ~ DISCUSSION

in VSA genes (68 VSA in 96 genes) (Table 2 and Supplementary
Table 4). In imported isolates, in addition to VSA, these stronger
selection signals were also located in some gene families, such as
pfmc-2TM and surfin. However, unlike the local samples, these
top signals of selection encompassed multiple genes, rendering it
difficult to focus on specific genes (Figure 4B).
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Malarial parasites have already coexisted with their hosts for over
150 million years. Throughout their life cycle, these parasites
exhibit great immune evasion ability, even if they are at the
asymptomatic liver stage, by using sophisticated system of
proteins to avoid immune recognition (WHO, 2016) in the
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blood stage. Various immune evasion strategies comprise a
major obstacle to the development of effective therapeutics. In
as early as the 1950s, MacGregor et al. found that antibodies were
a key component of antimalarial immunity (Preston et al., 2014).
Decades later, researchers have characterized many immune
targets and potential vaccine candidates and identified antigen-
specific immune responses associated with malaria infection
protection. Many studies have focused on biomolecular,
genetic, and immune strategies in both hosts and parasites to
better understand protective anti-Plasmodium immunity, but
there is still a long way to go (WHO, 2016).

To date, malaria is one of the major causes of death in the
African continent; the African continent accounts for about
four-fifths of all cases of the world in 2017 alone, with 4% of
these cases occurring in Ghana (Xu and Liu, 2016). Meanwhile,
half a world away, the malaria burden in China has been
dramatically reduced from 2961/100,000 in 1970 to 0.1/100,000
in 2014, and eventually down to 0 in 2017 (Zhou et al., 2016).
The elimination progress soon hit a barrier since now imported
malaria cases have been reported in almost all provinces in
China. In 2013, a malaria outbreak (874 cases in total) was
reported in the Guangxi province of China, most occurring in
miners returned from Ghana (Wang et al,, 2017). In response,
Shanglin County conducted mass malaria screening and found
an attack rate of 216/1,000 that was much higher than expected.

In the last 10 years, the number of malaria cases has fallen
sharply worldwide. Malarial immunity is acquired through
constant exposure, and in lower transmission areas, more
studies have focused on declining immunity in communities
and the recurrent susceptibility to symptomatic disease. For
example, Fowkes et al. reported that rebounds of malarial
infections occurred in low transmission areas (Chen et al,
2018). For similar reasons, the lack of acquired immunity in
Chinese citizens increased their susceptibility to P. falciparum.
Thus, we scanned the differences in genes under selection
pressure between Chinese and Ghanaian hosts to reveal the
impact of declining transmission on clinical immunity. We
expected the samples to cluster according to their geographic
origin and exhibit more detail in the population structure. We
also hypothesized that the imported population should exhibit a
higher proportion of monoclonal infections, and many genes/
gene families associated with RBC invasion and immune evasion
are under less selection pressures. In the native Ghanaian
population, we suspected the samples to encounter a strong
acquired immunity response from local human hosts and cause
strong positive selection. Therefore, we expected to observe
signals of extended haplotype homozygosity on immune
evasion related genes. We also estimated that there would be
no significant difference in the selection of drug-resistance genes
due to the same ACT-based medication profile in both countries.

Our results are consistent with these assumptions. In the
global population structure, samples were clustered according to
their geographic origin, and imported isolates, which could be
regarded as part of the Ghanaian population, maintained slight
diversity to the reference sequence. It was quite unexpected that
overall genetic diversity was lower in imported samples (the

mean 7 values in the imported and native samples were 0.0013
and 0.0017, respectively); even though we assumed low selection
pressure from Chinese hosts would enable parasites to mutate
faster. However, when it comes to genes associated with RBC
invasion and immunity, greater diversity was exhibited in
imported samples than local ones, such as rif (0.0116), var
(0.012), and stevor (0.013). The VSA gene families exhibited
the greatest diversity in the parasite, and our observations were
consistent with previous studies (Volkman et al., 2007). Highly
polymorphic proteins have been used to mediate antigenic
variation and help malaria parasites escape immune clearance
(Julien and Wardemann, 2019). We found a higher proportion of
monoclonal infections, and the average Fyy scores were higher
than those in a local study during the same period (mean values
of 0.81 and 0.74 in the Kintampo and Navrongo provinces of
Ghana, respectively) (Duffy et al, 2015). A high ratio of
monoclonal infection could be due to a low entomological
inoculation rate or clonal parasite population. Chinese laborers
normally worked in small enclosed spaces, with less chance of
superinfection or co-transmission.

As we delved into evolutionary analysis, we could see natural
selection acting at the gene level. The host immune response
along with its genetic background is essential for malaria
prevention. Clinical immunity to malaria is definitely acquired,
even though the process might be slow in areas of stable
transmission. The significantly higher average Tajima’s D
values (P <0.0001, z-test for paired samples) of imported
samples demonstrated a lack of acquired immunity in Chinese
citizens, while 3,934 genes showed negative values. However, in
local samples, almost all genes were under directional selection
(5,253 genes with negative values). This difference revealed that
continued exposure to malarial antigens maintains immunity.
For example, sporozoites use microneme (SPECT-1, PLP1, and
TRAP) and some circumsporozoite (CSP) proteins to overcome
skin and hepatic immune defenses during their invasion (Lo
et al.,, 2016; Ryg-Cornejo et al., 2016; WHO, 2016). In these
related genes, we detected stronger selective pressure in native
Ghanaian samples (mean D value -0.002 in imported and -0.36
in local group), consistent with the background.

Meanwhile, in the erythrocyte stage, the key evasion
mechanism is sequestration, which is mediated by proteins,
such as PfEMP-1, RIFIN, and STEVOR that allow iRBC
adherence to the vascular endothelium, thereby avoiding
clearance (Langhorne et al., 2008; Wahlgren et al., 2017) and
sequestering the cells in the microvasculature of various organs.
As part of the immune evasion system, the VSA family did not
encounter stronger selection, and the difference in Tajima’s D
test on VSA gene families was quite narrow. While the XP-EHH
test showed stronger selection in both populations concentrated
in the VSA family, these signatures of selection were scattered in
different individual genes, such as crt (PF3D7_0709000), in the
local host group and imported group. Therefore, our results
indicate that, with their tremendous genetic diversity, the VSA
families launched different genes for particular hosts to ensure
antigenic variation, maintain stable function, and demonstrate
regional characteristics.
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CONCLUSIONS

Local selection of malaria parasites is considered to be due to
differences in host immunity or disparities in transmission
opportunities of the host. In China, most P. falciparum
infections were imported from Africa, and under these
circumstances, distinct local selective pressures may be caused
by varying acquired immunity and transmission intensity levels.
Against the background of similar structures, samples collected
from two host populations showed evidence of differences in
selection intensity. Compared with native Ghanaian samples, the
China-imported population exhibited a higher proportion of
monoclonal infections, and many genes/gene families associated
with RBC invasion and immune evasion were under low-level
selection pressures. There was no significant difference in the
selection of drug-resistance genes due to a similar ACT's-based
therapy. Our results deepen our understanding of factors that
might drive clinical immunity against malaria.
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Vertical transmission of Toxoplasma gondii (T. gondii) infection during gestation can
result in severe complications such as abortion, congenital malformation, fetal
teratogenesis, etc. Immune inhibitory molecule Tim-3 was discovered to be expressed
on some decidual immune cells and participates in the maintenance of maternal-fetal
tolerance. Dysregulation of Tim-3 expression on decidual NK (dNK) cells was observed in
several cases of pregnancy complications, whereas the role of Tim-3 on dNK cells during
T. gondii infection remains unclear. In the present study, T. gondii infected Tim-37-
pregnant mice, and anti-Tim-3 neutralizing antibody treated and infected human dNK cells
were successfully established to explore the role of Tim-3 in dysfunction of dNK cells
during abnormal pregnancy. Our results illustrated that Tim-37" pregnant mice displayed
more worse pregnancy outcomes with T. gondii infection compared to infected WT
pregnant mice. Also, it demonstrated that Tim-3 expression on dNK cells was significantly
down-regulated following T. gondii infection. Data suggested a remarkable activation of
dNK cells in Tim-3”" mice and anti-Tim-3 neutralizing antibody treated and infected
groups, with higher ratios of activating receptor NKG2D to inhibitory receptor NKG2A or
KIR2DL4, IFN-y/IL-10, and increased granule production compared with that of the
infected group. Mechanism analysis proved that 7. gondii-induced Tim-3 down-regulation
significantly activated the phosphatidylinositol-3-kinase (PI3K)-AKT and JAK-STAT
signaling pathway, by which the GranzymeB, Perforin, IFN-y, and IL-10 production
were further up-regulated. Our research demonstrated that the decrease of Tim-3 on
dNK cells caused by T. gondii infection further led to dNK cells function disorder, which
finally contributed to the development of abnormal pregnancy outcomes.
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INTRODUCTION

Toxoplasma gondii (T. gondii) is an obligate intracellular parasite
which is capable of infecting all species of warm-blooded animals
via the ingestion of tissue cysts or sporulated oocysts (Robert-
Gangneux and Dardé, 2012). Although T. gondii can be
controlled in subjects with healthy immune systems, it can
cause life-threatening damage for patients with
immunocompromised states (Yarovinsky, 2014). As a
pathogen of human TORCH syndrome (toxoplasmosis,
rubella, cytomegalovirus, herpes simplex, and other agents),
the vertical transmission of T. gondii from an infected mother
to her fetus can lead to devastating consequences such as
pregnancy loss or severe disease in the neonate, including
blindness, developmental delay, or neurological manifestations
(Arora et al., 2017). Successful reproduction depends on the
homeostasis of maternal-fetal tolerance (Mold and McCune,
2012). The specialized immune microenvironment is sustained
by the dynamic orchestration of immune cells (ANK cells,
macrophages and Treg cells), cytokines and enzymatic factors
(Erlebacher, 2013). In the first trimester of gestation, dNK cells
represent the largest population, comprising 70% of decidual
immune cells (Trundley and Moffett, 2004). The dNK cells
modulate maternal-fetal tolerance by maintaining stable
functional molecule expression (NKG2A and KIR2DL4) and
cytokines production (Rouas-Freiss et al., 1997; Fu et al., 2017).
Increasing evidence suggests that abnormal changes in the
function of dNK cells are closely related to adverse pregnancy
outcomes such as preeclampsia and fetal growth restriction
(Moretta et al.,, 2000a; Koopman et al., 2003). KIR2DL4
belongs to the killer cell immunoglobulin-like receptor (KIR)
family of decidual NK cells, which interact with soluble HLA-G.
The interaction between dNK inhibitory receptors (KIR2D14,
ILT-2) and their ligand HLA-G on invading trophoblasts allows
the extensive remodeling of the maternal vasculature during the
early weeks of pregnancy and inhibits the killing activity of NK
cells to HLA-G positive trophoblasts (Yan et al., 2007; Ferreira
etal,, 2017). C-type lectin-like receptor NKG2A is also one of the
inhibitory receptors of dNK cells, which has a higher affinity to
HLA-E than CD94/NKG2C-activating receptor (El et al., 2009).
Compared to normal pregnancy, the recurrent spontaneous
abortion (RSA) group showed decreased expression of NKG2A
on dNK (Sotnikova et al., 2014). Our previous studies have
reported an excessive activation of dNK cells after T. gondii
infection with imbalance between inhibitory receptors (NKG2A,
KIR2DL4) and activating receptors NKG2D (Liu et al., 2013; Xu
etal., 2013; Liu et al,, 2014). Besides, IFN-y-producing dNK cells
counts were significantly increased following T. gondii infection
(Liu et al, 2014; Zhang et al, 2015). However, the detailed
mechanism of dNK cells dysfunction in T. gondii infection
remains unknown and requires further study.

T cell immunoglobulin domain and mucin domain 3 (Tim-3)
is known as an inhibitory molecule that transduces negative
signals into T cell triggering apoptosis or exhaustion (Zhu et al.,
2005). Recently, Tim-3 is found to be highly expressed on
decidual immune cells, especially on dNK cells (Sun et al,
2016). Alteration of Tim-3 expression on dNK cells has been

proven in several pregnancy failure and preeclampsia cases,
identifying Tim-3 as a key mediator of dNK cells maintaining
successful pregnancy (Miko et al., 2013; Meggyes et al., 2015; Li
et al., 2017a). However, whether T. gondii infection could
influence Tim-3 expression on dNK cells and subsequently
lead to adverse pregnancy outcomes has not yet been
investigated. In a previous experiment, we observed that T.
gondii infection significantly induced downregulation of Tim-3
on dNK cells, and Tim-3"" pregnant mice exhibited more worse
pregnancy outcomes compared with the WT group after
infection. These findings indicated that Tim-3 expression may
play an important role in adverse pregnancy outcomes by T.
gondii infection. However, whether the change of Tim-3
expression after T. gondii infection leads to dANK cells
dysfunction and then contributes to adverse pregnancy
outcomes remains unclear. In the present study, Tim-37"
pregnant mice and Tim-3 neutralizing antibodies were used to
fully elucidate the specific role of Tim-3 on dNK cells
dysfunction following T. gondii infection.

MATERIALS AND METHODS

Animal Models

C57BL/6 mice (WT mice; 6 to 8 week-old females and 8 to 10
week-old males) were purchased from Pengyue Laboratory
Animal Technology Co., Ltd (Jinan, China). Tim-3-deficient
(Tim-3"") C57BL/6 mice were obtained from Bioray
Laboratories Inc (Shanghai, China). All mice were maintained
in the specific pathogen-free animal house of Binzhou Medical
University at 22°C-26°C with 50%-60% humidity and a 12 h
light/12 h dark cycle, with access to abundant sterilized water
and food (Jiangsu Biological Engineering Co., Ltd., China).
Female mice were housed five per cage, and male mice were
housed one per cage for a week to facilitate acclimatization to
new environment. Subsequently, females and males were housed
in cages at a 2:1 overnight, and female mice with vaginal plugs
(gestational day, gd 0) were segregated and randomized into
uninfected, T. gondii infected, and T. gondii infected-Tim-3""
groups. At gd 7, the infected group was intraperitoneally injected
with 400 tachyzoites (RH strain) resuspended in 200 ul PBS, and
the uninfected mice were injected with the same amount of PBS
into the abdominal cavity.

Scanning Electron Microscopy (SEM)

Mice were sacrificed on gd 11. All fetuses were carefully removed
and washed 5-6 times in phosphate buffer (0.1 M), and fixed in
2.5% phosphate buffered glutaraldehyde for 2 days at 4°C.
Thereafter, immobilized fetuses were dehydrated using a
graded ethanol series every 15 min in each step. The samples
were dried by the critical point technique (Quorum K850),
attached to specimen holders and coated with gold particles by
ion sputter coater (Quorum Q150RS). All samples were placed
on sample stages and observed with a scanning electron
microscope (ZEISS EVO LS15) operated at 10 KV. All images
were obtained using SmarSEM user interface software.
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Obtention of Tim-3"~ Mice
Mouse tails were used to extract genomic DNA, and polymerase
chain reaction (PCR) was conducted to synthesize cDNA. After
initial denaturation for 3 min at 94°C, PCR was performed with
30 amplification cycles of denaturation for 30 s at 94°C,
annealing for 30 s at 56°C, and extension for 60 s at 72°C,
followed by a final extension for 8 min at 72°C and maintenance
at 16°C. The primers for PCR amplification were as follows:
Tim-3-PCR-S, 5'-GGCTGGCTCAAACTCACTACA-3';
Tim-3-PCR-A, 5-CGGACAATGATAACATGGAAA-3'. Then
PCR products were sequenced (Shanghai Majorbio Bio-Pharm
Technology Co., Ltd), and we distinguished the homozygotes
from heterozygotes or WT mice by analyzing the DNA
chromatogram. A sufficient number of Tim-37" mice were
obtained and bred for use in the present study.

Preparation of T. gondii Tachyzoites (RH
Strain)

HEp-2 cells were obtained from the Cell Research Institute of the
Chinese Academy of Sciences (Shanghai, China) and were used
to maintain T. gondii tachyzoites in minimum essential medium
(MEM; Hyclone) containing 5% fetal bovine serum (FBS; Gibco)
and 100 IU/mL penicillin/streptomycin (Sigma-Aldrich). HEp-2
cells were centrifuged at 1500 rpm (433xg) for 10 min after
culture, and the clear supernatants were then centrifuged at 4000
rpm (3082xg) to purify the tachyzoites. MEM was used to
resuspend the tachyzoites. Then tachyzoites were counted by
Neubauer chamber and cultured with new HEp-2 cells. The
experiment was carried out in BSL-2 laboratories. All the
labwares, consumables, and liquids contaminated by the
parasites were collected and sterilized by high-pressure sterilizer.

Cell Preparation of Mice

Mice uteri and placentas were carefully dissected from pregnant
mice at gd 11 and were washed twice in cold PBS. Tissues were
then cut into small pieces and prepared for cell dispersion by
GentleMACS dissociator (Miltenyi Biotech). Sterile nets (48 pum)
were used to obtain single cell suspensions. Mononuclear cells
were collected from the white film layer after Ficoll density
gradient centrifugation in mouse lymphocyte separation
medium (TBD Science), and were then analyzed with flow
cytometry. The mice cadavers were stored in a -20°C freezer
and disposed of by professional organizations.

Collection of Human Clinical Sample

The sample collection for this study was approved by the Ethics
Committee of Binzhou Medical University, and all voluntary
abortions had occurred in the Department of Obstetrics and
Gynecology of Yantai Affiliated Hospital of Binzhou Medical
University and the Yantai Hospital of Traditional Chinese
Medicine. Decidual tissues of first trimester (gestational age of
6 to 8 weeks) were obtained from healthy pregnant women, and
any evidence of threatened abortion or any pregnancy
complications during gestation was excluded. Among these
patients, those with abnormal chromosome abortuses,
anatomic abnormalities of uterus and cervical, endocrine, and

metabolic disease (diabetes, hyperthyroidism, and
hypothyroidism), infection of chlamydia and ureaplasma in
cervical mucus, or positive for anticardiolipin antibodies were
excluded. Tissues were immediately rinsed with sterile saline
solution 5-8 times, and decidual tissues were collected in
Dulbecco’s modified Eagle’s medium/high glucose medium
(Hyclone) supplemented with 100 IU/mL penicillin/
streptomycin (Sigma-Aldrich).

Isolation of Human dNK Cells

Decidual samples were immediately washed 5-6 times in Roswell
Park Memorial Institute (RPMI) medium to remove the blood
and then cut into small pieces. Tissues were maintained in C
tubes containing 0.1% collagenase type IV (Sigma-Aldrich) and
25 IU/mL DNase-I (Sigma-Aldrich). Single cell suspensions were
obtained by GentleMACS dissociator (Miltenyi Biotech) and
were filtered through 48 um nylon mesh filters. Then the
mononuclear cells were isolated via density gradient
centrifugation using human lymphocyte separation medium
(TBD Science) at 2000 rpm (771xg) for 20 min at 20°C
according to the manufacturer’s instructions. dNK cells were
washed once by PBS and purified using a human CD3 positive
selection kit and CD56 positive selection kit (Stem Cell Science)
according to the manufacturer’s instructions with >95% purity
ensured for experiments. Approximately 1.5x10° purified human
CD3°CD56" dNK cells were obtained and divided equally into
uninfected, infected, and Tim-3-neutralized infected groups.
CD3°CD56" dNK cells were incubated with 10 ug/mL anti-
Tim-3 monoclonal antibody mAb (Thermo Fisher Scientific)
in the Tim-3-neutralized infected group for 2 h, following which
T. gondii tachyzoites were added to the Tim-3-neutralized
infected group and the infected group at a 2:1 ratio (T. gondii:
cells). All samples were cultured in RPMI medium supplemented
with 10% FBS (FBS, Gibco) and 100 IU/mL penicillin/
streptomycin (Sigma-Aldrich) for 36 h at 37°C in a humidified
5% CO, incubator.

Flow Cytometry

For surface staining, the following fluorochrome-conjugated
mAbs were used: Tim-3 (clone RMT3-23, Biolegend), CD122
(clone TM-b1), CD3e (clone 145-2C11), NKG2A (clone 16all),
NKG2D (clone CX5, all from Thermo Fisher Scientific) were
used in vivo. Isolated murine decidual mononuclear cells were
incubated with mAbs above at 4°C in the dark for 30 min and
then washed with PBS. In vitro, cells were stained with human-
specific mAbs CD3 (clone OKT3), Tim-3 (clone 8B. 2C12),
NKG2D (clone 5C6, all from Thermo Fisher Scientific),
KIR2DL4 (clone mAb33, Biolegend) and CD56 (clone HCD56,
Biolegend). For staining of intracellular granules Perforin,
GranzymeA and GranzymeB, cells were firstly surface stained,
subsequently fixed and permeabilized in 1x Fix/Perm buffer
(Thermo Fisher Scientific) for 25 min according to the
manufacturer’s protocol. After washing with buffer, cells were
incubated with anti-Perforin (clone ebioOMAK-D), GranzymeA
(clone GzA-3G8.5), GranzymeB (clone NGZB, all from Thermo
Fisher Scientific) mAbs for 40 min at 4°C in the dark and then
were washed with buffer. Human specific mAb GranzymeA
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(clone CBY, Biolegend), GranzymeB (clone GB11, BD
bioscience) and Perforin (clone dG9, BD bioscience) were also
used in vitro. For analysis of the intracellular cytokines, cells were
initially stimulated for 4 h with a leukocyte activation cocktail
(BD bioscience). Thereafter, the cells were collected and
incubated with surface staining mAbs at 4°C for 40 min in the
dark and then washed with buffer. The cells were fixed and
permeabilized in 1x Fix/Perm buffer (Thermo Fisher Scientific)
for 30 min at 4°C according to the protocol. After being washed
twice, cells were incubated with mouse-specific mAbs IL-10
(clone JES5-16E3, BD bioscience) and IFN-y (clone XMG1.2,
BD bioscience) or human-specific IL-10 (clone JES3-19F1, BD
bioscience) and IFN-v (clone 4S.B3, BD bioscience) at 4°C in the
dark for 40 min and washed with buffer. Analysis was performed
using a FACScanto ™" II instrument (Becton Dickinson).

Immunofluorescence

Purified human CD3°CD56" dNK cells from uninfected,
infected, and Tim-3-neutralized infected groups were air-dried
onto Poly-L-lysine coated slides. After fixation in 4%
paraformaldehyde for 30 min, slides were then blocked with
goat serum for 1 h at room temperature. dNK cells were
incubated overnight at 4°C with anti-Tim-3 (1/200, Abcam),
anti-NKG2D (1/200, Abcam), anti-GranzymeA, anti-
GranzymeB and anti-Perforin (1/200, all from Proteintech) or
for 45 min with anti-CD56 (clone HCD56, Biolegend) and anti-
KIR2DL4 (clone mAb33, Biolegend) antibody. After being
washed three times with PBS, cells were then incubated with
appropriate concentrations of secondary antibodies for 1 h at 37°
C. Cy3 rabbit anti-goat IgM (1/500, Bioss) was used as the
secondary antibody for anti-Tim-3 antibody, and Cy3 donkey
anti-rabbit IgG (1/500, Bioss) was used as secondary antibody for
anti-NKG2D, anti-GranzymeA, anti-GranzymeB and anti-
Perforin. Subsequently, dNK cells were stained with the DAPI
(nucleic acid stain 4’,6-diamidino-2-phenylindole) for 15 min
and washed 3 times with PBS. Finally, confocal microscopy of
cells was performed using Zeiss LSM880.

Western Blot Analysis

CD3°CD56" dNK cells from the three groups were incubated for
36 h before harvesting. Equal amounts of protein from total-cell
lysates were separated by 12% SDS-PAGE (Beyotime) and
transferred onto polyvinylidene fluoride (PVDF) membranes
(Millipore). The membranes were then blocked at room
temperature for 2.5 h in 7% nonfat dry milk in TBS-T buffer.
Membranes were incubated with gentle rocking 1.5 h at room
temperature with primary antibodies for Tim-3 (1/
2000, Proteintech), GranzymeB (1/2000, Abcam), Perforin (1/
1000, Proteintech), GranzymeA (1/600, Proteintech), PI3K (1/
500, Proteintech), AKT (1/500, SAB), pAKT (1/500, SAB),
STAT1 (1/500, Proteintech), STAT3 (1/600, Proteintech),
pSTAT1 (1/500, Abcam), pSTAT3 (1/600, Abcam), IL-10 (1/
500, Abcam), IFN-vy (1/500, Proteintech) and GAPDH (1/40000,
Proteintech) as a loading control. Membranes were washed with
TBS-T 5 times for 10 min each, then incubated with the
appropriate secondary antibody for 2 h at room temperature.
Then immune complex was visualized with an enhanced

chemiluminescence (ECL) detection kit (F. Hoffmann-La
Roche, Ltd., Switzerland). Protein expression levels were
determined by Image J software (Rawak Software,
Inc., Germany).

Histopathology

Mouse placentas and uteri of gd 11 were removed after treatments
and washed thrice. After immediate fixation in 4% paraformaldehyde,
tissues were washed in running water and placed in a graded ethanol
and then were paraffin embedded using standard methods. Paraffin
sections were cut to a thickness of 5 pm and stained with hematoxylin
and eosin dye (H&E; Shanghai Novland Co., Ltd., China) according
to the manufacturer’s instructions. Images of paraffin embedded
sections were recorded at 40 x magnification and are presented

with 50 um scale bars.

Statistical Analysis

Data are presented as the means + SD. Statistical analyses were
performed using the GraphPad Prism 5 Statistics software
package. Unpaired t tests were used to identify differences. p<
0.05 was regarded as significant and p< 0.01 was considered as
extremely significant.

RESULTS

Tim-3"- Pregnant Mice Exhibited More

Worse Pregnancy Outcomes Than WT

Pregnant Mice After T. gondii Infection

All mice were sacrificed and dissected on gd 11 to observe the
pregnancy outcomes among three groups. We observed abnormal
pregnancy outcomes caused by T. gondii infection, with erected
fur, spiritual malaise, and inflammatory hyperemia of placentas in
infected mice compared with the uninfected group (Figures 1A,
B). Compared with infected WT mice, T. gondii infected Tim-3""
pregnant mice had sluggish responses, along with trembling and
significant placental bleeding (Figures 1B, C). The fetuses of the
infected WT group exhibited abnormal bleeding manifestations as
well as a higher rate of abnormalities than those of the uninfected
group (Figures 1A, B); in addition, decreased fetal and placental
weights were observed in the fetuses of infected WT mice (Figure
1D). Fetuses of the infected Tim-3" pregnant group were almost
shapeless and smaller, with distinct developmental delays
compared with infected WT fetuses (Figures 1B, C). The worse
abnormal pregnancy outcomes in infected Tim-3"" pregnant mice
were based on the decrease in fetal and placental weights and
higher rate of abnormal fetuses in comparison with infected WT
group (Figure 1D). We further observed the intrauterine
development of embryos of three groups by scanning electron
microscopy (SEM). Fetuses from the Tim-3"" infected mice had
the smallest size among the three groups (Figures 1E-G), which is
in line with our previous observations of fetal weight. Caused by
infection of T. gondii, the fetuses in infected WT group exhibited
smaller body and delayed formed paddle-shaped handplate and
footplate (Figures 1E, F). The spinal development of infected
fetuses was not as good as that of normal fetuses (Figures 1E, F).
And the physical condition of the Tim-3"" infected fetuses was
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FIGURE 1 | The impact of Tim-3 on adverse pregnancy outcomes caused by T. gondii infection in mice. (A) Uninfected pregnant mice were in good condition, the
placentas and fetuses developed normally. (B) T. gondii infected pregnant mice exhibited spiritual malaise, with inflammatory hyperemia of placentas and fetuses.
(C) T. gondii infected Tim-37" pregnant mice had sluggish responses, their fetuses were smaller and shapeless. Scale bar of A, B, C was 1 cm. Scale bar of A, A”,
B’, B”, C’ and C” were 5 mm. (D) The weights of placentas and fetuses, and fetal abnormalities rates were calculated in uninfected, infected, Tim-3"" infected mice.
The abnormal fetuses included stillbirths and resorption sites. The rates of abnormal fetus were calculated as the ratio of stillbirths and resorption sites to the total
number of implantation sites. (Data are presented as means = SD. N=10 mice per group, *p < 0.05, **p < 0.01, by the unpaired t-test). (E) Scanning electron
microscopy images of fetuses from uninfected mice, the fetuses were healthy and well developed. (F) Fetuses of infected mice exhibited delayed hand-plates and
foot-plates development. (G) Fetuses of infected Tim-3”" mice displayed obvious intrauterine growth restriction in head, body size, hand-plates and foot-plates
development. Scale bar, 1000um and 600um. (H-J) Hematoxylin and eosin (H & E) staining of uninfected, infected and Tim-3" infected mouse placentas. Obvious
hemorrhaging and lymphocytes infiltration were showed by black circles. Scale bar, 50um.

E

uninfected

F

infected

Tim-3"infected

even worse, which was evidently indicated by their significantly
smaller bodies, rarely formed paddle-shaped handplate and
footplate, as well as smaller size of head compared with the
findings in infected WT mice (Figures 1F, G). Paraffin
embedded sections showed increased lymphocyte infiltration of
the WT group placenta caused by T. gondii infection, and more
severe damages in placentas of infected Tim-3"" group were found
than WT infected mice, as evidenced by obvious hemorrhage and
lymphocyte infiltration (Figures 1H-J). We found no differences

in pregnancy outcomes between uninfected Tim-3"" mice and
WT mice.

Tim-3 Expression on dNK Cells Decreased
After T. gondii Infection

To investigate the role of Tim-3 expression during T. gondii
infection, Tim-3 expression levels on dNK cells in decidual
lymphocytes and murine decidual lymphocytes were analyzed
by flow cytometry, western blot, and confocal laser-
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scanning microscope. The results demonstrated that Tim-3
expression levels on dNK cells were significantly decreased
both in human dNK cells (Figures 2A, B, E-G) and in mice
dNK cells (Figures 2C, D) after T. gondii infection compared
with the uninfected group. In addition, the downstream
molecules modulated by Tim-3 were detected through western

blot analysis. Results showed that PI3K and pAKT were all
increased with T. gondii infection compared with the
uninfected group, and were further up-regulated in infected
Tim-3-neutralized human dNK cells (Figure 2H), which
confirmed the PI3K and pAKT as downstream molecules
regulated by Tim-3 (Figures 2H-J).
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FIGURE 2 | Changes of Tim-3 expressions on dNK cells due to T. gondii infection. (A) Expression levels of Tim-3 on human CD3°CD56”™9" dNK cells in uninfected,
infected, and anti-Tim-3 neutralized infected groups using flow cytometry. (B) Histograms analysis of Tim-3 expression changes on human dNK cells in the three
groups. (Means + SD; N=6 human samples per group, *p < 0.05, **p < 0.01, by unpaired t-test). (C) Expression of Tim-3 on mice CD3"CD122" dNK cells in
uninfected, infected, and Tim-3" mice infected groups were detected by flow cytometry. (D) Histograms analysis of Tim-3 expression changes on mice dNK cells in
uninfected, infected, and Tim-3"" mice infected groups. (Means + SD, N=8 mice per group, *p < 0.05, **p < 0.01, by unpaired t-test). (E) Western blot analysis of
Tim-3 expression in uninfected human dNK cells and infected groups. (F) Immunofluorescent photographs of Tim-3 (red), CD56 (green) expression on the purified
human CD3 CD56°"9" dNK cells from uninfected, infected, and Tim-3-neutralized and infected groups. The 4 *, 6-diamidino-2-phenylindole were used to stain nuclei
(blue). Scale bar, 10um. (G) Histograms analysis of Tim-3 expressions changes on human dNK cells by immunofluorescent intensity among three groups.
(H) Representative depictions of Tim-3 downstream molecules PI3K, AKT and pAKT expressions in uninfected, infected, and Tim-3-neutralized infected human dNK
cells by western blot. (I, J) The histograms analysis of Tim-3, PISK and pAKT among three groups. (Means + SD; N=6 human samples per group, *p < 0.05,
**p < 0.01, by unpaired t-test).
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Down-Regulation of Tim-3 Expression by
T. gondii Infection Was Associated With
the Balance Between Inhibitory and
Activating Receptors on dNK Cells

We then detected the dNK cells receptors both in vitro and in
vivo. Results found that up-regulation of inhibitory receptor
KIR2DL4 (in vitro, Figures 3A, B, F), NKG2A (in vivo,
Figures 3H, J) and activating receptor NKG2D (in vitro,
Figures 3C, D, G; in vivo, Figures 31, K), with high ratios of
NKG2D/KIR2DL4 and NKG2D/NKG2A on dNK cells in the T.
gondii infected group (Figures 3E, L). Besides, anti-Tim-3
neutralized infected human dNK cells and T. gondii infected
Tim-3"" pregnant mice were used to further explore the effect of
Tim-3 down-regulation on the balance between inhibitory and
activating receptors. In the Tim-3 neutralized infected group,
NKG2D expression was up-regulated and the imbalance of
NKG2D/KIR2DL4 on dNK cells was further aggravated
compared with infected cells (Figures 3A-G). Moreover, the
expression of inhibitory receptor NKG2A and activating receptor
NKG2D on murine dNK cells increased in infected Tim-37
mice; however, the ratio of NKG2D/NKG2A was significantly
higher than that of WT infected mice (Figures 3H-L).

Tim-3 Down-Regulation by T. gondii
Infection Altered the GranzymeaA,
GranzymeB, and Perforin Expressions of
dNK Cells

Granules production was analyzed in the three groups to explore the
impact of Tim-3 in modulating dNK cells function. In vitro, the
GranzymeA, GranzymeB and Perforin expressions of dNK cells were
analyzed by flow cytometry, western blot, and immunofluorescence
respectively (Figures 4A-K, 5A-F). The data revealed that the
expressions of GranzymeA, GranzymeB and Perforin in CD3 CD56"
NK cells were increased markedly with T. gondii infection compared to
the uninfected group (Figures 4A-K, 5A-F). Interestingly, the
GranzymeA, GranzymeB, and Perforin production of human dNK
in Tim-3 neutralized group were all distinctly higher than those of
infected dNK cells (Figures 4A-K, 5A-F). In accordance with the result
in vitro, the expression levels of GranzymeA, GranzymeB and Perforin
in mice dNK cells increased after T. gondii infection, and further
increased in infected Tim-3"" mice (Figures 5G-L).

Down-Regulation of Tim-3 by T. gondii
Infection Affected IL-10 and IFN-y
Production in dNK Cells

In the present study, flow cytometry and western blot were used
to elucidate the relationship between Tim-3 expression and
cytokine production of dNK cells. Results showed that the IL-
10 and IFN-v secretion increased in infected Tim-3-neutralized
human dNK cells compared with that of the infected group
(Figures 6A, B, G, J, K). While the ratio of IFN-y/IL-10 were
higher in infected Tim-3-neutralized cells than that of infected
group (Figure 6C). In vivo, IL-10 and IFN-y expression of dNK
cells were both decreased in Tim-3"'" infected mice
(Figures 6D, E) but IFN-y/IL-10 ratios were higher than that
of infected WT mice (Figure 6F).

To investigate how the mechanism of Tim-3 regulates the
expression of IL-10 and IFN-yin dNK cells, the expression of key
molecules of JAK-STAT signaling pathway were examined by
western blot. The pSTAT3 expression increased following T.
gondii infection and were further up-regulated in infected Tim-
3-neutralized human dNK cells. This result suggested that
enhanced pSTAT3 may take part in the change of IL-10
induced by down-regulated Tim-3 after T. gondii infection
(Figure 6G, I, J). In addition, the pSTAT1 expression related
to IFN-y synthesis was elevated with T. gondii infection and
further increased in infected Tim-3-neutralized human dNK
cells (Figure 6H, K).

DISCUSSION

As one of the common causative agents of prenatal infections
during pregnancy, T. gondii infection evokes a strong immune
response in maternal-fetal interface and leads to adverse
pregnancy outcomes (Wong and Remington, 1994; Li et al.,
2017b). Our previous studies have reported that the dysfunctions
of decidual immune cells such as dNK cells, macrophages, Tregs,
and DCs in response to T. gondii infection result in abnormal
pregnancy outcomes (Zhang et al., 2012a; Li et al, 2017b; Xu
et al., 2017). Our results also demonstrated that T. gondii
infection induces an imbalance of dNK receptors and
abnormal cytokines secretion, which excessively activated dNK
cells and further led to adverse outcomes of pregnancy (Liu et al.,
2013; Xu et al., 2013). However, the detailed mechanism
underlying T. gondii infection-induced dNK dysfunction is still
unclear. The newly defined immunosuppressive molecule Tim-3
has been found to be consistently expressed on dNK cells and
reportedly modulates the function of dNK cells (Li et al., 2016; Li
et al,, 2017a). Emerging evidence has demonstrated that Tim-3
expression plays an important role in sustaining normal
pregnancy (Zhan et al., 2018). Researchers have found that the
changes in Tim-3 expression on dNK cells result in pregnancy
complications such as preeclampsia and miscarriage (Meggyes
et al., 2015; Sun et al., 2016; Li et al., 2017a). However, the effect
of T. gondii infection on Tim-3 expression of dNK cells requires
further investigation. Interestingly, the results of the present
study showed that the Tim-3 expression on dNK cells was
significantly decreased after T. gondii infection. To explore the
mechanism of Tim-3 down-regulation on dNK cells dysfunction
in abnormal pregnancy caused by T. gondii infection, Tim-3""
infected pregnant mice models were successfully established. The
results revealed that Tim-3"" infected pregnant mice exhibited
far worse pregnancy outcomes compared with infected WT mice.
This finding suggested that Tim-3 expression may play an
important role in abnormal pregnancy outcomes involving T.
gondii infection. In the present study, in vitro and in vivo
experiments were performed to further uncover the
mechanism of Tim-3 in modulating dNK cells function during
T. gondii infection. Previous studies have proved that the
function of dNK cells was precisely regulated by the balance of
activating and inhibitory receptors (Moretta et al, 2000b).
KIR2DL4 and NKG2A are both inhibitory receptors and
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FIGURE 3 | Reduction of Tim-3 expression by T. gondii infection is associated with the imbalance of inhibitory and activating receptors on dNK cells. (A, C) Flow
cytometry analysis revealed that expression of Tim-3, KIR2DL4, NKG2D on human dNK cells were altered in uninfected, infected, and anti-Tim-3 neutralized infected
cells from patients who underwent induced abortion. (B, D, E) Statistical analysis of Tim-3, KIR2DL4 and NKG2D expression and ratios of NKG2D/KIR2DL4 on
human dNK cells among three groups. (Means + SD; N=6 human samples per group, *p < 0.05, *p < 0.01, by unpaired t-test. NS, Not Statistically Significant)

(F, G) Representative immunofluorescent photographs of KIR2DL4 (red), CD56 (green) and NKG2D (red) expression in uninfected, infected, and anti-Tim-3
neutralized infected human dNK cells. Nuclei (blue) were stained by 4’, 6-diamidino-2-phenylindole. Representative expression changes of inhibitory receptor NKG2A.
(H, J) and activating receptor NKG2D (I, K) on mice dNK cells from uninfected, infected and Tim-3"" infected mice. (L) Histogram analysis of Tim-3 and ratios of
NKG2D/NKG2A in three groups. (Means + SD; N=8 mice per group, in vivo, *p < 0.05, **p < 0.01, by unpaired t-test).
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FIGURE 4 | Tim-3 down-regulation by T. gondii infection altered the GranzymeA, GranzymeB and Perforin expressions of human dNK cells. (A-F) Representative
flow cytometry and histograms analysis of GranzymeA (A, D), GranzymeB (B, E) and Perforin (C, F) levels of human dNK cells in the uninfected, infected, and
neutralized infected groups. (Means + SD; N=6 human samples per group, *p < 0.05, *p < 0.01, by unpaired t-test). (G) Western blot analysis of signaling pathway
of Perforin and GranzymeB. Since GranzymeB is also modulated by PISK-AKT signaling pathway and the experiments were performed at the same time, the data of
PIBK, AKT and pAKT in Figure 4G were reused from the data of Figure 2H. (H-K) Histograms analysis of GranzymeA, pSTAT1, Perforin and GranzymeB in
uninfected, infected, and anti-Tim-3 neutralized infected groups. (Means = SD; N=6 human samples per group, *o < 0.05, **p < 0.01, by unpaired t-test).
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sustain the tolerance function of dNK cells in pregnancy, by ~ 2018). In our previous research, we observed that T. gondii
antagonizing the activating function of NKG2D (Rouas-Freiss  infection disturbed the balance of NKG2D and KIR2DL4
et al., 1997; Moretta et al., 2000a; Moretta et al., 2000b). Recently, (NKG2A in vivo) on dNK cells, which is an important aspect
research has demonstrated that the over-expression of NKG2D  of dNK cells dysfunction in T. gondii-mediated adverse
elicited an enhanced local cytotoxic response by NK cells which ~ pregnancy (Liu et al, 2013; Xu et al, 2013). However, the
was associated with preeclampsia (Liu et al., 2017; Vinnars et al,,  specific mechanism of the imbalanced receptor expression has
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FIGURE 6 | Down-regulation of Tim-3 by T. gondii infection affected IL-10 and IFN-y secretion in dNK cells. (A-C) The human dNK cells expression levels of Tim-3,
IL-10 (A), IFN-y (B) and IFN-y/IL-10 ratios (C) among uninfected, infected, and anti-Tim-3 neutralized infected groups were detected by flow cytometry. (D-F) Tim-3,
IL-10 (D), IFN-y (E) expression changes and ratios of IFN-y/IL-10 (F) in uninfected, infected, and Tim-3”" infected mice dNK cells were showed by flow cytometry.
(Means + SD; N=6 human samples per group, in vitro; N=8 mice per group, in vivo, *p < 0.05, **p < 0.01, by unpaired t-test). (G) STAT3 and pSTAT3 involved in the
regulation of IL-10 secretion were detected by western blot among uninfected, infected, and anti-Tim-3 neutralized infected groups. (H) STAT1 and pSTAT1 which
were associated with IFN-y expression in dNK cells were detected by western blot in uninfected, infected, and anti-Tim-3 neutralized infected groups. The data of
STAT1 and pSTAT1 in Figure 5H reused the data in Figure 4G for Perforin and IFN-yshares the same upstream molecules STAT1 and pSTAT1, and the detection
was conducted simultaneously. (I-K) Histograms analysis of pSTAT3, IL-10 and IFN-y in uninfected, infected, and anti-Tim-3 neutralized infected groups. (Means +
SD; N=6 human samples per group, *p < 0.05, **p < 0.01, by unpaired t-test).

not yet been investigated. In this study, human dNK cells were  result in an imbalance of inhibitory and activating receptors. In
purified and cultured with T. gondii, and Tim-3 was blocked with ~ accordance with the results in vitro, the present study declared
Tim-3 neutralizing antibody. The result indicated that NKG2D/  that the NKG2D/NKG2A ratio of dNK cells was increased after
KIR2DL4 ratios of dNK cells were considerably higher in Tim-3-  T. gondii infection and further enhanced in Tim-3"" infected
neutralized group following T. gondii infection than that of the =~ mice. Considering the different abnormal pregnancy outcomes
infected group. This demonstrated that the down-regulation of ~ between Tim-3"" infected mice and WT infected mice, we could
Tim-3 expression on dNK cells after T. gondii infection could  deduce that the down-regulation of Tim-3 expression on dNK
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cells after T. gondii infection caused an imbalance between
inhibitory and activating receptors, thereby contributing to
abnormal pregnancy outcomes.

The cytotoxic molecules GranzymeA, GranzymeB and
Perforin are constitutively produced by NK cells (Trapani
et al., 1998; Shirshev et al., 2017; Gulic et al., 2018).
Researchers have found that dysfunctional dNK cells release
excessive GranzymeB and Perforin which induce pregnancy
failure (Trapani et al., 1998; Gulic et al., 2018). And our
precious study revealed that T. gondii infection could up-
regulate cytotoxic production such as GranzymeA, GranzymeB
and Perforin at maternal-fetal interface (Xu et al,, 2017; Zhang
etal,, 2018). In this study, the increased expression of Granzymes
and Perforin in dANK cells were demonstrated after T. gondii
infection in vivo and in vitro. Furthermore, results showed
significantly higher expression of GranzymeA, GranzymeB,
and Perforin in infected Tim-3-neutralized dNK cells and Tim-
37" infected mice than that of infected dNK cells, which
demonstrated that the reduction of Tim-3 on dNK cells further
enhanced GranzymeA, GranzymeB, and Perforin production.
According to the severe pregnancy outcomes of infected Tim-3""
mice, it was concluded that decreased Tim-3 on dNK cells caused
by T. gondii infection led to excessive cytotoxic production by
dNK cells, which participate in the development of
pregnancy failure.

Besides, dNK cells can also secrete many cytokines such as IL-
10 and IFN-y that participate in maternal-fetal tolerance
(Trundley and Moffett, 2004). Dysregulation of IL-10 has been
widely confirmed in pregnancy complications such as
preeclampsia, recurrent spontaneous abortion, and preterm
birth (Murphy et al., 2005; Yamada et al., 2005; Makris et al.,
2006). It is known that IL-10 in dNK cells plays a key role in
sustaining maternal-fetal tolerance function of dDCs (Miyazaki
et al., 2003). Coversely, excessive IFN-y secretion of dNK could
provoke pregnancy failure by inducing aberrant recruitment of
CD49b" NK cells (Li et al, 2014). Additionally, emerging
evidence has proven that over-expression of IFN-y affects
immune-regulation in maternal-fetal interface and leads to
recurrent pregnancy loss and implantation failure (Wilczynski
et al., 2003). Our previous study has revealed that the T. gondii
infection induced excessive secretion of IFN-y by dNK cells
(Zhang et al., 2015). And we found that the IFN-y/IL-10 ratios
in placenta supernatant from T. gondii infected mice were higher
than normal pregnant mice (Zhang et al, 2012b). In current
research, the IFN-Y/IL-10 ratios in dNK cell were obviously
increased after T. gondii infection both in vivo and in vitro,
and further up-regulated in infected Tim-3-neutralized dNK and
infected Tim-3"" mice. This suggested that the decrease of Tim-3
on dNK cells could up-regulate ratios of IFN-y/IL-10 and impact
the tolerance function of dNK cells. On the basis of these
findings, T. gondii infection-induced down-regulation of Tim-3
could result in dysfunction of dNK cells due to the up-regulation
of IFN-y/IL-10 ratio, and finally contribute to adverse
pregnancy outcomes.

However, the detailed mechanism of Tim-3 modulating the
cytokines (IFN-y, IL-10) synthesis, Perforin, and GranzymeB

production had not been confirmed during T. gondii infection.
AKT in NK cells has been identified as a downstream molecular
modulated by Tim-3 (Li et al., 2017a). Also, AKT is proved as a
key molecular in PI3K-AKT-mTOR pathway modulating the
GranzymeB expression and IFN-y production by NK cells
(Nandagopal et al., 2014; Li et al, 2017a). To further explore
the pathways via which Tim-3 regulates cytokines secretion and
cytotoxic production of dNK cells, the AKT, pAKT, PI3K,
GranzymeB, IFN-y expression in infected human dNK cells
and in Tim-3 neutralized human dNK cells were analyzed with
western blot. The results demonstrated that T. gondii infection
increased the expression of PI3K and pAKT, leading to
significant up-regulation of GranzymeB and IFN-y expression,
and the PI3K and pAKT being further up-regulated with
significantly higher expression of GranzymeB and IFN-y in
Tim-3 neutralized infected dNK cells. Based on these data, it
was revealed that T. gondii-mediated Tim-3 reduction could lead
to activation of PI3K-AKT signaling pathway and further
enhanced the production of GranzymeB and IFN-y in dNK
cells. In addition, pSTAT1 is also considered an important
regulator of IFN-y and Perforin production by NK cells
(Miyagi et al., 2007). The phophorylation of STAT1 could up-
regulate the Perforin and IFN-y production of NK cells (Vargas-
Hernandez et al, 2018). Besides, pSTAT3 is considered an
important regulator during the synthesis of IL-10
(Braunschweig et al., 2011). Our western blot results showed
that the expression levels of pSTAT1 and pSTAT3 were all up-
regulated in induced T. gondii infection and were even higher in
infected Tim-3 neutralized dNK cells. Combining the western
blot analysis of IFN-y, Perforin, IL-10, pSTAT1, and pSTAT3, we
confirmed that the inflammatory effector (IFN-y, Perforin) and
anti-inflammatory factor IL-10 were separately correlated with
phosphorylation level of STAT1 and pSTAT3. Many effector
proteins are injected into host cells during T. gondii infection and
modulate cell functions (Koshy et al., 2012). T. gondii was found
to activate the host STAT (signal transducer and activator of
transcription) signaling pathway by enhancing phosphorylation
level. And our research confirmed that phosphorylation of
STAT1 and STAT3 of dANK cells was increased after T. gondii
infection. Many studies proved that parasite rhoptry protein
ROP16 participated in modulating STAT3 and STAT6
phosphorylation of infected host cells (Yamamoto et al., 2009;
Butcher et al, 2011; Hunter and Sibley, 2012). However, we
found that pSTAT1 and pSTAT3 expression was further
increased in infected Tim-3 neutralized dNK cells, which
suggests that Tim-3 as an important modulator of pSTATI
and pSTATS3. This result indicated that the reduction of Tim-3
caused by T. gondii infection could enhance pSTAT1 and
pSTAT3 expression, then leading to changes in cytokines (IL-
10, IFN-y) secretion and Perforin production. Upon invasion, 7.
gondii parasites down-regulated the Tim-3 expression of dNK
cells, and the reduction of Tim-3 further modulating the
cytokines and granules production by activating the PI3K-AKT
and JAK-STAT signaling pathway.

In summary, T. gondii infection-mediated Tim-3 reduction
resulted in the imbalance of dNK cells receptors, cytotoxic
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granules overproduction, and abnormal cytokine secretion
through activating PI3K-AKT and JAK-STAT signaling
pathways, leading to the dysfunction of dNK cells which
participated in the development of abnormal pregnancy
outcomes. The present investigation also offers a new
understanding about the immune molecular mechanisms
underlying aberrant pregnancy outcomes caused by T.
gondii infection.
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Background: Increases in global travel and trade are changing arbovirus distributions
worldwide. Arboviruses can be introduced by travelers, migratory birds, or vectors
transported via international trade. Arbovirus surveillance in field-collected mosquitoes
may provide early evidence for mosquito-borne disease transmission.

Methods: During the seasons of high mosquito activity of 2018, 29,285 mosquitoes were
sampled from seven sentinel sites in various insect regions. The mosquitoes were
analyzed by RT-PCR for alphaviruses, flaviviruses, and orthobunyaviruses.

Results: We detected three strains of Japanese encephalitis virus (JEV), five strains of
Getah virus (GETV), and 45 strains of insect-specific flaviviruses including Aedes flavivirus
(AeFV, 1), Chaoyang virus (CHAQV, 1), Culex flavivirus (CxFV, 17), Hanko virus (HANKY, 2),
QuangBinh virus (QBV, 22), and Yunnan Culex flavivirus (YNCxFV, 2). Whole genomes of
one strain each of GETV, CxFV, CHAQV, and AeFV were successfully amplified.
Phylogenetic analysis revealed that the new JEV strains detected in the Shanghai and
Hubei Provinces belong to the Gl-b strain and are phylogenetically close to the NX1889
strain (MT134112) isolated from a patient during a JE outbreak in Ningxia in 2018. GETVs
were found in Inner Mongolia, Hubei, and Hainan and belonged to Group Ill. They were
closely related to strains isolated from swine. HANKV was recorded for the first time in
China and other ISFVs were newly detected at several sentinel sites. The bias-corrected
maximum likelihood estimation value for JEV in Jinshan, Shanghai was 4.52/1,000 (range
0.80-14.64). Hence, there is a potential risk of a JEV epidemic in that region.

Conclusion: Gl-b is the dominant circulating JEV genotype in nature and poses a health
risk to animals and humans. The potential threat of widespread GETV distribution as a
zoonosis is gradually increasing. The present study also disclosed the dispersion and host
range of ISFVs. These findings highlight the importance of tracing the movements of the
vectors and hosts of mosquito-borne pathogens in order to prevent and control arbovirus
outbreaks in China.

Keywords: Japanese encephalitis virus, Getah virus, insect-specific flavivirus, Culex, Anopheles
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Mosquito-Borne Arbovirus in China

INTRODUCTION

Mosquito-borne diseases are prevalent worldwide. Emergent and
established tropical diseases are spreading faster than expected.
Dengue outbreaks have occurred in China over the last decade.
These occurred in Yunnan [2013, (Zhang et al., 2014)], Guangdong
[2014, (Xiao et al, 2016)], Fujian [2016, (Han et al,, 2018)], and
Zhejiang [2017, (Yan et al, 2018)] and of them emerged in
heretofore dengue-free or low endemic areas. The number and
spatial distribution of dengue cases in China in 2019 reached an
unprecedented level. Morbidity was 1.63/100,000 and was second in
severity only to that of the major dengue outbreak of 2014 (Liu,
2020). Summer monsoons and climate change have substantial
impacts on dengue control and prevention in southeastern China
(Liu et al,, 2020a). Japanese encephalitis (JE) has been effectively
controlled by vaccination. However, JE outbreaks have been
recorded in adults in Shanxi [2006, (Wang et al., 2007)], Hubei
[2009-2010, (Hu et al,, 2013)], Shandong [2013 (Tao et al.,, 2014; Li
et al, 2019)], Gansu [2018, (Tian and Yang, 2019)], and Ningxia
[2018, (Liu et al.,, 2020b)]. The potential resurgence of malaria (Feng
et al., 2020) and the emergence of Zika (Song et al, 2017),
Chikungunya (Wu et al,, 2012), and West Nile (Cao et al., 2019)
virus threaten public health.

Before disease outbreaks occur, viruses colonize in field
mosquitoes and circulate in nature. Mosquito-borne disease
outbreaks reflect inadequate mosquito-borne pathogen
surveillance. Documenting the dynamics of pathogen-bearing
mosquitoes in the field might herald imminent mosquito-borne
disease outbreaks (Masetti et al., 2008). Sporadic mosquito pathogen
detection has been conducted in China to a limited extent. In
addition, baseline surveys have not yet been performed in certain
areas. Hence, surveys are needed to determine the geographic
distribution of arboviruses in various regions of China. The
mosquito surveillance system in China has focused mainly on
vector diversity and abundance (Wu et al, 2017; Guo et al,
2019). To the best of our knowledge, however, only a few districts
have sustained longitudinal mosquito-borne pathogen surveillance.
Moreover, large-scale latitudinal surveillance is uncommon. In
2018, we established seven sentinel sites in China based on
ecological niches for mosquito-borne pathogen surveillance.
Alphaviruses, flaviviruses, and orthobunyaviruses were detected
and their endemic risks were evaluated in target areas.

METHODS
Mosquito Sampling

Sentinel sites were established in various insect regions (IR) of China
according to geographical insect division (Shen et al., 2013). The
areas included Jining, Shandong Province (Northern China IR),
Hohhot, Inner Mongolia Autonomous Region (Northeastern China
IR), Jin’an and Jinshan Districts, Shanghai Municipality (Eastern
China), Sanya City and Qionghai County in Hainan Province
(Southern China Hainan sub-IR), and Zaoyang County in Hubei
Province (Changjiang-Huaihe IR). Figure 1 is a sentinel site map
generated by ArcGIS v. 10.1 ArcMap software (ESRI, Redlands, CA,
USA). Mosquitoes were collected from July to October 2018 using

UV light traps (Kungfu Dude Mosquito & Fly Trap, Wuhan Ji Xing
Medical Technology Co., Wuhan, China) and the labor hour
method (Fang et al,, 2019). The collection sites covered various
ecological characteristics and included residential areas, gardens,
office workplaces, schools, and livestock. Both sampling methods
were performed twice monthly at 15-day intervals. Aedine larvae
and pupae were collected from positive containers during a Breteau
Index survey, brought to a laboratory, and reared until adult
emergence. Mosquitoes were identified according to a national
key using morphological characteristics (Lu, 1997). Ambiguous
specimens were confirmed by molecular methods (Fang et al,
2017). Mosquitoes were pooled by species and collection date,
method, and location and stored at -80°C until further testing.
There was a maximum of 100 individuals per pool.

Nucleic Acid Extraction and Polymerase
Chain Reaction

RNA extraction, cDNA synthesis, and RNA integrity assessment
were performed as previously described (Fang et al., 2018). PCR
amplification to detect alphaviruses, flaviviruses, and
orthobunyaviruses was performed as described by Fang et al.
(2021a). For additional genotype identification, the primer sets
JEV-Ef/JEV-Er (Gao et al, 2013) and CxFV-E-F/CxFV-E-R
(Saiyasombat et al., 2010) amplified the E genes of JEV and
CxFV, respectively. The E2 gene of the Getah virus (GETV) was
amplified by the primer sets GETVE2F/GETVE2R (Zhai et al.,
2008). The PCR products were visualized on 1% or 2% agarose
gel in 0.5x Tris-acetate-EDTA buffer with Goldview. Positive
products were purified, cloned and sequenced by Sangon
(Shanghai, China).

Whole-Genome Sequencing

Primer Premier v. 5.0 (Premier Biosoft International, Palo Alto,
CA, USA) was used to analyze the molecular characteristics and
putative pathogenesis mechanisms of the viruses. It designed
primers to amplify the complete genomes of the Getah (GETV),
Chaoyang (CHAOV), and Quang Binh (QBV) viruses and Culex
flavivirus (CxFV) using the local SC201807 (MK693225), HLD15
(NC_017086), JM17156/China/2017 (MH827524), and DG1064
(JQ308188) isolates, respectively, as references. The PCR
products were sent for Sanger sequencing and applied towards
the design of the subsequent primers.

Phylogenetic Analysis

PCR product sequences were compared with those deposited in
the GenBank database using the BLAST program. Multiple
sequence alignments were generated with ClustalW2 using
fragments of the homologous NS5, JEV E, and GETV E2 genes
available in GenBank and the sequences obtained in this study.
Default ClustalW2 settings were manually adjusted as required
(Larkin et al., 2007). Neighbor-joining (NJ) trees were plotted
following Kimura’s two-parameter (K2P) distance model
(Kimura, 1980) and 1,000 bootstrap replicates in MEGA v. 7.0
(Kumar et al., 2016). Based on the Akaike Information Criterion
(AIC), a best-fit alignment model was determined with
Modeltest v. 3.7 and PAUP* v. 4.0b10 (Wilgenbusch and
Swofford, 2003). The maximum likelihood (ML) and Bayesian
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FIGURE 1 | Arbovirus distributions by mosquito pathogen surveillance sentinel site in China in 2018. AAFV, Anopheles-associated flavivirus; AeFV, Aedes flavivirus;
CHAQV, Chaoyang virus; CTFV, Culex theileri flavivirus; CxFV, Culex flavivirus; HANKV, Hanko virus; JEV, Japanese encephalitis virus; QBV, Quang Binh virus; YDFV,

likelihood trees were plotted using the GTR+I+G model for
flavivirus NS5 and the Japanese encephalitis virus (JEV) E genes.
The ML and Bayesian likelihood trees were plotted using the
GTR+G model for the GETV E2 and the Culex flavivirus (CxFV
E) genes. The ML tree was plotted with MEGA v. 7.0 using 1,000
bootstrap replicates. The Bayesian tree was plotted with MrBayes
v. 3.2.1 (Ronquist et al., 2012) and run for 10 million generations
of which 25% were discarded as burn-in. The trees were
unrooted for the least biased topology and visualized in Figtree
v. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

Infection Rate Calculation

Mosquito pool sizes varied considerably. Therefore, infection
rates were calculated using a bias-corrected maximum likelihood
estimation (MLE) and a minimum infection rate (MIR) in the
Excel add-in PooledInfRate v. 4 statistical software package
(Biggerstaff, 2006). Rates were expressed as the number of
infected mosquitoes per 1,000 collected.

RESULTS

Detection of Mosquito-Borne Pathogens
From Samples

A total of 29,285 mosquitoes including Anopheles sinensis, Culex
spp., Aedes albopictus, and Armigeres subalbatus were collected

at the seven sentinel sites during the mosquito activity season of
2018. All samples in 870 pools were tested for the presence of
mosquito-borne pathogens. Collection data for each sentinel site
are listed in Table S1. Cx. spp. including Cx. pipiens, Cx.
tritaeniorhychus, and Cx. quinquefasciatus predominated
(27,949 in 623 pools) and accounted for 95.44% of the total.
They were followed by An. sinensis (1.66%, 486/47 pools), Ae.
albopictus (2.43%, 713/183 pools), and Ar. subalbatus (0.47%,
137/17 pools). Intact RNA was successfully extracted from all
mosquito pools and confirmed by 18S rRNA amplification
(Hoffmann et al., 2004). Forty-eight flavivirus and five GETV
strains were recovered by successful amplification of the partial
flavivirus NS5 and the alphavirus NSPI gene, respectively. The 48
flavivirus strains comprised one Aedes flavivirus (AeFV), one
Chaoyang virus (CHAOV), 16 Culex flavivirus (CxFV), three
JEV, two Hankovirus (HANKYV), 22 Quang Binh virus (QBV),
and three Yunnan Culex flavivirus (YNCxFV) strains. The E
genes of JEV and CxFV were successfully amplified in three and
nine positive pools, respectively. Four positive amplification and
sequence determination results were obtained for the GETV E2
gene. No orthobunyaviral RNA sequences were detected. The
species names, collection information, host species, and
GenBank accession numbers of the arbovirus strains obtained
here are shown in Table 1.

AeFV was present in one pool of Ae. albopictus from Zaoyang,
Hubei Province. CHAOV was present in one pool of Cx. pipiens
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TABLE 1 | Mosquito-borne viruses detected at different sentinel sites during the mosquito activity seasons of 2018.

Strain Virus Host Collection date Geographic location GenBank ID

NS5 E Whole genome
HB_C9_18-7-HZ-Aea-B-4-JG-1 AeFV Aedes albopictus 7-Jul-2018 China: Zaoyang, Hubei Province MW246700
NM,JA_F7_18-8L-NH-Cxp-Y-2-1 CHAOV Culex pipiens 25-Aug-2018 China: Hohhot, Inner Mongolia MW246701 MW246770
HB_F3_18-8E-HZ-C-Y-5-1 CxFV Cx. tritaeniorhynchus 13-Aug-2018 China: Zaoyang, Hubei Province MW246702
JN,SY, TC_F3_18-8L-S-J-Cxt-Y-4-1 Cx. tritaeniorhynchus 24-Aug-2018 China: Jining, Shandong Province MW246703 MW246760
JS,JA_A4_18-9E-SJ-Cxp-Y-1-1 Cx. pipiens 10-Sep-2018 China: Jining, Shandong Province MW246704 MW246767 MW246772
JS,JA_A9_18-9L-SJ-Cxp-Y-3-1 Cx. pipiens 26-Sep-2018 China: Jining, Shandong Province MW246705 MW246768
JS,JA_D9_18-10M-JA-Cxp-C-4 Cx. pipiens 11-Oct-2018 China: Jin’an, Shanghai Municipality MW246706
NM,JA_A3_18-9M-NH-Cxp-Y-1-1 Cx. pipiens 14-Sep-2018 China: Hohhot, Inner Mongolia MW246707
NM,JA_C3_18-8M-NH-Cxp-Y-1-1 Cx. pipiens 14-Aug-2018 China: Hohhot, Inner Mongolia MW246708 MW246761
NM,JA_C5_18-8E-NH-Cxp-Y-2-1 Cx. pipiens 10-Aug-2018 China: Hohhot, Inner Mongolia MW246709
NM,JA_C6_18-7L-NH-Cxp-Y-1-1 Cx. pipiens 25-Jul-2018 China: Hohhot, Inner Mongolia MW246710
NM,JA_D5_18-7L-NH-Cxp-Y-2-1 Cx. pipiens 25-Jul-2018 China: Hohhot, Inner Mongolia MW246711
NM,JA_D7_18-8M-NH-Cxp-Y-1-1 Cx. pipiens 14-Aug-2018 China: Hohhot, Inner Mongolia MW246712
NM,JA_E11_18-8M-NH-Cxp-Y-3-1 Cx. pipiens 14-Aug-2018 China: Hohhot, Inner Mongolia MW246713 MW246762
NM,JA_E12_18-8M-NH-Cxp-Y-3-1 Cx. pipiens 14-Aug-2018 China: Hohhot, Inner Mongolia MW246714 MW246763
NM,JA_E7_18-8M-NH-Cxp-Y-2-3 Cx. pipiens 14-Aug-2018 China: Hohhot, Inner Mongolia MW246715 MW246764
NM,JA_G2_18-8L-NH-Cxp-Y-3 Cx. pipiens 25-Jul-2018 China: Hohhot, Inner Mongolia MW246716 MW246765
NM,JA_G3_18-8L-NH-Cxp-Y-2-4 Cx. pipiens 25-Jul-2018 China: Hohhot, Inner Mongolia MW246717 MW246766
NM,JA_E12_18-8M-NH-Cxp-Y-3-1 GETV Cx. pipiens 14-Aug-2018 China: Hohhot, Inner Mongolia MW246718 MW246755
NM,JA_F2_18-8L-NH-Cxp-Y-1-1 Cx. pipiens 25-Jul-2018 China: Hohhot, Inner Mongolia MW246719 MW246753 MW246769
NM,JA_G4_18-8L-NH-Cxp-Y-2-4 Cx. pipiens 25-Jul-2018 China: Hohhot, Inner Mongolia MW246720 MW246756
HB_A3_18-7E-HZ-ANS-Y-1-1 Anopheles sinensis 16-Jul-2018 China: Zaoyang, Hubei Province MW246721 MW246754
JS,QH_G7_18-7L-QH-Cxt-5-4 Cx. tritaeniorhynchus 24-Jul-2018 China: Qionghai city, Hainan Province MW246722
HB_B4_18-7E-HZ-C-Y-5-4 JEV Cx. tritaeniorhynchus 19-Jul-2018 China: Zaoyang, Hubei Province MW246723 MW246759
JS,QH_B4_18-7E-JS-Cxt-C-9-6 Cx. tritaeniorhynchus 4-Jul-2018 China: Jinshan, Shanghai Municipality MW246724 MW246757
JS,QH_D3_18-8E-JS-Cxt-C-8-4 Cx. tritaeniorhynchus 7-Aug-2018 China: Jinshan, Shanghai Municipality MW246725 MW246758
NM,JA_C7_18-7L-NH-Cxp-Y-1-1 HANKV Cx. pipiens 25-Jul-2018 China: Hohhot, Inner Mongolia MW246726
NM,JA_E2_18-8M-NH-Cxp-Y-2-1 Cx. pipiens 14-Aug-2018 China: Hohhot, Inner Mongolia MW246727
JS,JA_A5_18-9E-SJ-Cxp-Y-2-1 QBV Cx. pipiens 10-Sep-2018 China: Jining, Shandong Province MW246728
JS,JA_A7_18-9L-SJ-Cxp-Y-1-1 Cx. pipiens 26-Sep-2018 China: Jining, Shandong Province MW246729
JS,JA_C12_18-10E-SJ-Cxp-3-1 Cx. pipiens 10-Oct-2018 China: Jining, Shandong Province MW246730
JN,SY, TC_E2_18-8E-S-J-Cxp-Y-4-1 Cx. tritaeniorhynchus 6-Aug-2018 China: Jining, Shandong Province MW246731
HB_E10_18-8E-HZ-A-Y-2-1 An. sinensis 13-Aug-2018 China: Zaoyang, Hubei Province MW246732
HB_E2_18-7L.-HZ-C-S-1 Cx. tritaeniorhynchus 24-Jul-2018 China: Zaoyang, Hubei Province MW246733
HB_E5_18-8E-HZ-C-Y-1-1 Cx. tritaeniorhynchus 13-Aug-2018 China: Zaoyang, Hubei Province MW246734
HB_E7_18-8E-HZ-A-Y-1-1 An. sinensis 13-Aug-2018 China: Zaoyang, Hubei Province MW246735
JN,SY, TC_B5_18-7E-H-S-Cxt-Y-5 Cx. tritaeniorhynchus 10-Jul-2018 China: Sanya, Hainan Province MW246736
JN,SY, TC_B6_18-7E-H-S-Cxt-Y-5 Cx. tritaeniorhynchus 10-Jul-2018 China: Sanya, Hainan Province MW246737
JN,SY, TC_B7_18-7E-H-S-Cxt-Y-5 Cx. tritaeniorhynchus 10-Jul-2018 China: Sanya, Hainan Province MW246738
JN,SY, TC_B8_18-7E-H-S-Cxt-Y-5 Cx. tritaeniorhynchus 10-Jul-2018 China: Sanya, Hainan Province MW246739
JN,SY, TC_D1_18-7L-H-S-Cxt-Y-5 Cx. tritaeniorhynchus 10-Jul-2018 China: Sanya, Hainan Province MW246740
JS,JA_H6_18-10E-JS-Cxt-C-2-1 Cx. tritaeniorhynchus 8-Oct-2018 China: Jinshan, Shanghai Municipality MW246741 MW246771
JS,QH_A7_18-7E-JS-Cxt-C-8-5 Cx. tritaeniorhynchus 4-Jul-2018 China: Jinshan, Shanghai Municipality MW246742
JS,QH_B5_18-7E-JS-Cxt-C-9-7 Cx. tritaeniorhynchus 4-Jul-2018 China: Jinshan, Shanghai Municipality MW246743
JS,QH_B8_18-7E-JS-Cxt-C-10-1 Cx. tritaeniorhynchus 4-Jul-2018 China: Jinshan, Shanghai Municipality MW246744
JS,QH_C3_18-7M-JS-Cxt-C-8-1 Cx. tritaeniorhynchus 16-Jul-2018 China: Jinshan, Shanghai Municipality MW246745
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from Hohhot, Inner Mongolia. CxFVs were found in two pools of
Cx. tritaeniorhynchus and 14 pools of Cx. pipiens, distributed in
Hohhot, Inner Mongolia (11), Zaoyang, Hubei Province (1),
Jining, Shandong Province (3), and Jin’an, Shanghai (1). JEV
was found in three pools of Cx. tritaeniorhynchus from
Zaoyang, Hubei (1) and Jinshan, Shanghai (2). HANKV was
found in two pools of Cx. pipiens from Hohhot, Inner
Mongolia. QBV was found in five pools of Cx. pipiens, two
pools of An. sinensis, and 15 pools of Cx. tritaeniorhynchus from
Jining, Shandong Province (4), Zaoyang, Hubei Province (4),
Hohbhot, Inner Mongolia (2), Sanya, Hainan Province (5), and
Jinshan, Shanghai Municipality (7). YNCxFV was found in three
pools of Cx. tritaeniorhynchus from Qionghai, Hainan Province.
GETV was found in three pools of Cx. pipiens, one pool of An.
sinensis, and one pool of Cx. tritaeniorhynchus from Hohhot,
Inner Mongolia (3), Zaoyang County, Hubei Province (1), and
Qionghai City, Hainan Province (1). The arbovirus distributions at
each sentinel site are shown in Figure 1.

The phylogenetic tree based on the NS5 gene (Figure 2)
showed that the Flaviviridae consisted of four clusters including
mosquito-borne and tick-borne flaviviruses, no-known vector
flaviviruses, and Insect specific flaviviruses (ISFVs). Each
flavivirus had an independent lineage with high bootstrap
values. Three mosquito-borne flavivirus-positive sequences
were clustered in the JEV lineage while the other 44 sequences
were scattered in the ISFV cluster. The CHAOV was genetically
close to the mosquito-borne flavivirus clade and distant from the
ISFV clade.

Whole genome

GenBank ID

NS5
MW246746
MW246747
MW246748
MW246749
MW246750
MW246751
MW246752

Geographic location
China: Jinshan, Shanghai Municipality
China: Jinshan, Shanghai Municipality

China: Hohhot, Inner Mongolia
China: Hohhot, Inner Mongolia
China: Qionghai, Hainan Province
China: Qionghai, Hainan Province
China: Qionghai, Hainan Province

Molecular Characterization and
Phylogenetic Analysis Based
on JEV E Genes
For the JEV E gene, 99.36%-99.74% nucleotide sequence identity
and 99.61%-100% amino acid sequence identity were
determined for the newly detected Shanghai and Hubei strains.
They had 87.76%-88.14% and 97.68%-97.76% similarity to the
vaccine strain SA14-14-2 in terms of their nucleotide and amino
acid levels, respectively. In the E gene tree (Figure 3), the newly
detected Shanghai and Hubei strains fell into the GI-b cluster.
They were genetically close and formed a cluster related to the
strain obtained in Shanghai in 2016 (HP4A_16-7-H-Cut-C-5-2
strain, MT134112). However, they were distantly related to the
strains circulating in Shanghai and Hubei before 2010. The
deduced differences in amino acids among the E protein
sequences were aligned to compare the newly detected strains
against the vaccine strain (SA14-14-2) currently used in China.
Relative to the SA14-14-2-derived strain (SA14), four amino acid
substitutions were observed in the newly detected JEV strains,
namely, E129 (Thr—Met), E222 (Ala—Ser), E327 (Ser—Thr),
and E366 (Ala-Ser). There were no differences between the novel
and vaccine strains in terms of their key amino acid sites related
to antigenicity. All JEV strains carried the dominant haplotype
SKSS based on the E123, E209, E227, and E408 sites in the E
protein previously defined based on predicted positive selections
(Han et al., 2014).

JEV E gene tree topologies (Figure 3) identified five major
clades corresponding to genotypes I-V. GI comprised two

Collection date
23-Aug-2018
25-Jul-2018
14-Aug-2018
24-Jul-2018
10-Jul-2018
10-Jul-2018

7-Aug-2018

taeniorhynchus
itaeniorhynchus
taeniorhynchus
itaeniorhynchus

taeniorhynchus
ipiens

Host
ipiens

Cx. tri
Cx. tri
Cx. p
Cx. p
Cx. tri
Cx. tri
Cx. tri

Virus
YNCxFV

-Cxp-Y-1-3
-8M-NH-Cxp-Y-1-2

JS,QH_F10_18-7L-H-Q-Cxt-Y-1-1

NM,JA_D8_18

JS,QH E‘I‘IA 18-8L-JS-Cxt-C-3-1
NM,JA_C12_18-7L-NH
JS,QH_F2 148—7E—H—Q-C><t—Y—‘I—1

JS,QH F5418<7E-H-Q-Cxt—Y—5—1

AeFV, Aedes flavivirus, CHAOV, Chaoyang virus; CxFV, Culex flavivirus; E, Envelope gene; GETV, Getah virus; HANKV, Hanko virus; JEV, Japanese encephalitis virus; NS5, Non-structural 5 gene, YNCxFV, Yunnan Culex flavivirus.

JS,QH_D7_18-8E-JS-Cxt-C-8-8

TABLE 1 | Continued

Strain
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newly detected strains were clustered together and belonged to
the GI-b genotype. They had high similarity and clustered with
the sequences obtained in Shanghai in 2016 and the NX1889
strain (MT134112) isolated from a JE patient during an outbreak
in Ningxia in 2018 (Liu et al., 2020b). A sequence comparison on
JEV E gene revealed 98.51%-98.78% nucleotide and 99.61%-
100% amino acid sequence identities between the newly obtained
JEV strains and the NX1889 strain.
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FIGURE 2 | Phylogenetic tree generated by Bayesian analysis of partial non-structural five gene sequences of flavivirus. The virus strain, GenBank accession
number, host, collection country and year are noted. The flavivirus sequences obtained in this study are marked in red. Bootstrap values (1,000 replicates, not
shown for less than 75%) of maximum likelihood; Bayesian analyses and neighbor-joining are shown above the main lineages. The bar indicates 0.1 substitutions per
site. Sequences shaded sky blue represent tick-borne flavivirus, those shaded aguamarine represent no-known vector flavivirus, those shaded khaki represent infect
specific flavivirus, those shaded rose-brown represent mosquito-borne flavivirus. AAFV, Anopheles associated flavivirus; AeFV, Aedes flavivirus; CFAV, cell fusing
agent virus; CTFV, Culex theileri flavivirus; CxFV, Culex flavivirus; DGV, Donggang virus; HANKYV, Hanko virus; JEV, Japanese encephalitis virus; KRV, Kamiti River
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Molecular Characterization and
Phylogenetic Analysis Based on
the GETV E Genes

The GETV E2 gene was successfully amplified in four of five
GETYV positive pools. There were 98.50%-99.84% nucleotide and
98.82%-99.76% amino acid sequence identities among the newly
detected Inner Mongolia and Hubei strains. The GETV strains
identified here had 98.58%-98.74% nucleotide and 99.05%-
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99.53% amino acid sequence similarities to the vaccine strain
MI-110 (Japan, LC079086) based on an analysis of the E2
protein-coding region sequences. The GETV E2 gene tree
topologies (Figure 4) identified four distinct clades
corresponding to groups I-IV. The newly obtained strains fell
into two sublineages of Group III. The HB_A3_18-7E-HZ-ANS-
Y-1-1, NM,JA_E12_18-8M-NH-Cxp-Y-3-1, and NM,
JA_G4_18-8L-NH-Cxp-Y-2-4 strains were close to those
identified in swine (HNPDS-2) and mosquito (JL17/08)
samples collected in Henan and Jilin Provinces. The NM,
JA_F2_18-8L-NH-Cxp-Y-1-1 strain was close to the swine
sample (SC201807) obtained in Sichuan. The three GETV
strains from Inner Mongolia were distributed in two
sublineages and were distantly related to the strain from
neighboring Mongolia. GETV was first detected in a single

pool of Cx. pipiens (NMDKI1813-1 strain) collected in Inner
Mongolia in 2018 (Cheng et al., 2020). The NMDK1813-1 strain
was close to the GS10-2 (EU015070) strain from Gansu Province
(Cheng et al., 2020). GETV was detected in samples from Hubei
(ES26) (Gao et al., 2015) collected in 2010. The phylogenetic
analysis suggests that the ES26 strain was genetically close to
HB0234 strain from Hubei (Gao et al,, 2015). It’s a pity that there
were no available NMDK1813-1 strain and ES26 strain
sequences available on GenBank.

The GETV E2 gene is 1,266 nt long and encodes a 422-aa
glycoprotein. The deduced amino acid differences between the
E2 protein sequences and those of the vaccine derived strain
(MI-110) currently used in Japan were aligned and compared.
Six amino acid residues in the newly detected GETV strains
differed from those of the MI-110 strain, namely, E75 (Met—Ile),
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FIGURE 4 | Phylogenetic tree generated by Bayesian analysis of Getah virus (GETV) envelope gene. The virus strain, GenBank accession number, host, collection
country and year are noted. The GETV sequences obtained in this study are marked in red. Bootstrap values (1,000 replicates, not shown for less than 75%) of
Bayesian analyses, maximum likelihood and neighbor-joining are shown above the main lineages. The scale-bar indicates 0.005 substitutions per site. Sequences
shaded sky blue represent the GETV Group |, those shaded aquamarine represent Group I, those shaded khaki represent Group lll, those shaded rose-brown

E86 (His—Tyr), E97 (Met—lle), E194 (Glu—Gly), E248
(Leu—Ser), and E323 (Asp—Glu). Comparison of the E2
protein amino acids showed that Gly at locus 194 was unique
to MI-110 whereas the Glu substitution at E194 (Glu—Gly) was
observed in all other strains.

The length of the entire genome of the newly detected GETV
(NM,JA_F2_18-8L-NH-Cxp-Y-1-1 strain, M'T254427) was 11,689
bp. It comprised 5’UTR (78 nt), two ORFs encoding non-structural
proteins (7,404 nt) and structural proteins (3,762 nt), 3UTR (401
nt), and a 26S RNA junction region located between the non-
structural and structural protein coding regions (44 nt; 7,483-
7,526). The complete genome was amplified with 11 pairs of
overlapping primers (Table S2). The virus isolated from Cx.
pipiens had 99.73% and 99.84% similarities at the nucleotide and
amino acid levels, respectively, to the SC201807 strain isolated from
mixed infected pig reproductive and respiratory syndrome blood in
Sichuan in 2018 (Jiang et al., 2019).

Molecular Characterization and
Phylogenetic Analysis Based on the
CHAOV NS5 Genes

In the flavivirus NS5 tree, CHAOV's distributed in the mosquito-
borne flavivirus clade and were remote from ISFVs. CHAOVs

were previously detected in Liaoning Province, China (Wang
et al., 2009). This record of CHAOV is the first for
Inner Mongolia.

The complete genome of the NM,JA_F2_18-8L-NH-Cxp-Y-
1-1 strain was 10,679 nt and consisted of an ORF encoding 3,436
amino acids flanked by 99 and 272 nucleotides at the 5’'UTR and
3’UTR ends, respectively. The complete genome was amplified
with 11 pairs of overlapping primers (Table S3).

Compared to the genome sequences of other CHAOV strains,
the newly discovered NM,JA_F2_18-8L-NH-Cxp-Y-1-1 strain had
98.91% identity to HLD115 (NC_017086) detected in mosquitoes
from Hulu Island, Liaoning Province, China in 2010. It had 97.90%
nucleotide similarity to the prototype Deming (FJ883471) strain
from Liaoning, China and 97.87% nucleotide similarity to the
ROK144 strain (JQ068102) from South Korea. Similarity of the
four CHAOV strains to the whole genome available on GenBank
was 99.7%-99.9% at the amino acid level.

Sequence Analysis and Phylogenetic
Characterization of ISFVs

AeFV was detected in a pool of Ae. albopictus from Zaoyang,
Hubei Province. Phylogenetic analysis revealed a close genetic
relationship between it and the strains from Shanghai. This
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AeFV record was the first for Hubei Province. In China, AeFVs
were already detected in mosquito samples collected in Shanghai
Municipality in 2016 (Fang et al., 2018) and Yunnan Province in
2018 (Fang et al., 2021b). Sixteen CxFVs were observed at four
sentinel sites. The CxFV E gene was successfully amplified in
nine strains. The CxFVs in the E gene phylogenetic tree (Figure
5) were divided into two genotypes. All newly detected CxFV's
were clustered in the Asia/USA genotype clade whereas those
obtained from Shandong and Shanghai were distantly related to
those from Inner Mongolia. To the best of our knowledge, these
records of CxFV are firsts for Hubei and Inner Mongolia. The
whole JS,JA_A4_18-9E-SJ-Cxp-Y-1-1 genome was 10,799 bp
long and comprised an ORF encoding 3,364 amino acids
flanked by 71 and 636 nucleotides at the 5'UTR and 3'UTR
ends, respectively. Eleven overlapping primers (Table S4)
amplified the complete CxFV genome. A genome-wide
comparison showed that the JS,JA_A4 18-9E-SJ-Cxp-Y-1-1
strain from Shandong Province had 99.6% nucleotide and
99.67% amino acid identities with the DG1064 strain
(JQ308188.1) from An. sinensis in Liaoning Province.

Two Cx. pipiens pools from Inner Mongolia were positive for
HANKYV. They had 98.09% similarity with each other and shared
80.47%-87.88% nucleotide sequence identity with the partial
NS5 genes of strains from Europe. This HANKYV record is a first
for China. It was already detected in Finland, Spain, Italy, and
Portugal (Blitvich and Firth, 2015). Hence, this virus has a broad
geographical distribution and a wide host range.

QBVs have been detected at five sentinel sites in this study
including Shandong, Hubei, Hainan, Inner Mongolia, and
Shanghai. This record of QBV was a first for all the
aforementioned sites except Shanghai. The NS5 gene sequence
similarity was 86.36%-100% among QBV strains. The strains JS,
JA_A5_ 18-9E-SJ-Cxp-Y-2-1 from Jining and QBV_JN,SY,
TC_B6_18-7E-H-S-Cxt-Y-5 from Sanya City had only 87.50%
similarity. QBVs in the NS5 tree were divided into two clusters.
The strains from Sanya City in Hainan Province gathered with the
QBV prototype strain from Vietnam. The strains from Hubei,
Shanghai, Inner Mongolia, and Shandong clustered with that from
Shanghai. JM17156 (MH827524) and LZ17046 (MH827523) were
isolated from mosquitoes collected in Guangdong but had only
91.60% nucleotide sequence similarity and were remote from each
other in the phylogenetic tree. The boundary of the two QBV
lineages is probably located between 21°N and 22°N.

We elucidated the complete genome of the novel JSJA_H6_18-
10E-JS-Cxt-C-2-1 strain. It was 10,785 nt long and had an ORF
encoding 3,360 amino acids flanked by 85 and 620 nucleotides at
the 5'UTR and 3'UTR ends, respectively. The complete genome
was amplified with 10 pairs of overlapping primers (Table S5). A
whole-genome sequence comparison of JS,JA_H6_18-10E-JS-Cxt-
C-2-1 and the other four representative QBV strains showed
88.4%-99.5% nucleotide sequence identity. The deduced amino
acid sequence identities were in the range of 97.1-99.8%. JS,
JA_H6_18-10E-JS-Cxt-C-2-1 had 99.5% genetic identity with the
DD1716 strain detected in Cx. tritaeniorhynchus in Dandong City,
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FIGURE 5 | Phylogenetic tree generated by Bayesian analysis of Culex flavivirus (CxFV) complete genome. The virus strain, GenBank accession number, host,
collection country and year are noted. The CxFV sequences obtained in this study are marked in red. Bootstrap values (1,000 replicates, not shown for less than
75%) of Bayesian analyses, maximum likelihood and neighbor-joining are shown above the main lineages. The scale-bar indicates 0.01 substitutions per site. Dark
grey and light grey indicate CxFV Asian/USA genotype and Africa/Caribbean/Latin America genotype, respectively.
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Liaoning Province, China. However, it had only 89.79% nucleotide
sequence identity with the VN180 strain.

Three newly identified YNCxFVs were obtained from three
pools of Cx. tritaeniorhynchus collected in Qionghai, Hainan
Province, China and they had 98.47%-98.85% nucleotide
identity. This YNCxFV record is the first outside Yunnan
Province. The phylogenetic analysis showed that the newly
detected strains were close to those obtained from Cx.
tritaeniorhynchus in Tengchong County, Yunnan Province in
2018. The partial NS5 gene had 90.53%-100% nucleotide
sequence identity with those for YNCxFV in GenBank.

Arbovirus Infection Rates in Mosquitoes
The arbovirus infection rates in the mosquitoes collected from
the sentinel sites were estimated by bias-corrected MLE and MIR

and are shown in Table 2. For JEV, the overall bias-corrected
MLE values expressed as number of infected mosquitoes per
1,000 Cx. tritaeniorhynchus were 4.52 (0.80-14.64) and 0.35
(0.02-1.69) in Jinshan and Zaoyang, respectively. The GETV
MLE per 1,000 individuals were 0.14 (0.04-0.37, Cx. pipiens),
3.72 (0.21-17.36, An. sinensis), and 0.75 (0.04-3.60, Cx.
tritaeniorhynchus) in Hohhot, Zaoyang, and Qionghai,
respectively. JEV and GETV were detected in samples collected
in July and August 2018.

Bias-corrected MLE for the CHAOV, AeFV, and YNCxFV
infection rates were 0.05 (0.00-0.22), 6.50 (0.38-30.94), and 2.22
(0.60-5.95) per 1,000 individuals in Hohhot, Zaoyang, and
Qionghai, respectively. Bias-corrected MLE for the CxFV and
QBYV infection rates were in the ranges of 0.35-14.13 and 0.09-
61.25, respectively.

TABLE 2 | Bias-corrected maximal likelihood estimations (MLE) and minimum infection rates (MIR) of mosquito-borne flaviviruses at various sentinel sites during the

mosquito activity seasons of 2018.

Survey areas Detected host No. No.
virus individuals PP
Hohhot, Inner GETV Culex pipiens 22049 3
Mongolia
CHAQV Cx. pipiens 22049 1
CxFV Cx. pipiens 22049 iR
QBV Cx. pipiens 22049 2
OcFV Cx. pipiens 22049 2
Zaoyang, Hubei GETV Anopheles sinensis 273 1
JEV Cx. 2475 1
tritaeniorhynchus
QBV Cx. 2475 2
tritaeniorhynchus
QBV An. sinensis 273 2
CxFV Cx. 2475 1
tritaeniorhynchus
AeFV Aedes albopictus 152 1
Jining, Shandong QBV Cx. 217 1
tritaeniorhynchus
QBV Cx. pipiens 146 3
CxFV Cx. 217 1
tritaeniorhynchus
CxFV Cx. pipiens 146 2
Jinshan, Shanghai JEV Cx. 452 2
tritaeniorhynchus
QBV Cx. 452 2
tritaeniorhynchus
Jing’an, Shanghai CxFV Cx. pipiens 208 1
Qionghai, Hainan GETV Cx. 1351 1
tritaeniorhynchus
YNCxFV Cx. 1351 3
tritaeniorhynchus
Sanya, Hainan CxFV Cx. 191 5
tritaeniorhynchus

No. Positive pool rate  Bias Corrected MLE (95% Cl) MIR (95% CI)
pools (%)

225 1.33 0.14 (0.04-0.37) 0.14 (0.00-0.29)

225 0.44 0.05 (0.00-0.22) 0.05 (0.00-0.13)

225 4.89 0.51 (0.27-0.88) 0.50 (0.20-0.79)

225 0.89 0.09 (0.02-0.30) 0.09 (0.00-0.22)

225 0.89 0.09 (0.02-0.30) 0.09 (0.00-0.22)

28 3.57 3.60 (0.21-17.36) 3.66 (0.00-
10.83)

83 1.20 0.35 (0.02-1.69) 0.35 (0.00-1.83)

83 2.41 0.70 (0.13-2.28) 0.70 (0.00-1.66)

28 7.14 7.12 (1.34-22.69) 7.33 (0.00-
17.44)

83 1.20 0.35 (0.02-1.69) 0.35 (0.00-1.03)

40 2.50 6.50 (0.38-30.94) 6.58 (0.00-
19.43)

16 6.25 4.35 (0.27-20.66) 4.61 (0.00-
13.62)

20 15.00 21.53 (5.89-57.53) 20.55 (0.00-
43.56)

16 6.25 4.38 (0.27-20.89) 4.61 (0.00-
13.62)

20 10.00 14.13 (2.569-46.19) 13.70 (0.00-
32.55)

69 2.90 4.48 (0.80-14.64) 4.42 (0.00-
10.54)

69 2.90 16.27 (7.24-31.94) 15.49 (4.10-
26.87)

69 1.45 4.93 (0.28-24.22) 4.81 (0.00-
14.21)

44 2.27 0.75 (0.04-3.60) 0.74 (0.00-2.18)

44 6.82 2.22 (0.60-5.95) 2.21 (0.00-4.71)

10 50.00 61.25 (21.50-248.10) 26.18 (3.53—
48.82)

AefFV, Aedes flavivirus, CHAOV, Chaoyang virus; Cl, confidence interval; CxFV, Culex flavivirus; GETV, Getah virus; HANKV, Hanko virus; JEV, Japanese encephalitis virus; gene, PP,

positive pool, YNCxFV, Yunnan Culex flavivirus.
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DISCUSSION

Climate change, biogeography, and human and avian behavior
have been implicated in the spread of arbovirus. To the best of
knowledge, our study is the first to record HANKV in China.
Moreover, this work research reports for the first time the
presence of AeFV, CHAOV, CxFV, QBV, and YNCxFV at
multiple sentinel sites.

Hohhot, Inner Mongolia had a high mosquito density and the
richest arbovirus diversity in this study. GETV, CxFV, HANKYV,
QBYV, and CHAOV were detected at this location. Zaoyang was
second to Hohhot in terms of mosquito abundance and it
harbored JEV, GETV, AeFV, QBV, and CxFV. Tengchong in
Yunnan Province was another sentinel site of the mosquito-
borne disease surveillance in 2018. For a putative focal point of a
JE epidemic has been found there, the results were published
separately (Fang et al., 2021b).

JEV

As JEV naturally circulates, JE outbreaks sporadically occurred in
China. The main reason for the observed increase in the number
of reported JE cases between 2016 and 2018 was that the
incidence rose in the subpopulation aged > 40 years (Wu et al.,
2020). Furthermore, the JE outbreaks occurred mainly in the
north-central regions but not in the provinces wherein JEV was
strongly endemic as of the early 2000s (Zheng et al., 2012).

A phylogenetic analysis of the E gene showed that JEV is
divided into the GI-GV genotypes. GI is further subdivided into
Gl-a and GI-b. The latter gradually replaced GIII over the past
30 years (Schuh et al, 2014; Do et al, 2016). GI was more
efficiently amplified than GIII in mosquito and porcine cells
whereas the latter was more efficiently amplified in human
rhabdomyosarcoma clones (Han et al., 2014). However, GI has
been implicated in three recent human JE outbreaks. A few cases
in the JE outbreak in India in 2010 were associated with GI but
most involved GIII (Sarkar et al., 2012; Han et al., 2014). The JEV
strain isolated from Cx. spp. during the 2010 JE outbreak in
South Korea belonged to GI, although no human sequences were
available (Seo et al., 2013). JEVs isolated from human and Cx.
tritaeniorhynchus samples collected during the 2018 outbreak in
Ningxia, China belonged to GI-b but no GIII was detected (Liu
et al, 2020b). The phylogenetic tree based on the E gene
demonstrated that the newly detected JEV strains gathered
with the Ningxia strain and there were no amino acid
substitutions on the E protein. High nucleotide identities were
observed among the JEV strains obtained from Ningxia, Hubei,
and Shanghai. Hence, frequent, long-range JEV transmission has
occurred within China probably via migratory birds and
windblown mosquitoes. The E proteins in the newly detected
JEV strains differed from that in the live attenuated SA14-14-2
vaccine at E129 (Thr—Met), E222 (Ala—Ser), E327 (Ser—Thr),
and E366 (Ala-Ser). No divergences were detected among them
in terms of their key amino acid sites related to antigenicity. The
E protein is a major constituent of the mature virion surface and
is under constant selection pressure. It plays critical roles in
infectivity and immunity (Schuh et al., 2014). It remains to be
determined whether these mutations are associated with host

adaptation. The vaccines currently used in China are derived
from GIII. They confer protection against GI-GIV but not
against GV (Cao et al,, 2016). Thus, surveillance must be
sustained to characterize circulating JEVs on a genetic level
and avoid potential vaccine failure.

The JEV infection rate in Cx. tritaeniorhynchus from Jinshan
District, Shanghai Municipality was 4.52/1,000 (0.80-14.64). The
prevalence of West Nile virus (WNV) constituting an “epidemic
risk” was > 5/1,000 mosquitoes (Tao et al., 2014). There were no
data for JEV. Thus, considering the data of WNV, the Jinshan
District is at potential risk of JEV epidemics.

As JEV constantly circulates in nature, it continues to pose a
serious threat to public health. The vaccination program has
altered the JEV endemic status and populations at risk in various
areas. Hence, the JEV prevention strategy is suggested to be
modified accordingly. Consistent immunization programs are
required for children. Targeted JE vaccination should be
administered to adults in areas to which JE is highly endemic.
Domestic pigs must be relocated to communal facilities away
from human habitation and irrigated rice production regions.
The living conditions of people in remote rural areas require
improvement to reduce the risk of viral spillover from the animal
reservoir to the human population.

GETV

GETV was first isolated from Cx. gelidus in Malaysia in 1955
(Karabatsos, 1985). Phylogenetic analyses suggested that GETV
emerged ~145 years ago and gradually evolved into four groups
(Li et al., 2017b). GETYV is active in Southeast Asia and Eurasia
and transmitted by Cx. spp. to pigs and horses (Li et al., 2017b).
There were frequent GETV outbreaks in Japan during the 1980s
(Kamada et al., 1980). An inactivated whole-virus vaccine
derived from MI-110 (Nisseiken, Japan) isolated in 1978 was
developed. Two vaccine doses were administered to racehorses in
Japan to prevent GETV infection (Bannai et al., 2015). However,
unexpected GETV outbreaks occurred in vaccinated racehorses
in Miho in 2014-2015 (Nemoto et al., 2015; Bannai et al., 2016).
The reason was mainly for a single vaccine dose might not suffice
to protect racehorses in areas with high GETV infection rates
(Bannai et al., 2015; Bannai et al., 2017). There have been seven
major GETV outbreaks. Five involved racehorses in Japan
(Kamada et al., 1980; Bannai et al., 2015; Bannai et al., 2016),
one affected horses in India (Brown and Timoney, 1998), and
one concerned pigs in China in 2017 (Yang et al., 2018).

In China, GETV was first isolated from Cx. sp. in Hainan
Province, in 1964 (Li et al,, 1992). It was detected in mosquitoes
from Hebei (2002), Shanghai (2005), Yunnan (2005), Gansu (2006,
(Zhai et al., 2008)), Guizhou [2008, (Li et al., 2017b)], Hubei [2010,
(Gao et al., 2015)], Shanxi [2012, (Zheng et al.,, 2015)], Sichuan
[2012, (Li et al., 2017a)], Jilin [2017, (Liu et al., 2019)], and Inner
Mongolia [2018, (Cheng et al.,, 2020)]. The first vertebrate GETV
was isolated in Taiwan in 2002 (Chang et al., 2006). The number of
cases of GET'V-affected mammals has rapidly increased over the last
decade. These included pigs in Henan [2011, (Zhou et al., 2018)],
Hunan [2017, (Yang et al, 2018)], Anhui [2017 (available on
GenBank but unpublished)], Sichuan [2018, (Jiang et al,, 2019)],
and Guangdong [2018, (Xing et al., 2020)], blue foxes in Shandong
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FIGURE 6 | Geographical distribution of GETV in China. Years correspond to the first GETV detection in each province.

[2017, (Shi et al., 2019)], beef cattle in Jilin [2018, (Liu et al., 2019)],
and horses in Guangdong [2018, (Lu et al, 2019)]. A GETV
outbreak occurred on a swine farm in Hunan Province in June
and July 2017 and caused many fetal mummies, stillbirths, and
piglet deaths (Yang et al., 2018). In contrast, mosquito-borne GETV
has not yet been recorded in Hunan. Sudden onset of fever, caused
by GETV, was reported for racehorses at a training center in
Guangdong in 2018, while no GETV infection was detected in
archived equine serum samples collected between 2014 and 2018
(Lu et al,, 2019). To date, GETV records have covered 17 provinces
in China (Figure 6) and most of them were reported within the last
decade. Several serological surveys revealed widespread GETV
occurrence in humans and domestic animals in the Asia-Pacific
region (Fukunaga et al,, 2000; Liang et al,, 2010; Li et al., 2018).
Frequent GETV detection in various vertebrates and mosquitoes
over a wide geographical area suggests that this virus may cause an
epidemic in China. Thus, it is important to conduct research on the
molecular evolution and infection rate dynamics of GETV in its
vectors and natural hosts.

The GETV E2 phylogenetic tree revealed that vector and
amplifying host sequences were in close proximity to each other.
Thus, there is a potential risk of GETV epidemics in domestic
animals. In addition, the GETV strains collected within the same
province were distributed in two distinct Group III clusters. For this
reason, GETV is frequently transmitted in China. The GETV
infection rates in Cx. tritaeniorhynchus were 2.31/1,000 and 1.60/
1,000 when the pathogen was detected in blue fox (Shi et al., 2019)
and beef cattle (Liu et al,, 2019), respectively. In Zaoyang, the GETV
infection rate was 3.60/1,000 An. Sinensis. Inner Mongolia has the

largest grassland in China and animal husbandry is a major industry
there. This region raises domestic livestock such as cattle, sheep,
swine, and horses. It is at high risk of a GETV epidemic as it has a
high concentration of GETV vectors and host animals. All three
GETV strains from Inner Mongolia were observed in Cx. pipiens.
This mosquito species breeds in dirty water and is common in
urban and suburban areas. Hence, Cx. pipiens harboring GETV
intensify its potential threat to the public health.

GETV is prevalent and widespread in China. However, its harm
to livestock may have been minimized as most mammalian GETV
cases are subclinical. Serious clinical GETV symptoms and death have
occurred in piglets (Yang et al., 2018) and ponies (Bannai et al., 2015;
Bannai et al., 2016). The presence of GETV on pig breeding farms
adjacent to horse and cattle farms merits close attention as pigs may
amplify GETV in nature (Kumanomido et al.,, 1988). In addition, it is
urgently required to develop a universally applicable vaccine for the
prevention and control of GETV in domestic animals in China.

ISFVs

The ISFVs detected in the present study included AeFV,
CHAOV, CxFV, HANKV, QBV, and YNCxFV and most of
them were new local records. The CHAOV sister to Lammi virus
(LAMV) clustered with the mosquito-borne human flavivirus
pathogens and were distant from the ISFV clade (Figure 2).
CHAOV was first isolated from Ae. vexans in Liaoning, China in
2008 (Wang et al., 2009). It was then detected in Ae. vexans, Ae.
albopictus, Cx. pipiens, and Ar. subalbatus in South Korea during
vector surveillance between 2008 and 2011 (Takhampunya et al.,
2014). Here, it was also found in Inner Mongolia. The three
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CHAOV records ranged from 35°N to 42°N. Extremely low
sequence diversity between the CHAOV strains and the whole
genome available in GenBank suggests that CHAOV only
recently spread to Northeast Asia, has a brief history, and is
evolving slowly. CHAOV may only replicate in mosquito vectors
and not in mammalian or avian hosts (Lee et al., 2013). Similar
pathological traits were reported for LAMV (Huhtamo et al.,
2009), Nounane (NOUV) (Junglen et al., 2009), and Marisma
mosquito (MMV) (Vazquez et al., 2012) viruses infecting various
cell lines. It is unknown why CHAOV, LAMYV, Donggang virus,
NOUYV, and MMV phylogenetically resemble mosquito-borne
zoonotic flaviviruses but have no recognized vertebrate hosts.
Phylogenetic analysis of the CxFV E gene demonstrated that the
newly detected CxFVs belong to the Asia/USA genotype but
clustered in two lineages (Figure 5). The Shanghai and Jining
strains were close to the Shanghai strain detected in 2016. The
Inner Mongolia strains were clustered and phylogenetically distant
from the others. The CxFV E tree (Figure 5) revealed that the Asia/
USA genotype was localized mainly above 30°N latitude. The zone
between 30°N and 32°N is the boundary of Cx. pipiens and Cx.
quinquefasciatus in China (Lu, 1997). The Africa/Caribbean/Latin
American genotype was found in Cx. quinquefasciatus from
Mexico, Brazil, and Saudi Arabia. CxFV has not yet been isolated
from Cx. quinquefasciatus in mainland China. Here, CxFV was
not found in Cx. quinquefasciatus collected from Hainan or
Yunnan Province. QBV was first isolated from samples collected
in Vietnam in 2002 (Crabtree et al., 2009). It was then detected in
mosquito samples collected from Chongming Island in Shanghai
Municipality in 2016 (Fang et al., 2018). Here, QBV was observed
at Jining, Zaoyang, Sanya City, Jinshan, and Hohhot. Hence,
it is widespread in China. The primary QBV vector is Cx.
tritaeniorhynchus. In this study, it was also detected in An.
sinensis and Cx. pipiens. In previous studies (Zuo et al., 2014;
Fang et al., 2021b), YNCxFV was restricted to Yunnan Province. In
the present study, it was also detected in Cx. tritaeniorhynchus
from Qionghai, Hainan Province. The taxonomic value of
YNCxFV is debatable as the nucleotide identity between
YNCxFV and QBV was only 83% (Zuo et al., 2014). The
threshold for members species of Flavivirus was 84% (Kuno
et al,, 1998). For the partial NS5 gene, the lowest intraspecies
QBV identity was 87.50%. The interspecies similarity between
QBVs and YNCxFVs was in the range of 82.40-87.88%. In the
NS5 phylogenetic tree (Figure 2), the YNCxFV sequences formed a
sister lineage to the group containing the QBV sequences.
Moreover, both species overlapped in terms of geographic
distribution and mosquito host. Thus, it remains to be
established via cytopathy and neutralization tests whether
YNCxFV is an independent ISFV species. AeFV has been
widespread in Japan, Thailand, USA, Peru, and Italy (Blitvich
and Firth, 2015). In China, it was first detected in samples collected
from Shanghai in 2016 (Fang et al,, 2018). It was then observed in
Yunnan (Fang et al., 2021b) and Hubei in 2018. Aedes albopictus is
the primary vector of AeFV. HANKVs were distributed in Finland,
Spain, Italy, and Portugal (Blitvich and Firth, 2015). The present
study was the first to report HANKVS in Cx. pipiens in Asia. There
is broad genetic diversity among HANKYV strains (83.52%-
98.09%) as they have a wide geographic span. The wide

dispersion and host range of ISFVs support the hypothesis that
ISFV transmission in sympatric species may be linked to a
common infection source such as food (Calzolari et al., 2016).

The main limitation of our study was that no mosquito virus
homogenate supernatants were cultivated in mosquito or
vertebrate cell lines. The low viral titers measured in the
mosquito homogenates may have skewed the pathogen
detection data. Consequently, the real natural arbovirus infection
rates may have been underestimated. In future work, we will try to
isolate them and conduct further analysis.

In conclusion, monitoring the presence of viral pathogens in
mosquitoes can forecast the risks of arbovirus epidemics. The
newly detected JEV strains and the Ningxia strain were 100%
identical in terms of their E protein at the amino acid level. The
JEV infection rate in Jinshan District approached epidemic
proportions. GETV was prevalent in more than half the
provinces of China. Mammalian GETV infection and outbreaks
have been reported in recent years. Hence, attention must be paid
to the putative threat that GETV could pose to animal and human
health. Reports of ISFV cases have dramatically increased in recent
decades. It is now known that ISFVs have wide geographic and
host ranges. Though it appears that ISFVs can only replicate in
mosquito cells, their possible roles in mammalian pathogenesis
cannot be ruled out. It also remains to be determined whether
ISFV-infected mosquitoes escape vector competence or
pathogenic flavivirus superinfection can occur. The present
study showed that wide-ranging, systematic, and continuous
monitoring of mosquito-borne circulating viruses is urgently
needed in China. This surveillance program could elucidate viral
diversity, geographic distribution, evolution, genotype shift, and
infection rates. It would also facilitate accurate and timely
estimates of actual pathogen burdens and predict the prevalence
of dengue and other emerging and existing mosquito-
borne pathogens.
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Luo Fei, Zhou Shuang*, Yuan Yi, Li Shan-Shan, Tan Yan*, Xu Jing-Ru and Zhou Yang

Chonggqing Center for Disease Control and Prevention, Chongqing, China

Background: In April 2019, Chongaging passed the national malaria elimination
assessment. However, around 30 imported malaria cases are still being reported every
year, and Anopheles sinensis was widely distributed in Chongging, meaning the risk
of malaria resurgence still exists. Early diagnosis and treatment for malaria cases are
effective measures to prevent malaria resurgence. The primary health institutions are
the first station where potential malaria cases may seek treatment. The competency
with which primary health institutions diagnose malaria will directly affect the timeliness
of malaria diagnosis. Nowadays, most primary health institutions in Chongging use
microscopy to confirm malaria cases. This study assessed the microscopy competence
of primary health institutions, studied and analyzed the results, and provided a scientific
basis for malaria prevention and control after malaria elimination in Chongging.

Methods: According to the stratified sampling principle, four plasmodium microscopy
technicians (156 in total) were selected from each of the 39 districts/counties of
Chongaing to test the plasmodium microscopy competence. Descriptive statistical
analysis, correlation analysis, spatial self-correlation analysis, and ROC curve analysis
were carried out on the test results.

Result: The average of the technicians’ test scores was 4.33 & 0.47 (min: 3, mid: 4.5,
max: 5); The spatial clustering of the scores was significant (Moranl = 0.338, Z = 3.618,
P < 0.01). The test scores were positively correlated with the “level of work institutions”
(R = 0.21, P < 0.01) but were negatively correlated with “age” (R = —0.31, P <
0.01). The highest Sensitivity of the technicians’ microscopy was in qualitative diagnosis
(98.92%, Cl: 98.00-99.69%). The Delong’s test showed that the diagnostic efficiency of
the technicians’ microscopy to P, falciparum was the best (P < 0.01), however to R ovale
was the worst (P < 0.01).

Conclusion: The microscopy technicians in primary health institutions in Chongaging
have good microscopy competency in qualitative diagnosis, but there were deficiencies
in the identification of plasmodium species. Township level health institutions in Central
China have weaker microscopy than those in other areas.

Keywords: malaria, microscopy, competency assessment of malaria microscopy, plasmodium species
identification, Chongging municipality
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BACKGROUND

Malaria is one of the most serious parasitic diseases.
According to WHO, there were 2.28 million malaria
cases and 405,000 deaths worldwide in 2018, and 93%
of the cases were in Africa (1). In 2019, a total of 2,674
malaria cases were reported in China, including 19
deaths. The median interval from onset to diagnosis was 2
days (2).

Chongqing has launched the Malaria Elimination Plan
in 2010 which includes implementation of comprehensive
malaria control and prevention activities (3). After 10 years
of implementation, Chongqing passed the national malaria
elimination assessment in April 2019. In the last decade,
Chongging has reported about 30 imported cases annually and
125 imported cases from Africa, accounting for 84.46%. After
achieving the goal of malaria elimination, the next objective
for Chonqing is to prevent malaria resurgence caused by
imported cases and the occurrence of severe death cases. In
order to achieve this, it is necessary to make sure that no
malaria case be misreported in Chonging. There are about 30
imported malaria cases still reported every year in Chonging,
and Anopheles sinensis strain is widely distributed in Chongging,
meaning the risk of malaria resurgence still exists (4, 5).
Early diagnosis and treatment for malaria cases are effective
measures to prevent malaria resurgence and the occurrence of
severe cases and deaths (6-9). The primary health institutions
are the first station where potential malaria cases may seek
treatment. The malaria diagnosis competency of the primary
health institutions will directly affect the timeliness of malaria
diagnosis (10, 11). In 2019, 38 malaria cases and two deaths
were reported. The median interval from onset to diagnosis
was 2 days; only 39.19% of the cases were within 24h (12).
Microscopy of plasmodium is an important approach to confirm
patients and is also the gold standard for the diagnosis of malaria
(13). A well-trained technician may realize high sensitivity and
specificity when using microscopy to detect Plasmodium from
blood slides whose parasitemia threshold could be 50 count/UL
(13, 14). However, the efficiency of malaria microscopy is
affected by the quality of the microscope and the competency
of the technician, both of which have a great influence on
the timely and accurate diagnosis of malaria cases (15-17).
Nowadays, most primary health institutions in Chongqing use
microscopy to confirm malaria cases. Therefore, it is important
to know the current status of malaria microscopy in the
primary health institutions. This study carried out the malaria
microscopy competency test on technicians in primary health
institutions in Chongging to understand the current status of
their competency with malaria microscopy in the qualitative
analysis of plasmodium blood slides and plasmodium species
identification. The test also analyzed related factors affecting
their performance, so as to accurately improve the malaria
diagnosis competency of primary health institutions, provide
a scientific basis for the improvement measures of malaria
early diagnosis, and reduce the occurrence of severe and deadly
malaria cases.

METHODS
Study Area and Objects

Chongqing is located in southwest China in the upper reaches
of the Yangtze River. It covers an area of 82,400 km?. There
are 38 districts/counties and one economic development zone in
Chonging. Its permanent population is 31.24 million, and the
urbanization rate is 66.8%. The landform is mainly composed
of hills and mountains, of which 76% are mountains. It has a
subtropical monsoon humid climate. The Yangtze River runs
through the whole territory, with a flow path of 691 km, and joins
the Jialing River and Wujiang River (18).

The first step in the national “Malaria Elimination Assessment
Program (2014 Edition)” and the principle of stratified sampling
means that all 39 district/county level CDCs have participated
in the study. Two to three clinical medical institutions were
randomly selected according to the actual situation of each
district and county. The second step involved one microscopic
technician being randomly selected from 39 CDCs, and three
microscopic technicians being randomly selected from the
selected health institutions, making up four people from
each district/county to participate in the malaria microscopy
competence test.

Design of Microscopy Competence Test
The malaria microscopy competency single blind tests were
conducted separately in each district/county from 2014 to
2017 with one bind. There were four sets of standard blood
slides for tests that were provided by the Malaria Diagnostic
Reference Laboratory of Chongqing CDC. The blood slides
were made in line with the requirements of the national
“Malaria Elimination Assessment Program (2014 Edition)” and
the WHO “Operating Manual for Microscopy and Evaluation
of Plasmodium” (15). Each set of standard blood slides was
composed of three P. falciparum slides classified by the density of
plasmodium with three levels that were high (>84,000 counts/ul),
medium (>2,800 counts/ul), and low (>500 counts/ul), one
P. vivax slide, one P. ovale slide, and one negative slide.
The parasitemia of four P. vivax slides and four P. ovale
slides were 10,072-13,280 counts/ul and 2,293-3,072 counts/ul.
The positive slides were made by the malaria patients’ blood
which was stored in the sample bank of Chongqing CDC.
The negative slides were made using a healthy person’s blood.
All of the blood samples were confirmed by NEST-PCR and
the blood slides were double checked by technicians who had
acquired a WHO malaria microscopy competency level one
certification to guarantee correct diagnosis. Only the blood slides
with the same diagnosis of NEST-PCR and microscopy were
used in this research. When the microscopy competency test
was conducted, each technician would randomly select one
set, and took five blood films from the set. The microscopy
of plasmodium must be completed within 1.5h. Five points
were awarded if all were correct. One point was deducted
for one qualitative error and 0.5 point was deducted for one
species error.
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Statistical Analysis

The test results and patient information were collected and
sorted, and a database in the Excel 2016. R.4.02.application
was used for statistical analysis. The districts and counties of
Chongqing were divided into five geographical “urban areas™
“Western Chongqing” “Central Chongqing,” “Southern
Chongqing,”  “Northeast Chongqing” and  “Southeast
Chongqing.” One factor analysis of variance was conducted
for the scores. The judgment results of each blood film were
recorded and scored according to the design principles. The
“Kendall” correlation analysis was carried out on the variables of
“score,” “gender,” “age,” “working unit level,” and “professional
qualification grade” of the technicians. The average scores of
39 districts/counties were calculated, and the “overall self-
correlation” analysis was done with ArcMpal6.0, and the
“Clustering Distribution Map” was plotted.

The qualitative diagnosis of microscopy and sensitivity,
specificity, positive predictive value, negative predictive value,
and Youden index in different plasmodium determinations were
calculated and the ROC curve was plotted, which was to be
paired and compared using “Delong’s test.” When calculating the
diagnostic indexes of different species, the positive determination
of the blood film of the species was considered valid, while the
negative or other species determination was considered invalid.

RESULT

General

A total of 156 microscopic technicians from 39 districts/counties
participated in the test, including 56 males (35.90%) and 100
females (64.10%), with a male to female ratio of 0.56; the age of
the technicians was between 19 and 64 years and the average age
was 34.89 £ 8.91, of which 56 (35.90%) were under 30 years old.
85 (54.50%) were at County-level medical institutions; 78 (50%)
had junior technical qualifications. In the assessment results,
there were 13 (8.30%) technicians with one qualitative error, 75
(48.10%) with one species identification error, 43 (27.60%) with
two species identification errors, and eight (5.10%) with three
species identification errors. The average score was 4.33 % 0.47;
the lowest was 3, the highest was 5, and the median was 4.5
(Table 1).

Regional Distribution

Among the 38 districts/counties and one economic development
zone, Shapingba District and Wuxi County got the highest
average score of 4.875, followed by Jiulongpo District with 4.75.
Dazu District got the lowest score of 3.625. The results of
global spatial self-correlation analysis showed that the scores had
significant spatial clustering (Moranl = 0.338, z = 3.618, P <
0.01). From the clustering distribution map based on the average
scores of all districts/counties, we can see that the highest scores
occurred in Western Chonggqing, the urban area, and Northeast
Chonggqing, and the low scores were concentrated in the central
part of Chongging. The results showed that there were significant
differences in scores among the geographical distribution regions
(F = 3475, P = 0.012). There was no significant difference
between the “Urban area” (4.51) and “Northeast Chonggqing”

TABLE 1 | Summary of the subjects.

Items Count Proportion

Gender Male 56 35.90%
Female 100 64.10%

Age 34.89 + 8.91 (Range: 19-64, Mid: 33)
Age group <30 56 35.90%
>30 54 34.62%
>40 46 29.49%
Work units County CDC 40 25.64%
County 85 54.49%

hospitals

Town hospitals 31 19.87%
Technical Junior 78 50.00%
qualifications Senior 11 7.05%
Intermediate 67 42.95%
Total of Qualitative 0 143 91.67%
errors slides 1 13 8.33%
Total of species 0 30 19.23%
errors slides 1 75 48.08%
2 43 27.56%
3 8 5.13%

Scores 4.33 £ 0.47 (Range: 4.33-5, Mid: 4.5)
3.0 3 1.92%
3.5 15 9.62%
4.0 43 27.56%
4.5 67 42.95%
5.0 28 17.95%

(4.49) (F = 0.728, P = 0.41), and the lowest score was 4.08 in
Central Chongging, which was much lower than that in other
regions (P < 0.05), see Figure 1.

Diagnostic Competence

The sensitivity of microscopy was the highest in qualitative
diagnosis (98.92%, CIL: 98.00-99.69%) and the lowest in P.
ovale diagnosis (15.94%, CI: 8.70-24.64). The highest specificity
of diagnosis occurs in P. ovale, 96.20% (96.20%, CI: 94.66-
97.61%) and the lowest in P. vivax (77.22%, CI: 73.87-80.74%).
The negative predictive value and positive predictive value of
qualitative diagnosis were the highest, respectively, 94.70 and
99.07%. The lowest negative predictive value was 78.54% for P.
falciparum and 28.95% for P. ovale. The highest Youden Index
was 0.9434 for qualitative diagnosis and 0.1214 for P. ovale, see
Table 2.

The area under ROC curve for qualitative diagnosis, diagnosis
of P. falciparum, P. vivax, and P. ovale were, respectively,
0.9717,0.8413, 0.7823, and 0.5607 for technician microscopy. See
Figure 2.

Delong’s test was used to compare the ROC curves microscopy
for diagnosis of different plasmodium species. The results showed
that the diagnostic efficiency of P. falciparum was significantly
higher than that of other species (P < 0.01), see Table 3.
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FIGURE 1 | Geographic information analysis map and statistical analysis chart of the test scores.
TABLE 2 | Indexes of the technicians’ microscopy.
Items Sensitivity (%) 95% CI of sensitivity (%) Specificity (%) 95% CI of specificity NPV (%) PPV (%) Youden index
Qualitative 98.92 (98.00-99.69) 95.42 (91.60-95.42) 94.70 99.07 0.9434
RPf 75.57 (71.53-79.35) 92.69 (90.08-95.04) 78.54 91.46 0.6826
RPv 79.23 (72.68-84.70) 77.22 (73.87-80.74) 92.38 51.60 0.5645
RPo 15.94 (8.70-24.64) 96.20 (94.66-97.61) 92.18 28.95 0.1214
Correlation Analysis DISCUSSION

The variables were encoded: Gender: 0 = female, 1 = male;
units: 1 = township medical institutions, 2 = county-level
medical institutions, 3 = county-level CDC; qualification: 1 =
junior, 2 = intermediate, 3 = senior; age group: 1 = under
30, 2 = 30-40, 3 = above 40. “Kendall” correlation analysis
showed that the score of technicians was positively correlated
with unit level (r = 0.21, P < 0.01) and negatively correlated
with age (r = —0.31, P < 0.01). There was a positive correlation
between technical qualification and age (r = 0.5, P < 0.01), see
Figure 3.

The results of this study showed that the overall microscopy
competency was the best in qualitative diagnosis, and the
sensitivity and specificity microscopy were at a high level. There
were differences in scores amongst different regions. The scores
in the urban area and Northeast Chongqing were significantly
higher than those in other regions, and the lowest score was
in Central Chongging. The reason could be that the number of
malaria cases reported in the urban area of Chonggqing accounts
for about 60% of the total cases in Chongqing (12, 19, 20), and
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FIGURE 2 | The technicians’ microscopy ROC curve for different plasmodium
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TABLE 3 | DeLong’s test on the technicians’ microscopy ROC.
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FIGURE 3 | Correlation analysis matrix to the technicians. x indicates P >
0.05.

DelLong’ test Area under Z-value P
curve (AUC)

RPfvs.Rv 0.8412 vs. 2.75 <0.01
0.7823

R fvs.Po 0.8412 vs. 10.87 <0.01
0.5607

RPvvs.Ro 0.7823 vs. 7.81 <0.01
0.5607

the economic, social, and health development indexes in the
urban area are also higher than those in other areas (21-23).
Although the quality of malaria microscopy is more affected by
the competency of the technician (14, 24, 25), the local economic
and social development and the number of imported malaria
cases may also be factors affecting the microscopy competency
of the primary health institutions.

The results showed that the qualitative diagnostic efficiency
of plasmodium microscopy was the highest, followed by P.
falciparum. The scores of the identification of P. vivax and P.
ovale were quite low; the positive predictive value was only
51.60 and 28.95%. Morphological identification of P. vivax and
P. ovale by microscopy has always been difficult, and requires
rich experience and technical training from the technician (26,
27). That’s why, in this study, there were many misjudgments
in the identification between the two. The treatments for P.
vivax and P. Ovale are basically identical (6, 28); although the
confusion between the two species will not have a significant
impact on the treatment of patients, the earlier detection, earlier
diagnosis, and earlier treatment of imported P. vivax malaria
are of great significance to prevent the malaria resurgence of
imported cases after the elimination of malaria in China (2,
29). At present, there is little research on the transmission
competency of A. sinensis to P. ovale, and there is no clear

evidence that imported P. ovale can exist in local Anopheles
sinensis and infect humans. The primary doctors may neglect
management of imported P. ovale; if P. vivax were misdiagnosed
as P. ovale, the risk of malaria resurgence will increase.
In recent years, the number of imported cases of P. ovale
malaria cases has increased year on year (20, 29, 30), which
is related to the establishment of malaria reference laboratories
nationwide to carry out PCR reviews for each reported case
since the implementation of the malaria elimination action
plan. Compared with other detection methods, PCR detection
can more accurately distinguish various types of plasmodium
species (25, 27, 31-33). In 2012, the malaria reference laboratory
was established in Chongging CDC. All malaria cases reported
by health institutions in Chongqing need to collect blood
samples and send them to the reference laboratory for PCR
review (3, 34). Therefore, a malaria reference laboratory is an
important technical support for accurate diagnosis of malaria
cases and an important means to prevent the transmission of
imported malaria.

In the correlation analysis of technician’s personal
characteristics, it was found that the higher the level of
work unit, the higher the score. Technicians from the township
level health institutions had lower scores, and their microscopy
competencies were relatively lower. The study also found that
older technicians scored lower. Under normal circumstances,
the technician’s competency of plasmodium microscopy will
increase with age; rich microscopy experience leads to better
competence (13, 26, 35). However, there were no local malaria
cases reported in Chongqing from 2011, and there were only
about 30 imported cases each year in last decade. Seventy
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percentage of the cases were reported by provincial, municipal,
and county-level health institutions, and only about 8% of
the cases were reported in the primary township level health
Institutions (12). This situation makes it difficult for doctors
and laboratory staff of township health institutions to receive
malaria patients or see positive blood film in field work. As
the age of the technician increases, their experience will not
increase due to a lack of practice, on the contrary, it will be
forgotten. In recent years, based on the principle of training
young malaria prevention and control personnel, Chongqing
has held a parasite microscopy competition every year, requiring
all participants dispatched be under 35 years (36, 37), which
indirectly leads to the training of primary malaria microscopy
technicians focusing on young people. The likelihood of
receiving malaria patients at the township level is low, and the
microscopy technician may easily quit (22, 38). These factors
will lead to the decline of the microscopy competence of primary
microscopy technicians. At the same time, with the increase
of age, the diagnostic competency of microscopy technicians
will decrease. In contrast, Rapid Diagnostic Test (RDT) is more
convenient and faster than plasmodium microscopy in the areas
lacking equipment, technicians, and technologies, and has lower
requirements on the technicians’ competence (33, 39), so is
more suitable to be widely used in primary health institutions
in Chongging.

Study Limitation

Due to limitations imposed by funds and manpower, only four
microscopy technicians from three kinds of health institutions
from each district/county were selected to participate in the test,
and the sampling volume was small. Due to the lack of good blood
samples P. malariae was not included in the test. The competency
tested was limited to the microscopy technician’s competence of
the blood film reading, not the competence of film preparation.
In this study, we failed to collect complete data for utilizing social,
economic, and health resources, and did not conduct further
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Sierra Leone is a highly endemic area for malaria, and the implementation of the National
Malaria Strategic Plan (2016-2020) has reached its midpoint in 2018. To provide more
specific guidance for interventions in the future, a household-based cross-sectional
survey was conducted to elucidate the knowledge, awareness and practices regarding
malaria and malarial control measures among the general public. Three communities
(Grafton, Jui, and Kossoh) in the Western Area Rural District that were in close proximity
to Sierra Leone’s capital city of Freetown were included. Households were randomly
selected and interviewed with a structured questionnaire covering malaria infection,
diagnosis, treatment and prevention, as well as knowledge of malaria prevention. As a
result, a total of 262 qualified questionnaires were included. The average cost for meals
per day is ~30,000 Leones in each household. The rate of awareness, indicated by
reporting having heard of malaria, was 98.1% (257/262), and 86.6% (227/262) of the
respondents knew that mosquito bites are the main route of transmission. In addition,
80.9% (212/262) of the respondents sought health advice or treatment for the iliness,
and a similar percentage of respondents had been tested for malaria, mostly with rapid
diagnostic tests (RDTs). A high demand for long-lasting insecticidal nets (72.1%) matched
the serious shortage (61.8%, 162/262), and of the households that reported a lack of
nets, 66 had children younger than 5 years old. In conclusion, public awareness of malaria
prevention is high, based on this survey, although there was a limited use of preventive
measures in these three communities and the malaria burden was still high. Therefore, the
public’s knowledge of malaria should be sustained and reinforced, and the distribution
and use of malaria prevention measures should be promoted to supprt the achievement
of the planned objectives.

Keywords: malaria, KAP survey, Western Area Rural District, Sierra Leone, national malaria strategic plan
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INTRODUCTION

Malaria is endemic in Sierra Leone; the entire population
is at risk of exposure because Sierra Leone is an area of
stable malarial endemicity, and almost cases were infected with
Plasmodium falciparum (1). Sierra Leone’s high malaria disease
burden accounted for ~48% of outpatient morbidity and ~38%
of mortality in children younger than 5 years according to
the national Malaria Indicator Survey conducted in 2016 (2).
Although significant progress with regard to reducing mortality
has been made, it is still a major public health concern. The
control of malaria remains a priority in the national health
agenda of Sierra Leone.

A multipronged strategy to control malaria, including
vector control interventions, diagnostic testing, treatment with
quality-assured artemisinin-based combination therapies, and
standardized case management training manuals for community
and facility treatment providers, has been developed and
implemented in Sierra Leone based on the World Health
Organization (WHO) recommendations (3). The goals are for
80% of the population to have appropriate levels of knowledge
and uptake/practice of malaria prevention and management
strategies, all the at-risk population to have access to the
appropriate preventive interventions, 80% of individuals with

TABLE 1 | The distribution of medical sectors people seeking health advice or
treatment in the three communities in the Western Area Rural District, Sierra
Leone, 2018.

Medical sector Community Total
Grafton Jui Kossoh

Public sector only 68 29 56 153

Private medical sector only 15 5 23 43

Both sectors 2 10 3 15

Don’t answer 1 0 0 1

Total 86 44 82 212

suspected malaria cases to have access to confirmatory diagnostic
testing, and all individuals with malaria to receive effective
treatment by 2018, according to the current Sierra Leone
National Malaria Strategic Plan (2016-2020) (SL-NMSP) (3).

The awareness of malaria symptoms, transmission, prevention
and treatments is closely related to the implementations
of malaria control programs (4-6). A knowledge, awareness
and practices (KAP) survey about malaria could help policy
makers better understand the current situation and guide
malaria control strategies. Therefore, this study is conducted
to determine the knowledge, awareness and practices regarding
malaria and its control measures in the general public
through a household-based survey at the midpoint of the
implementation of the SL-NMSP.

MATERIALS AND METHODS
Study Site

Three communities (Grafton, Jui, and Kossoh) in Western Area
Rural District within close proximity to Sierra Leone’s capital
city Freetown were included in this household-based survey on
malaria. This district is home to a very religiously and ethnically
diverse population. Grafton is a trade center. Jui and Kossoh are
neighborhood towns. Kossoh town is surrounded by a large forest
reserve, and its major industries are farming and coal mining.

Participants, Questionnaire, and Data

Collection
A total of 300 households in the three designated communities
were randomly selected as survey respondents using a cluster
sampling design. One adult member from each selected
household was interviewed with a structured questionnaire
covering demographic information, economic status, basic
knowledge of malaria, and malaria prevention and control
practices. When medicines were discussed, packages of various
drugs were displayed to the participants.

The survey was conducted in collaboration with the National
Malaria Control Program of the Ministry of Health and

TABLE 2 | The detail of public or private medical sectors people selected for health care seeking in the three communities in the Western Area Rural District, Sierra

Leone, 2018.
Public medical sectors Private medical sectors
- . g 5
%) o
£ $ g = 3
— 8 o < © =
£ < 3 = 2 3 L
- = £ 2 7] 3 k]
] © - 0 - © ® (]
o 1} e @ T Q o £
< < " = - ]
= = L < o a. Q = £ ° 2
2 g ] £ 2 = a £ &5 ko - = T
3 £ £ ° 5 2 = 5 S F % § S & =
E £ £ 2 E = 5 2 2 S S £ 2 o 3
£ g g 5 £ 2 b S g 2 8 S 5 2 b
o ] ] o o = S £ £ = = £ (<] = 3
o S S = o o 7 o o = = o = (¢] 7]
Grafton 38 14 11 70 9 0 0 5 2 17
Jui 37 1 1 0 39 2" 1 1 10* 2 0 0 16
Kossoh 40 12 2 3 2 59 14* 0 0 6* 7 0 0 27

*There was one respondent seeking advice or treatment both in the private sectors of private hospital and Mission/Faith-based Clinic in each community.
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TABLE 3 | Malaria diagnosis and anti-malarial medicine taking in the three communities in the Western Area Rural District, Sierra Leone, 2018.

Question and answer Community Total Percentage
Grafton Jui Kossoh

1. When you and your family suspected you were infected with malaria, did you always go to see a health worker/doctor?
Yes 92 40 89 221 84.4%
No 12 1 7 20 7.6%
Don’t answer 4 6 11 21 8.0%
1.1 How often?

Every time 45 6 45 96 43.4%
Most of time 33 29 20 82 37.1%
Seldom 11 4 1 26 11.8%
Only when they showed 3 1 13 17 7.7%
severe condition

2. When you or any member of your family suspected that they had malaria, did the health worker/doctor conduct a malaria test?

Yes 88 44 78 210 80.2%
No 16 2 13 31 11.8%
Don’t answer 4 1 16 21 8.0%
3. Did the Doctor/health worker explain to you the test to be done?

Yes 64 25 55 144 55.0%
No 27 4 26 57 21.8%
Don’t remember 9 17 5 31 11.8%
Don’t answer 8 1 21 30 11.5%
4. What type of test did they say they were going to perform?

RDT 57 17 69 143 54.6%
Microscopy 2 1 2 5 1.9%
Don’t remember 41 27 8 76 29.0%
Don’t answer 8 2 28 38 14.5%
5. When you and your family were infected with malaria, did you take the anti-malarial medicine?

Every time 54 6 48 108 41.2%
Most of time 37 37 20 94 35.9%
Seldom 12 3 11 26 9.9%
Never 1 1 2 0.8%
Only when they showed 0 15 15 5.7%
severe condition

Don’t answer 4 1 12 17 6.5%
6. What anti-malarial medicines did you take?

Sp/Fansidar 4 2¢ 2.3%
Combination with 2 1 1.1%
Artemisinin

Artesunate+Lumafantrine 5gf&.@ 32°8.% 61* 151 57.6%
Artesunate-+Amodiaquine 19#.@ 14 21# 54 20.6%
Amodiaquine 6% 2% 1 3.4%
Quinine 0 1% 1 0.8%
Others: specify 29%,@.® 0 10 39 14.9%
Don’t answer 2 0 16 18 6.9%
7. When did (NAME(S)) take the anti-malarial medicine?

Same day after fever 92 44 74 210 80.2%
Next day after fever 13 3 24 9.2%
Two day after fever 0 0.0%
Three or more day after 1 0 3.4%
fever

Don’t know 1 0 1 0.8%
Don’t answer 1 0 16 17 6.5%

(Continued)
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TABLE 3 | Continued

Question and answer Community Total Percentage
Grafton Jui Kossoh

8. Are the antimalarial drugs FREE which you and your family took?

Yes, they are free for all 38 12 20 70 26.7%

No, only for children, 2 4 3 9 3.4%

pregnant women and

breast-feeding women

None is FREE 67 31 71 169 64.5%

Don’t answer 1 0 13 14 5.3%

9. When you and your family were infected with malaria, did you take the full dosage of antimalarial drugs which was prescribed by doctor/health

worker?

Yes, take full dosages every 93 35
time

No, sometimes some 15 8
dosage was left

No, some dosages were left 0 3
every time

Don’t answer 0 1

9.1 If not all drugs taken, please explain why:

We got recovery before 15 9
finishing all of them

The drugs made me have 0 0
headache, nausea

| am too busy to remember 0 1

taking all the dosage

Others: specify 0 1

Don’t answer 0 0

81 209 79.8%
10 33 12.6%
1 4 1.5%
15 16 6.1%
9 33 89.2%
0 0 0.0%
1 2 5.4%
1 2 5.4%
0 0 0.0%

"There were two respondents reported taking both Sp/Fansidar and Artesunate + Lumafantrine.
#There were six respondents in Grafton and three respondents in Kossoh reported taking both Artesunate + Lumafantrine and Artesunate + Amodiaquine.

& There were three respondents reported taking both Artesunate + Lumafantrine and other.

©@There was one respondent reported taking both Artesunate + Lumafantrine and Artesunate + Amodiaquine and other.
8 There were two respondents reported taking both Artesunate + Lumafantrine and Amodiaquine.

% There was one respondent reported taking both Artesunate + Lumafantrine and Quinine.
@ There was one respondent reported taking both Amodiaquine and other.

Sanitation, Sierra Leone, in December 2018, at the midpoint of
the SL-NMSP (3). Local staff from Sierra Leone-China Friendship
Biological Safety Laboratory (7) were trained in prior to their
involvement in the administration of the survey.

Data Analysis

Data was input and cross-checked by EpiData version 3.1 (8, 9).
Then, descriptive statistics and percentages were presented using
Microsoft Excel 2010 software. Differences in distribution among
three communities were evaluated using the chi-square (x?) test
or Fisher’s exact test by SPSS software version 20.0 (IBM, USA)
and P < 0.05 was considered statistically significant.

RESULTS

A total of 300 households were investigated, and 262 qualified
questionnaires from 108, 47, and 107 households in Grafton,
Jui, and Kossoh communities, respectively, were finally included
in the analysis after checking for questionnaire completion and
logic. The survey covered 1,645 residents, with ~6 persons per

family. The average cost of meals per day was ~30,000 Leones
in each household (one US dollar was equal to 8,000 Leones in
December 2018).

Malaria Infection, Diagnosis, and

Treatment

A total of 929 persons in 202 households reported having
had a fever in 2018. Among them, 406 persons from 97
households, 228 persons from 46 households, and 295 persons
from 89 households in Grafton, Jui, and Kossoh communities,
respectively, reported having suffered malaria. Moreover, 129
persons from 64 households reported having suffered malaria
once, and 146 persons from 66 households reported having
suffered malaria being twice, and 61 persons from 26 households
being three times, and 275 persons from 91 households being
more than three times, respectively.

Moreover, ~80.9% (212/262) of the respondents reported
seeking professional advice or treatment for the illness from any
source (P < 0.001, Fisher’s exact test) (Table 1). Additionally,
72.2% (153/212) of the respondents reported preferring to seek
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TABLE 4 | Malaria prevention practices in the three communities in the Western Area Rural District, Sierra Leone, 2018.

Question and answer Community Total Percentage
Grafton Jui Kossoh
1. Do you have a mosquito treated bed nets in your home?
Yes 79 37 72 188 71.8%
No 29 10 35 74 28.2%
2. Did you sleep under a mosquito net last night?
Yes 66 25 55 146 55.7%
No 36 19 51 106 40.5%
Don’t answer 6 3 1 10 3.8%
3. Is there anyone in your household who did not sleep under treated bed nets last night?
Yes 69 37 56 162 61.8%
No 29 7 48 84 32.1%
Don’t answer 10 3 3 16 6.1%
4. Are there enough treated bed nets in your household?
Yes 25 8 32 65 24.8%
No 73 39 73 189 72.1%
Don’t answer 6 0 2 8 3.1%
5. Do all children under 5 years in your household sleep under treated bed nets at night?
Yes 39 25 38 102 38.9%
No 26 13 27 66 25.2%
No children under 5 41 8 41 90 34.4%
Don’t answer 2 1 1 4 1.5%
6. Where did you get the treated bed nets?
Government Hospital/Health 58 32* 40* 130 49.6%
Center
Mobile Clinic 1 0 1 0.4%
Community Health Center 5 8 27 40 156.3%
Private Hospital/Clinic 0 7 1 8 3.1%
Pharmacy 0 1 0 1 0.4%
Shop 1 1 8 10 3.8%
Traditional Healer 0 0 0 0.0%
Others 24 2 26 9.9%
Don’t answer 19 2 32 53 20.2%
7. Did you spray insecticide to kill mosquitoes in your house?
Often 9 8 16 33 12.6%
Sometimes 12 13 12 37 14.1%
Seldom 15 9 24 48 18.3%
Never 72 17 54 143 54.6%
Don’t answer 0 0 1 1 0.4%
8. Did you spray insecticide to kill mosquitoes outside your house?
Often 0 1 4 1.9%
Sometimes 2 2 2 2.3%
Seldom 6 5 9 20 7.6%
Never 100 38 87 225 85.9%
Don’t answer 0 1 5 6 2.3%
9. Does your house have doors or windows screen which could stop the mosquitoes to go into the house?
Yes 6 14 38 58 22.1%
No 102 33 67 202 771%
Don’t answer 0 0 2 2 0.8%
(Continued)
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TABLE 4 | Continued

Question and answer Community Total Percentage
Grafton Jui Kossoh

10. Do you and your family often stay outside of the house at night (such as for walk, exercises, enjoy the cool air, work, etc)

Often 57 41 86 184 70.2%
Sometimes 38 4 9 51 19.5%
Seldom 8 1 6 15 5.7%
Never 4 1 4 3.4%
Don’t answer 1 0 2 1.1%

"There were six respondents reported taking the treated bed nets from Government Hospital/Health Center and Private Hospital/Clinic both.
#There was one respondent reported taking the treated bed nets from Government Hospital/Health Center and shop both.

advice and treatment from the public medical sector (including
government hospital, government health center, mobile clinic,
community health worker, other public sector) only (P = 0.001,
Fisher’s exact test). And 20.3% (43/212) and 7.1% (15/212) were
found to seek assistance from the private sector (including
private hospital, private clinic, mission/faith-based hospital,
mission/faith-based clinic, pharmacy, mobile clinic, other private
medical sector) only or any sector (Tables 1, 2).

Furthermore, 84.4% (221/262) of the respondents reported
that they and their family members always visited a health
care worker or doctor when they suspected they had contracted
malaria (P = 0.071, Fisher’s exact test). Among the individuals
who went to see a health care worker or doctor, they reported
visiting a professional every time (43.4%, 96/221) or most of the
times (37.1%, 82/221) they suspected they had contracted malaria
(x? =37.219, P < 0.000) (Table 3).

As recalled by the respondents, the health care worker or
doctor performed a malaria test when they visited because they
suspected that they had contracted malaria (80.2%, 210/262)
(x> = 15.854, P = 0.003), and the malaria rapid diagnostic
tests (RDT) was the most commonly used test (54.6%, 143/262);
however, approximately half of the respondents (55.0%, 144/262)
reported that the doctors or health care workers did not explain
the test to them (Table 3).

Most respondents took anti-malarial medicine every time
(41.2%, 108/262) or almost every time (35.9%, 94/262) they were
diagnosed with malaria, and ~79.8% (209/262) of them took the
full course of treatment every time as prescribed by the doctor
or health care worker. Artesunate and lumefantrine (57.6%,
151/262) and artesunate and amodiaquine (20.6%, 54/262) were
the top two choices of combination therapy. The most common
reason given for the early termination of a course of treatment
was having recovered prior to finishing all the doses (89.2%,
33/37). Moreover, ~80.2% (210/262) of the respondents reported
starting anti-malarial medicine on the same day that they noted
the fever, and ~64.5% (169/262) of them responded that the
anti-malarial medicine were not free (Table 3).

Malaria Prevention Measures

In this survey, 188 households had long-lasting insecticidal
nets (LLINs) (x> = 2282, P = 0.340), but more nets
were required because 189 respondents said that they did

not have enough LLINs in their households (P = 0.102,
Fisher’s exact test), so resulting in children under the age
of 5 years in 66 households not having LLINs to sleep
under (P = 0.120, Fisher’s exact test). Only 146 respondents
had slept under nets the night before the survey (P =
0.073, Fisher’s exact test). Furthermore, some members in
162 households with nets did not sleep under LLINs (y?
= 18.179, P = 0.001), which could lead to cross-infection.
Half of the LLINs were distributed by the governmental
hospital/health centers (49.6%, 130/262) and community health
centers (15.3%, 40/262) (Table 4).

In addition, a total of 143 households never sprayed
insecticide indoors to kill mosquitoes (x> = 19.945, P =
0.007), and 225 households never sprayed insecticide outside
(P = 0.073, Fisher’s exact test). Furthermore, more than
three quarters of the respondents (77.1%, 202/262) reported
that they did not have a door or window screen to prevent
mosquitoes from entering their houses (P < 0.001, Fisher’s
exact test). Additionally, most families (89.7%, 235/262) reported
staying outside of the house at night (P < 0.001, Fisher’s
exact test) (Table 4).

Knowledge of Malaria

In this survey, almost all the respondents had heard about malaria
(98.1%, 257/262) (P = 0.214, Fisher’s exact test) and knew that the
main route of transmission was through mosquito biting (86.6%,
227/262) (x> = 5.045, P = 0.081). Fever (44.3%, 116/262) (x>
= 4.845, P = 0.092), body aches or joint pain (38.9%, 102/262)
(x% = 1.189, P = 0.566), and loss of appetite (36.6%, 96/262) (x>
= 2.928, P = 0.237) were the top three clinical manifestations
they reported. A total of 173 respondents reported that they
would always go to see a doctor or health care worker when
they suspected they had malaria (x? = 1.323, P = 0.530), while
48 interviewees said they would take some of the anti-malarial
medicine kept in their houses first (x> = 15.322, P < 0.001). The
expensive costs (mentioned by 176 respondents) was the main
factor preventing people from visiting the doctor or health care
worker (% = 0.059, P = 0.969). Sleeping under LLINs (198) (x2
= 1.432, P = 0.499) and keeping their surrounding clean (84) (x>
= 5.982, P = 0.051) were the most common methods of malaria
prevention employed (Table 5).
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TABLE 5 | Knowledge of malaria transmission, symptom and prevention in the three communities in the Western Area Rural District, Sierra Leone, 2018.

Question and answer Community Total Percentage

Grafton Jui Kossoh
1. Have you or any member of your family ever heard of an iliness called malaria?
Yes 107 47 103 257 98.1%
No 1 0 4 5 1.9%
2. In your opinion, what cause malaria?*
Mosquito bites 89 45 93 227 86.6%
Eating immature sugarcane 0 0 0 0 0.0%
Eating dirty food 6 0 1 7 2.7%
Drinking beer/palm Wine 0 0 0 0 0.0%
Drinking dirty water 1 1 4 16 6.1%
Getting soaked with rain 0 0 0 0 0.0%
Cold or changing weather 1 0 1 2 0.8%
Witchcraft I. injections/drugs 0 0 1 1 0.4%
Eating oranges or mangos 0 1 1 2 0.8%
Eating plenty oil 2 1 0 3 1.1%
Sharing razors/blades 1 0 0 1 0.4%
Don’t answer 9 2 10 21 8.0%
3. Can you tell any symptoms of malaria?*
Fever 48 27 41 116 44.3%
Excessive sweating 1 2 6 19 7.3%
Feeling cold 36 7 29 72 27.5%
Headache 33 " IR 55 21.0%
Nausea and vomiting 11 10 10 31 11.8%
Dizziness 19 13 34 66 25.2%
Loss of appetite 35 22 39 96 36.6%
Body ache or joint pain 46 16 40 102 38.9%
Body weakness 31 25 32 88 33.6%
Refusing to eat or drink 0 1 1 0.8%
Jaundice 0 3 3 2.3%
Dark urine 14 1 11 26 9.9%
Others 5 0 5 10 3.8%
Don’t answer 0 0 1 1 0.4%
4. What should you do when you suspect getting malaria infection?*
Must go to see the 67 32 74 173 66.0%
doctor/health worker
Take some anti-malarial 26 1 i 48 18.3%
drugs kept in house
Not necessary to see the 3 0 0 3 1.1%
doctor/health worker and
take drugs
Go to see the doctor/health 2 0 13 15 5.7%
worker only when shown
severe condition
Others: Specify. 9 1 8 18 6.9%
Don’t answer 1 3 3 7 2.7%
5. What are the reasons you think that someone would not go to see the doctor/health worker when he or she gets malaria infection?*
We are all used to it and no 0 1 1 2 0.8%
necessary to see the doctor
Prayers could make us 0 0 0 0 0.0%
recover
They are strong enough and 0 0 0 0 0.0%
could recover even if they
do not see the doctor

(Continued)
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TABLE 5 | Continued

Question and answer Community Total Percentage
Grafton Jui Kossoh

They have anti-malarial 1 " 7 19 7.3%

drugs and take it when

necessary

It is unnecessary to see the 1 1 0 2 0.8%

doctor/health worker for

recovering from malaria

It is too expensive to see the 73 32 71 176 67.2%

doctor/health worker

It is too far to go to see the 0 1 2 3 1.1%

doctor/health worker

Other reasons 33 0 21 54 20.6%

Don’t answer 4 2 7 13 5.0%

6. How can someone protect themselves against malaria?*

Sleep under treated bed net 78 38 82 198 75.6%

Untreated mosquito net 1 0 0 1 0.4%

Use mosquito repellent 2 1 1 4 1.5%

Use mosquito insecticide 12 5 3 20 7.6%

spray (Shelltox)

Take preventive medication 0 9 2 11 4.2%

Indoor residual spray (IRS) 0 3 4 7 2.7%

Use mosquito coils 7 3 5 15 5.7%

Cut grass around house 6 4 1 ia 4.2%

Eliminate stagnant water 8 4 9 21 8.0%

Keep surroundings clean 42 9 33 84 32.1%

Don’t drink dirty water 1 0 2 1.1%

Contaminated food 3 0 2.7%

Use mosquito screens on 0 1 2.3%

windows and doors

Others: specify 14 0 10 24 9.2%

Don’t answer 1 1 1 3 1.1%

7. Where do you think the mosquito larvae live? DO NOT PROMPT ANSWER

In water 61 33 59 158 58.4%

In weed 0 2 2 4 1.5%

In rubbish 24 6 24 54 20.6%

| don’t know 19 0 17 36 13.7%

Don’t answer 4 6 5 15 5.7%

*It is a multiple-choice question.

DISCUSSION

Malaria remains one of the most serious public health issues
and is responsible for high proportions of morbidity and
mortality in Sierra Leone. In the present study, overall high
levels of knowledge regarding the causes of malaria, prevention
mechanisms and symptoms, and active seeking of treatment for
malaria from health care providers were found among Sierra
Leoneans, similar to the results in the MIS 2013 and 2016 (2, 10);
these results with regards to knowledge and practices support
malaria control (11-13).

Globally, vector control is the most commonly accomplished
through the use of LLINs and indoor residual spraying (IRS),

with the aim of reducing the transmission by preventing human-
vector contact and killing vector mosquitoes (14, 15). The goal
was for the entire at-risk population to employ preventive
measures, including the use of LLINs, IRS and larval source
management, by 2017 in Sierra Leone. However, 72.1% of
the respondents required more nets, which may explain the
high percentage (61.8%, 162/262) of households and the high
proportion of children under 5 years old who did not sleep under
the nets at night according to this survey. This indicates a large
gap in obtaining and using nets by the most vulnerable groups
who are not benefiting as much as hoped from preventive malaria
interventions. Moreover, screens for doors and windows that
are cost-effective to install and maintain are a supplementary
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public health intervention to prevent humans from being bitten
by mosquito vectors indoors, thereby significantly reducing the
transmission of malaria. However, screens seem to have been
neglected in the regular malaria control campaigns (16, 17),
resulting in fewer than 25% of households having door or
window screen in this survey, and a general low awareness of
the role of screens. In addition, a low level of implementation
of IRS and outside spraying and a high level of engagement
in activities outside of the house at night were found, despite
the presence of many mosquitoes. Therefore, how to improve
residents’ outdoor protection, or reduce outdoor activities at
night, as well as to further improve the awareness and correct use
of protective measures, can become an important content of the
future malaria campaign.

The early diagnosis and prompt treatment of malaria reduces
the transmission of the disease and prevents deaths. It is critical
for people to seek diagnosis and care as soon as they experience
any symptoms of malaria. It is encouraging that more than 80%
of the respondents reported that they visited the doctor in a
timely manner, and a similar percentage of respondents reported
being tested for malaria, usually with RDTs not microscopy,
which is the standard method for malaria diagnosis. However,
approximately three-quarters of the respondents said that the
doctors did not interpret the test results for the patients.
Therefore, a good opportunity to provide health education and
promote malaria control and prevention is being missed. A
home-based RDT that could be performed by trained family
members rather than at a healthcare facility may improve the
timeliness of the diagnosis of malaria (18-20). Moreover, the
reported adherence to completing the course of antimalarial
treatment was close to 80% at the clinic or if self-administration
at home. Reasons for the lack of adherence were reported to be
sickness after the first dose, insufficient food to take the medicine,
forgetting to take the medicine, and poor instructions provided
by the community health center (CHC) (21). In addition, the cost
of medical treatment and the distance from the hospital must also
be considered.

However, there were some limitations of this study. First,
this was a small-sample cross-sectional study conducted in
three communities, and the findings are not yet nationally
representative. Second, the collected data were based on
respondent recall, and the data may be biased. Therefore, the
results of the study highlight the need for more extensive
investigations of the KAP regarding malaria in Sierra Leone.
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This study was conducted to enhance the identification of novel targets to develop
acaricides that can be used to advance integrated tick-borne disease management.
Drivers for the emergence and re-emergence of tick-borne diseases affecting humans,
livestock, and other domestic animals in many parts of the world include the increased
abundance and expanded geographic distribution of tick species that vector pathogens.
The evolution of resistance to acaricides among some of the most important tick vector
species highlights the vulnerability of relying on chemical treatments for tick control to
mitigate the health burden of tick-borne diseases. The involvement of inward rectifier
potassium (Kir) channels in homeostasis, diuresis, and salivary gland secretion in ticks and
other pests identified them as attractive targets to develop novel acaricides. However, few
studies exist on the molecular characteristics of Kir channels in ticks. This biocinformatic
analysis described Kir channels in 20 species of hard and soft ticks. Summarizing relevant
investigations on Kir channel function in invertebrate pests allowed the phylogenomic
study of this class of ion channels in ticks. How this information can be adapted to
innovate tick control technologies is discussed.

Keywords: phylogenomic, tick, Kir, Acari, evolution

INTRODUCTION

Ticks (Acari) are obligate blood feeding parasites and vectors of a diverse array of pathogens
including bacteria, protozoa, and viruses that cause diseases among humans, livestock, and other
domestic animals (Sonenshine and Roe, 2013). The health burden of tick-borne disease (TBD)
increased globally (Paules et al., 2018; Madison-Antenucci et al., 2020). In the United States alone,
the number of human TBD cases more than doubled increasing from 22,527 to 48,610 between 2004
and 2016 (Rosenberg et al., 2018). Several species of hard and soft ticks are vectors of the diverse
pathogens causing tick-borne diseases (Brites-Neto et al., 2015). Recent studies have implicated ticks
in Alpha-Gal Syndrome, a potentially life-threatening allergy to red meat that is induced by the
sugar alpha-gal from a feeding tick (Crispell et al., 2019). The application of technological advances
is helping explain the global diversity of ticks and their ability to transmit pathogens (Dantas-
Torres, 2018; Yang and Han, 2018).
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Drivers for the emergence and re-emergence of tick-borne
diseases affecting humans, livestock, and other domestic animals
in many parts of the world include the increased abundance and
expanded geographic distribution of tick species that vector
pathogens. Dermacentor variabilis, the principal vector of
Rickettsia rickettsii causing Rocky Mountain spotted fever in
North America, expanded its range northward into Canada
surviving the milder winters associated with variability in
climatic patterns (Sonenshine, 2018). Due to its expanding
geographic distribution and vector biology, Ixodes scapularis
has become one of the most important disease vectors in
North America where it transmits Borrelia burgdorferi, Babesia
microti, and Powassan virus, causing Lyme disease, human
babesiosis, and Powassan virus disease, respectively (Eisen and
Eisen, 2018).

In addition, Amblyomma americanum and Amblyomma
maculatum have expanded their range northward, extending
the geographic range of additional tick species that threaten
livestock (Sonenshine, 2018). Detection of the Asian longhorned
tick, Haemaphysalis longicornis, in the United States (U.S.) in
2017 highlights the involvement of invasive tick species in the
emergence of tick-borne diseases (Rainey et al., 2018). Ha.
longicornis is a known vector of pathogens that affect humans,
livestock, and other domestic animals (Beard et al., 2018).
Control of tick populations, treatment of host infestations, and
reduction of exposure to tick bites are critical for tick-borne
disease management (Pérez De Leon et al., 2014).

The evolution of resistance to acaricides among some of the
most important tick vector species highlights the vulnerability of
relying on chemical treatments for tick control to mitigate the
health burden of tick-borne diseases. In the U.S. for example,
bovine babesiosis, or cattle tick fever, was eradicated by
eliminating the one-host fever tick vectors, Rhipicephalus
microplus and R. annulatus, through efforts of the Cattle Fever
Tick Eradication Program including the systematic treatment of
cattle with acaricides (Guerrero et al., 2014). However, the spread
of resistance to acaricides approved for use by the Cattle Fever
Tick Eradication Program among fever ticks causing outbreaks
raises the specter for the emergence of bovine babesiosis in the
U.S. (Thomas et al., 2020). Resistance to commonly used
commercial acaricides in the three-host ticks R. sanguineus and
Amblyomma mixtum, which are known vectors of human tick-
borne diseases, stresses the need to innovate tick control
technologies (Rodriguez-Vivas et al., 2017; Higa et al., 2020).

Discovering unique molecular targets facilitates the
development of safer acaricides with new modes of action
(Meng and Sluder, 2018). Previous research identified the
inward rectifier potassium (Kir) channels as attractive targets
to develop novel acaricides because of their involvement in
homeostasis, diuresis, and salivary gland secretion in ticks and
other pests (Li et al., 2019; Li et al., 2020). However, few studies
exist on the molecular characteristics of Kir channels in ticks.
Here, a bioinformatic analysis described Kir channels in 20
species of hard and soft ticks. Summarizing relevant
investigations on Kir channel function in invertebrate pests
allowed the phylogenomic study of this class of ion channels in

ticks. The adaptation of this information to innovate tick control
technologies is discussed.

KIR CHANNEL STRUCTURE AND
GENOME REPERTOIRES

Inward rectifier potassium (Kir) channels were named due to
their ability to facilitate the inward movement of K+ jons at
hyperpolarizing membrane voltages more readily than the
outward movement of K+ ions at depolarizing membrane
voltages, a function which has been compared to an electrical
diode wherein current flows in only one direction (Nishida and
Mackinnon, 2002; Tao et al., 2009). The S4 voltage sensor region
found in voltage-gated K*, Na*, and Ca>* channels is absent in
Kir channels; therefore, Kir channels are refractory to changes in
membrane potential associated with the inward movement of
other cations (Nishida and Mackinnon, 2002; Hibino et al.,
2010). The outward movement of K* is inhibited by
intracellular cations and polyamines that enter the pore from
the cytoplasmic side but cannot pass through, thus blocking the
channel and preventing the outward flow of K" (Nishida and
Mackinnon, 2002; Hibino et al., 2010). These properties allow
Kir channels to maintain resting membrane potential and
regulate action potential duration (Hibino et al., 2010).

Kir channels are formed by the assembly of four identical or
similar protein subunits, each with two transmembrane domains
flanking a re-entrant loop region forming the channel pore, and
N- and C-terminal cytoplasmic regions (Nichols and Lopatin,
1997; Hibino et al., 2010). The subunits are organized such that
one transmembrane o-helix (TM1) is on the outside of the
channel while the other (TM2) is on the inside near the pore
(Hibino et al.,, 2010). The pore-forming region includes a
selectivity filter that confers passage of K' but excludes Na*
(Doyle et al., 1998). In Eukaryotes, the selectivity filter is
characterized by a seven-residue motif TXGYGFR, where X is
an aliphatic amino acid, and F is sometimes replaced by a
different residue (Tao et al., 2009).

Sixteen genes encoding Kir channel subunits have been
identified in mammals. They belong to seven subfamilies (Kirl
to Kir7) comprising four functional groups: classical, G protein-
gated, ATP-sensitive, and K'-transport channels (Hibino et al.,
2010; Walsh, 2020). In mammals, Kir channels are expressed by
diverse tissues comprising the nervous, muscle, cardiovascular,
and urinary systems (Walsh, 2020). Consequently, abnormal
function of Kir channels has been implicated in human diseases
affecting these organ systems (Zangerl-Plessl et al., 2019).
Mutations that cause trafficking defects associated with Kir
channel dysfunction have been identified and primarily occur
in two “hotspots™ in and around the TM1 domain and in a
segment of the C-terminal cytoplasmic region (Zangerl-Plessl
et al.,, 2019).

Compared to mammals, insects possess a smaller repertoire of
Kir channels, ranging in number from three to six genes in the
species studied thus far (Lai et al., 2020). Based on phylogenetic
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analysis, there are at least three different subtypes of insect Kir
channels. Drosophila melanogaster (Luan and Li, 2012) and
Nilaparvata lugens (Ren et al., 2018) each have three (Kirl-
Kir3), while Aedes aegypti has four due to a duplication in Kir2
(Kir2A and Kir2B) (Piermarini et al., 2013). However, the aphids
Acyrthosiphon pisum and Aphis glycines have only two (Kirl and
Kir2), suggesting a loss of Kir3 during aphid evolution
(Piermarini et al, 2018). A recent study of Kir channels
revealed a possible fourth subtype in Lepidoptera (Kir4), which
was not found in the Diptera, Heteroptera, and Homoptera
included in the study (Lai et al., 2020).

BIOINFORMATICS OF KIR CHANNELS IN
TICKS

Screening of the NCBI databases produced a single Kir channel
subunit gene in 20 tick species ranging from 474 to 492 amino
acids in length (Table 1). All are apparently full-length, having
start and stop codons, except for Ornithodoros erraticus and O.
moubata, which did not have stop codons. Their length,
however, was similar to the Kir channels in O. rostratus and O.

turicata and likely represent full-length or near full-length
proteins. Kir channels in R. annulatus and R. microplus were
manually annotated from their respective genome assemblies
and have coding sequences with six exons spanning 7,014 and
9,318 nucleotides, respectively. Despite improvements in
sequencing technologies that have led to the generation of
several high-quality tick genome assemblies in recent years
(Miller et al., 2018; Jia et al,, 2020), the lack of genome
assemblies prevented the screening of all 20 tick species for
additional Kir channel genes.

Based on phylogenetic analysis of the Kir channel subunits in
a soft tick (O. turicata), two hard ticks (I. scapularis and R.
microplus), two Diptera (D. melanogaster and Ae. aegypti) and
two Lepidoptera (Manduca sexta and Danaus plexippus), the tick
Kir channels belong to the Kirl clade in insects (Figure 1A).
Amino acid percent identity of tick Kirs to D. melanogaster Kirl
ranged from 50 to 51%. The relationships among all 20 tick Kir
channel subunits are consistent with recent systematic analysis of
ticks based on 18S and 28S rRNA genes and whole mitochondrial
genomes (Mans et al., 2019). The soft ticks (Argasidae) and hard
ticks (Ixodidae) are separated into two distinct clades, with
Ornithodoros spp. representing the soft ticks and the remaining
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FIGURE 1 | Phylogenetic relationships and protein features of tick and insect Kir channels. (A) Estimated phylogenetic relationships of three tick Kir channels with
those in D. melanogaster (Dmel), Aedes aegypti (Aaeg), Manduca sexta (Msex) and Danaus plexippus (Dple). The multiple alignment was conducted using the L-INS-|
method in MAFFT v7.475 (Katoh et al., 2019). The phylogenies (A, B) were estimated using the maximum likelihood method and LG substitution model in RaxML
v8.2.11 (Stamatakis, 2014). Bootstrap support was estimated using 500 replications. The trees are rooted at the midpoint. (B) Estimated phylogenetic relationships
among 20 tick Kir channel proteins. (C) Multiple sequence alignment of 20 tick Kir channels illustrating the predicted transmembrane (TM) and cytoplasmic domains,
and the K+ selectivity filter (SF). The C-terminus of the Metastriata ticks, except Ha. longicornis (Hlon) contains long stretches of glutamine repeats. Multiple alignment
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TABLE 1 | Summary of tick Kir channel proteins identified in the NCBI databases. All were from transcriptome shotgun assemblies (TSA database) except Rh.
annulatus and Rh. Microplus, which were acquired from their respective genome assemblies.

Species Common name NCBI accession Length
Amblyomma aureolatum GFAC01003848 490
Dermacentor variabilis American dog tick GGTZ01000785 486
Haemaphysalis longicornis Asian longhorned tick GIKJ01016725 480
Hyalomma excavatum GEFH01003741 488
Ixodes holocyclus Australian paralysis tick GIBQ01000735 474
Ixodes persulcatus Taiga tick GBXQ01023957 479
Ixodes ricinus Castor bean tick GFVZ01130232 479
Ixodes scapularis Black-legged tick GGIX01123694 479
Ornithodoros erraticus GFWV01008518 492
Ornithodoros moubata African hut tampan GFJQ01004171 486
Ornithodoros rostratus GCJJ01005425 485
Ornithodoros turicata Relapsing fever tick GDIEO1101609 489
Rhipicephalus annulatus Cattle fever tick WOVY00000000 488
Rhipicephalus appendiculatus Brown ear tick GEDV01010278 487
Rhipicephalus bursa GFzZJ01000158 487
Rhipicephalus haemaphysaloides GIJA01021829 488
Rhipicephalus microplus Southern cattle fever tick \WQOVZ00000000 490
Rhipicephalus pulchellus Zebra tick GACKO01008623 488
Rhipicephalus sanguineus Brown dog tick GINV01002203 488
Rhipicephalus zambeziensis GFPFO1010722 487

being hard ticks (Figure 1B). The soft and hard ticks differ in
their feeding strategies, wherein the soft ticks are fast-feeding,
and the hard ticks are long-feeding, and adaptations associated
with these different feeding strategies have been described (Mans
and Neitz, 2004). The divergence observed between the hard and
soft tick Kir channels could reflect the physiological demands of
the different feeding strategies. The Ixodidae Kir subunits formed
two clades representing the Prostriata (Ixodes) and the
Metastriata (all other Ixodidae), which can be separated based
on morphological characteristics of the anal grooves.

A multiple sequence alignment shows the vast majority of
variation to be in the N- and C-terminal domains of the protein,
which flank the more highly conserved transmembrane region
(Figure 1C). All of the tick Kir channels examined in the present
study have the K" selectivity filter motif of TIGYGSR, except for
O. moubata which has the motif TIGYGFR (Figure S1). The C-
terminal domain of the Prostriata ticks, with the exception of Ha.
longicornis, is characterized by microsatellite repeats (CAG and
CAA) coding for runs of glutamine (Q), ranging from 10 to 13
residues in length (Figures 1C and S1). The role of this highly
variable region of the N-terminal domain has yet to
be determined.

KIR CHANNELS AS TARGETS FOR NOVEL
CONTROL MEASURES

Hematophagous arthropods overcome extreme physiological
challenges during and after blood feeding, most notably, post-
prandial diuresis (Beyenbach, 2003; Benoit and Denlinger, 2010);
therefore, inhibition of renal function could provide a means to
control blood feeding arthropods and the pathogens they
transmit (Piermarini et al., 2017). A series of experiments
aimed at understanding insect renal physiology led to the
discovery of Kir channels as key components of diuresis in

insect Malpighian tubules. Among these studies were gene
expression analyses showing relatively high expression of Kir
channels in Malpighian tubules and functional characterization
of Kirl and Kir2 subtypes using Drosophila S2 and Xenopus
oocyte heterologous expression systems (Doring et al., 2002;
Piermarini et al., 2013).

The identification of small molecule inhibitors has proven to
be invaluable for in vivo and in vitro analyses of Kir channels and
could lead to the development of novel insecticides. The small
molecule inhibitors of mammalian Kir channels, VU590 and
VU573, (Raphemot et al., 2011; Denton et al., 2013) were found
to modulate the activity of Ae. aegypti Kirl (VU590 and VU573)
and Kir2B (VU573) and cause renal failure and/or mortality in
Ae. aegypti (Piermarini et al., 2013; Raphemot et al., 2014). One
of the major concerns during the development of insecticides is
the effect on non-target species such as humans and beneficial
insects. A small molecule inhibitor of mosquito Kirl (VU041)
was identified by high-throughput screening that does not inhibit
most mammalian Kir channels (exception Kir2.1) and is not
lethal to honey bees when applied topically at the concentrations
tested (Swale et al., 2016). Further, VU041 was effective in
reducing fecundity in insecticide resistant and wild-type strains
of Ae. aegypti and An. gambiae (Swale et al., 2016).

In addition to Malpighian tubules, there is growing evidence
that Kir channels perform vital functions in the salivary glands,
which are essential for osmoregulation, blood feeding, and
pathogen transmission in hematophagous arthropods, making
them attractive targets for disruption (Ribeiro, 1987; Sauer et al.,
1995; Sauer et al, 2000; Swale et al.,, 2017; Nuttall, 2019).
Bioactive factors produced in the salivary glands enable the
acquisition of a blood meal at the host interface and facilitate
the transmission of tick-borne pathogens to vertebrate hosts
(Kazimirova and Stibraniova, 2013).

A recent study on the role of Kir channels in tick salivary
gland function provided evidence that pharmacological
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inhibition of these ion channels reduces the secretory activity of
salivary glands in the lone star tick, Amblyomma americanum (Li
et al., 2019). The reduced secretory capacity of the salivary gland
was directly correlated with a dramatic reduction of blood
ingestion during feeding. This study identified small-molecule
modulators of Kir channel function (VU041, VU625, and
VU688) that were previously shown to be inhibitors of
mosquito Kir channels (Raphemot et al,, 2014; Swale et al,
2016). Similarly, small molecule inhibitors reduced salivary
gland secretion (VU041, VU590, VU937, and VU063) and
blood meal ingestion (VU041 and VUO063) in the horn fly,
Haematobia irritans (Li et al., 2020). Although four inhibitors
(VUO041, VU590, VU937, and VU063) caused mortality, VU041
was the highest at 82 + 11% (Li et al., 2020).

A recent study suggests an insecticide targeting a Kir channel
has been developed and been in use for several years. Flonicamid
(N-cyanomethyl-4-trifluoromethylnicotinamide) is an
insecticide that is highly effective against aphids, but not
against other insects, including some coleopterans,
lepidopterans, and dipterans (Morita et al., 2014). It is
structurally similar to neonicotinoid insecticides, which target
nicotinic acetylcholine receptors (Ren et al., 2018). However,
flonicamid had no activity against nicotinic acetylcholine
receptors, acetylcholine esterase or sodium channels (Morita
et al., 2014). The mode of action remained elusive until
recently, when a study showed flonicamid had a similar effect
on the Nilaparvata lugens Kirl channel as VU590 (Ren et al.,
2018), which is a potent inhibitor of Kirl in Ae. aegypti (Rouhier
et al., 2014). Flonicamid also inhibited renal excretion in Culex
pipiens and, taken together, suggests its mode of action is by
inhibiting the insect Kirl subtype (Ren et al., 2018). Curiously,
flonicamid showed little efficacy against Ha. longicornis after
spray application at 50 ppm concentration (Park et al., 2019).
This lack of activity is likely due to a failure to inhibit the Ha.
longicornis Kir channel, thus demonstrating the need for
identification of tick Kir channel inhibitors.

CONCLUSION

This review highlights the importance of Kir channels as
potential targets for inhibition of renal and salivary gland
function in arthropod pests and vectors of disease.
Furthermore, we describe the Kir channel subunits in 20 tick
species, thus providing the framework for in vitro functional
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Acute lung injury (ALI) is a common complication of systemic inflammation or sepsis with
high morbidity and mortality. Although many studies have confirmed that helminth-derived
proteins had strong immunomodulatory functions and could be used to treat inflammatory
diseases, there is no report on the therapeutic effect of excretory-secretory products of
Trichinella spiralis adult worms (Ts-AES) on sepsis-induced ALl In this study, the
therapeutic efficacy of Ts-AES on sepsis-induced ALI and the underlying immunological
mechanism and the signaling pathway were investigated. The results indicated that after
being treated with Ts-AES, the survival rate of mice with CLP-induced sepsis was
significantly increased to 50% for 72 hours after CLP surgery compared to PBS control
group with all mice died. The sepsis-induced ALl was largely mitigated characterized by
reduced inflammation cell infiltration and pathological changes in lung tissue, with
decreased lung injury scores and lung wet/dry weight ratio. The therapeutic efficacy of
Ts-AES is associated with stimulated Tregs response with increased regulatory cytokines
IL-10 and TGF-B and downregulated pro-inflammatory cytokines (TNF-a, IL-6, IL-1B). The
expression of HMGB1, TLR2 and MyD88 in lung tissue was inhibited after treatment of Ts-
AES. Our results demonstrated that Ts-AES play an important role in immunomodulation
and confer a therapeutic effect on sepsis-induced ALI through inhibiting pro-inflammatory
cytokines. The activation of Tregs and increased level of regulatory cytokines IL-10 and
TGF-B are possibly involved in the immunomodulatory functions of Ts-AES through
HMGB1/TLR2/MyD88 signal pathway. The findings suggest Ts-AES is a potential
therapeutic agent for prevention and treatment of sepsis-induced ALl and other
inflammatory diseases.

Keywords: excretory-secretory products, Trichinella spiralis, sepsis, acute lung injury, cecal ligation and
puncture, immunomodulation
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INTRODUCTION

Sepsis is life-threatening organ dysfunction caused by a
dysregulated severe host immune response to an infection
(Singer et al., 2016). It can lead to multiple organ injuries and
even death affecting the lives of millions of people around the
world (Butt et al., 2016; Novosad et al., 2016; Rello et al., 2017).
Acute lung injury (ALI) occurs earliest in sepsis and is a main
cause of death (Rubenfeld et al., 2005; Rudd et al., 2020).
Although there are various therapeutic strategies for ALI which
include the administration of nitric ox surfactant and
glucocorticoids, none of them reduces the mortality in sepsis-
induced ALI (Li et al., 2020). Thus, searching for novel and more
effective therapeutic approaches is an urgent need for the
treatment of sepsis-induced ALI and reducing the ALI-
caused death.

High mobility group box 1 protein (HMGBI1), a highly
conserved nuclear DNA-binding protein, is a late
inflammatory cytokine that activates macrophages and
dendritic cells to produce inflammatory cytokines, playing a
key role in triggering the inflammatory response in the
pathogenesis of ALI and sepsis (Deng et al., 2018; Li and Lu,
2021; Xie et al., 2021). During sepsis, HMGBI is secreted into the
extracellular milieu after stimulating by bacterial endotoxin or
pro-inflammatory cytokines. TLRs (TLR2 and TLR4) are
reportedly the primary receptors of HMGBI that transmit
intracellular signals by Myd88 to stimulate the secretion of
pro-inflammatory cytokines, which in turn promote HMGBI1
secretion as a positive feedback loop during the inflammatory
process (Lee et al., 2014). It has been shown that HMGBI1 was
elevated in the sera of septic patients, suppressing HMGB1 levels
by pharmacological intervention and reducing CLP-induced
sepsis mortality (Rosas-Ballina et al., 2009; Valdés-Ferrer et al.,
2013; Deng et al, 2019; Wang J. et al., 2020). These findings
suggest that HMGBI could be a therapeutic target for preventing
inflammation and ALI in sepsis.

Since the hygiene hypothesis was proposed by Strachan in
1989 (Strachan, 1989), an increasing number of experiments and
epidemiological studies have revealed the inverse correlation
between the inflammation, autoimmune or allergic diseases
with helminth infections (van Riet et al., 2007; Zaccone et al.,
2008; Erb, 2009; Osada and Kanazawa, 2010; Smallwood et al,,
2017). Parasitic helminths co-evolve with mammalian hosts and
develop some strategies such as activating host Th2-dominant
immune response and regulatory T cell response to survive
within hosts (O’Regan et al., 2014; Passos et al., 2017;
Hernandez-Ancheyta et al., 2018). Further evidences have
showed that helminths regulated the local or systemic immune
response of host through secreting some biofunctional proteins
in excretory-secretory (ES) products. For instance, the ES
products of Marshallagia marshalli had anti-inflammatory
potentials on allergic airway inflammation in mice (Shirvan
et al, 2016), and ES products of Brugia malayi attenuated
development of streptozotocin-induced type 1 diabetes in mice
associated with the decreased production of pro-inflammatory
cytokines and increased production of IL-10 (Amdare
et al,, 2015).

Trichinella spiralis is one of the most widespread zoonotic
parasitic nematodes in the world. Its life cycle is completed
within a single host including three stages: muscle larvae inside
skeletal striated muscle cells, adult worms in the small intestine,
and newborn larvae in the lymphatic vessels and bloodstream.
During the chronic phase of the T. spiralis infection, the adult
worms or muscle larvae secrete or release ES products into host
to activate regulatory network elements to reduce host immune
attack as a survival strategy (Bai et al., 2012; Sofronic-
Milosavljevic et al., 2015; Kosanovic et al., 2019). ES products
derived from different developmental stages of T. spiralis may act
different immunomodulatory effects (Yang et al., 2014; Jin et al.,
2019a). Many experimental studies have shown that infection
with T. spiralis or exposure to ES products of T. spiralis induced a
strong Th2/Treg response correlated with the stimulation of
anti-inflammatory cytokines (IL-4, IL-5, and IL-13) and
regulatory cytokines (IL-10, TGF-B), as well as the inhibition
of pro-inflammatory cytokines (TNF-o., IL-6 and IL-1f) (Han
etal, 2019; Sun et al., 2019b; Ding et al., 2020). T. spiralis ES has
been successfully used for the treatment of inflammatory bowel
diseases (Yang et al., 2014; Jin et al., 2019a; Wang Z. et al., 2020),
allergic asthma (Sun et al., 2019a) and sepsis (Du et al., 2014) in
mouse models.

In this study, we explored the therapeutic effect of ES
products from T. spiralis adult worms (Ts-AES) on CLP-
induced septic ALI in BALB/c mice and we found that
treatment with Ts-AES significantly improved the survival rate
against systematic sepsis and reduced the sepsis-induced ALI in
mouse model, providing a potential treatment method to control
sepsis-induced ALI and death.

MATERIALS AND METHODS

Animals

Male specific pathogen-free BALB/c mice (6-8 weeks old with
weight of 18-22 g), female ICR mice (6-8 weeks old with weight
of 25-30 g) and female Wistar mice (6 weeks old with weight of
180-220 g) were purchased from the Animal Center of Bengbu
Medical College and maintained under controlled temperature of
20-25°C, relative humidity of 40-55% and a 12:12 h light/dark
cycle. All animals received a normal rodent diet and free access to
water. All experiments were performed in accordance with
protocols approved by Animal Care and Use Committee of
Bengbu Medical College (approval no: LAEC-2014-039).

Preparation of Ts-AES

T. spiralis muscle larvae were isolated from the muscles of
infected female ICR mice by a previously described method of
modified pepsin-hydrochloric acid digestion (Gu et al., 2013) as a
source for infection. Each Wistar rat was orally infected with
12,000 muscle larvae of T. spiralis (Martinez-Gomez et al.,
2009; Sun et al, 2019b) and the adult worms were collected
from intestines of mice 106 hours post infection. The collected
adult worms were washed with phosphate-buffered saline (PBS)
for three times and then cultured in RPMI-1640 medium
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(Hyclone, Logan, UT, USA) supplemented with 100 U/mL
penicillin and 100 pug/mL streptomycin (Gibco, Grand Island,
NY, USA) at 37°C, 5% CO, for 48 h. The culture supernatant
containing Ts-AES was collected and concentrated by
centrifugating and buffer exchanged into PBS. The potential
contaminated endotoxin in Ts-AES products was removed
using a ToxOut'" High Capacity Endotoxin Removal Kit
(BioVision, Palo Alto, California, USA) and confirmed using
ToxinSensor " Chromogenic Limulus Amebocyte Lysate
(LAL) Endotoxin Assay Kit (GenScript Biotechnology,
Nanjing, China) following the manufacturer’s protocol. The
protein concentration of the prepared Ts-AES was determined
by Bicinchoninic Acid Protein Assay Kit (Beyotime
Biotechnology, Shanghai, China) and then stored at -80°C
until use.

Sepsis Induced by Cecal Ligation and
Puncture (CLP)

Sepsis model was established on the basis of the cecal ligation and
puncture (CLP) (Rittirsch et al., 2009). Briefly, Male BALB/c
mice were fasted for 12 h with drinking water only. A 0.8-cm
midline incision was made for each mouse to expose the cecum
under anesthesia with intraperitoneal injection of 4% chloral
hydrate (0.2 ml/20 g) (Figures 1A, B). The cecum was isolated
and ligated tightly with a 3.0 silk at 1.5 cm from the tip (Figures
1C, D). A through-and-through puncture was made on the

cecum using an 18-gauge needle and a small amount of feces
was extruded (Figure 1E). The cecum was returned back to the
abdominal cavity and each opened layer was closed with 4.0 silk
sutures (Figures 1F, G). Following CLP, 200 ul of sterile saline
was injected sub-dermally to each mouse for fluid resuscitation
(Figure 1H). The same laparotomy was operated for sham
control group without cecum ligation and puncture.

Treatment of Sepsis With Ts-AES

BABL/c mice were randomly divided into 4 groups with 16 mice
each: (i) sham-operated (mice underwent the same procedure,
except for ligation and puncture of the cecum) with PBS (Sham
+PBS), (ii) CLP with PBS (CLP+PBS), (iii) CLP treated with Ts-
AES (CLP+AES), (iv) Sham-operated treated with Ts-AES
(Sham+AES). CLP+PBS and CLP+AES groups were CLP
operated and then treated intraperitoneally with PBS or 15 ug
of Ts-AES in a total volume of 200 ul 30 min after surgery,
respectively. Sham+PBS and Sham+AES groups were performed
sham surgery without ligation and puncture of the cecum and
given with the same amount of PBS or Ts-AES after surgery,
respectively. Six mice in each group were sacrificed 12 h after
surgery and treatment for measuring the level of inflammatory
cytokines in blood and lung and pathological change in lung
tissue. The remaining 10 mice were observed for general physical
conditions and survival rate for 72 h. The survival rates were
determined using Kaplan-Meier method.

FIGURE 1 | Sepsis-induced ALl was established by the cecal ligation and puncture (CLP). (A) The mouse was placed in a supine position under anesthesia, then
the abdominal area was shaved, cleaned, and disinfected. (B) Skin midline incision was made. (C) The cecum was isolated. (D) The cecum was ligated tightly with
silk at 1.5 cm from the tip. (E) Cecal puncture (a through-and-through) was made after cecum ligation. (F) The cecum was returned back to the abdominal cavity
and muscle layer was closed. (G) The skin incision was disinfected after suturing. (H) 200 pl of sterile saline was injected sub-dermally to each mouse.
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Detection of Cytokines in Sera Using
Enzyme-Linked Immunosorbent Assay
(ELISA)

Six mice from each group were anesthetized with 4% chloral
hydrate and blood samples were collected from the fundus venous
plexus 12 h after surgery. The sera were collected from the blood
samples by centrifuging at 4000 rpm for 15 min. The serological
levels of the pro-inflammatory cytokines (TNF-a,, IL-6, IL-1B) and
regulatory cytokines (IL-10 and TGF-) were determined using
LEGEND MAX'" ELISA kits (Dakewe Biotech, Beijing, China)
according to the manufacturer’s instructions.

Lung Collection for Pathological
Observation

After blood samples were collected 12 hours after surgery, the six
mice from each group were euthanized with cervical dislocation
and the lung tissues were collected by postmortem bilateral
thoracotomy. The left lungs were frozen at -80°C until use for
quantitative real time PCR (qQRT-PCR) and western blot analysis.
The right lungs were collected for the determination of lung wet/
dry weight ratio and histopathological changes. Superior and
middle lobes of right lung were collected and the wet weight of
the tissue was weighed immediately, then the lung tissues were
dried out by baking in a hot air oven at 70°C for 48 h and
weighed. The lung wet/dry weight ratio was calculated to assess
tissue edema. The inferior and postcaval lobes of right lung
samples were fixed in 4% paraformaldehyde neutral buffer
solution and cut into 5 um sections and stained with
hematoxylin and eosin (HE). The stained sections were
observed under microscope (Olympus, Tokyo, Japan). The
histological lung injury was scored as 0-4 based on 4 criteria:
1) alveolar hemorrhage and congestion; 2) alveolar edema; 3)
alveolar or vascular wall neutrophil infiltration or aggregation;
and 4) alveolar septum thickening, according to lesion severity as
shown in Table 1 (Meng et al., 2018; Shao et al., 2019).

Quantitative Real Time PCR (qRT-PCR)

Total RNA was extracted from left lung samples using TRIzol™
Reagent (Invitrogen, Carlsbad, CA, USA) and reversely
transcribed to ¢cDNA by using the Superscript First Strand
c¢DNA Synthesis Kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA) according to the manufacturer’s instructions. A
quantitative analysis of the relative mRNA expression of
different cytokines (TNF-c, IL-6, IL-1B, IL-10 and TGF-B),
HMGB1, TLR2 and MyD88 in murine lung tissues were

TABLE 1 | Lung injury score parameters.

Alveolar
septum
thickening

Alveolar Alveolar or vascular wall
edema neutrophil infiltration or
aggregation

Alveolar
hemorrhage
and congestion

Index

None or very mild lesions
Mild lesions (<25% lung involvement)
Moderate lesions (25-50% lung involvement)
Severe lesions (50-75% lung involvement)
Very severe lesions (>75% lung involvement)

A WON 2O

determined in triplicate using SYBR Green Super Mix Kit
(Takara Bio Inc., Tokyo, Japan) on a Roche LightCycler® 96
real-time PCR system (Roche Molecular Systems, Inc., USA).
The relative mRNA expression was calculated with the
comparative /\Cq method using the formula 2~ AACe
compared to GAPGH housekeeper gene control. The primers
listed in Table 2 were designed and synthesized by Sangon
Biotech (Shanghai, China) for testing each gene expression.

Detection of HMGB1, TLR2, and MyD88
Expression in Lung Tissue by Western
Blotting

The protein of left lung samples was isolated by dissolving tissue
with RIPA buffer containing 0.1% phenylmethylsulfonyl fluoride
(PMSF) and centrifuged at 12000 rpm for 20 min at 4°C. The
proteins were separated using 12% SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked with 5% nonfat dry milk in Tris-
buffered saline containing 0.05% Tween-20 (TBST), and then
incubated overnight at 4°C with following primary antibodies:
anti-B-actin (1:2000), anti-HMGB1(1:1000) anti-MyD88
(1:1000), (Cell Signaling Technology, Danvers, Massachusetts,
USA) and anti-TLR2(1:1500) (Abcam, Cambridge, UK),
respectively. Goat anti-mouse IgG was used as secondary
antibody (Merck Millipore, Basilica, Massachusetts, USA) at
1:8,000 dilution for 1 h at 37°C. Immunoreactive protein bands
were visualized using a Bio-Rad ChemiDoc XRS+
Chemiluminescence imaging system (Bio-Rad, Hercules, CA,
USA). Semi-quantitatively analyses on developed bands were
performed by Image] software.

Flow Cytometry

Spleen was collected from each euthanized mouse 12 hours after
surgery and treatment, the single cell suspension was prepared in
PBS containing 2% FBS for staining. The cell surfaces were
blocked with rat anti-mouse CD16/CD32 antibody for 15 min at
4°C, and then incubated with PE-Cy7-anti-CD3€E, FITC-anti-
CD4 and APC-anti-CD25 antibodies (Biolegend, London,
United Kingdom) for surface marker staining. After washing,
fixation, permeabilization and a second blocking, the
intracellular labeling of Foxp3 protein was performed by
incubating the cells with PE-anti-Foxp3 antibody for 30 min
on ice in the dark. The isotype-matched immunoglobulins
(Biolegend, London, United Kingdom) and FMO were used as

TABLE 2 | The primers of gRT-PCR.

Primer Forward Reverse

TNF-o  ACGGCATGGATCTCAAAGAC GTGGGTGAGGAGCACGTAGT
IL-6 CCGGAGAGGAGACTTCACAG TCCACGATTTCCCAGAGAAC
IL-1B TCTTTGAAGAAGAGCCCATCC CTAATGGGAACGTCACACAC

TGF-B  CTGGATACCAACTACTGCTTCAG TTGGTTGTAGAGGGCAAGGACCT
IL-10 CCAAGCCTTATCGGAAATGA TTTTCACAGGGGAGAAATCG
TLR2 TGCAAGTACGAACTGGACTTCT  CCAGGTAGGTCTTGGTGTTCATT
HMGB1 GGCGAGCATCCTGGCTTATC AGGCAGCAATATCCTTCTCATAC
MyD88 ACTGGCCTGAGCAACTAGGA CGTGCCACTACCTGTAGCAA
GAPDH ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC
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control for non-specific staining as baseline. The cells were
washed twice with fluorescence-activated cell sorting staining
buffer and analyzed by DxP Athena'" flow cytometer (CYTEK,
USA). All the results were analyzed using FlowJo® 7.6 software
(Treestar, Ashland, OR, USA).

Statistical Analysis

All data were presented as the mean + standard deviation (SD),
and statistical analyses were performed using GraphPad Prism
5.0 software (GraphPad Inc., La Jolla, CA, USA). Comparison of
the same parameters in multiple datasets or more than two
groups was done using one-way analysis of variance (ANOVA).
The difference in survival rates among four groups was
compared using Kaplan-Meier survival analysis. P < 0.05 was
considered as statistically significant.

RESULTS

Ts-AES Improved the Survival Rate of
Septic Mice

Ts-AES was used to treat sepsis in a CLP-induced sepsis mouse
model, to determine whether it improves the survival rate of
septic mice. As shown in Figure 2, all mice died 72 h after CLP
operation treated with PBS only (CLP+PBS). However, the 72
hours survival rate for septic mice treated intraperitoneally with
15 ug of Ts-AES (CLP+AES) increased to 50% with significant
difference compared to CLP group without treatment (CLP+
PBS) (P<0.05). All mice in sham groups with or without Ts-AES
treatment survived for 72 h period. This result suggests that
treatment with Ts-AES significantly improves the survival rate of
mice with sepsis.

Ts-AES Reduced Sepsis-Caused Acute
Lung Injury (ALI)

The lung tissue structure and pathological changes of mice 12 h
after CLP surgery and treatment were determined by
histochemical staining of lung tissue sections. The results
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=
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FIGURE 2 | Ts-AES treatment improved the survival rate of mice with CLP-
induced sepsis. After CLP or sham operation, mice were injected
intraperitoneally with Ts-AES or PBS. The survival rate was determined using
Kaplan Meier method and compared by log-rank test (n = 10 mice per group).
*P < 0.05, P < 0.001.

showed that Sham+PBS group and Sham+AES group had no
evidence of inflammation with normal arrangement of the lung
structure. However, the lung tissue in CLP+PBS group showed
alveolar congestion, structural disruption and thickened alveolar
septum with the inflammatory cell infiltration, showing typical
pathology of acute lung injury (ALI) (Figure 3A) with high lung
injury scores and high ratio of wet/dry weight (Figures 3B, C).
After treatment with Ts-AES, the lung injury caused by sepsis
was significantly mitigated with significantly reduced
inflammatory cell infiltration, lung injury scores compared to
mice with CLP-induced sepsis without treatment (CLP+PBS)
(Figures 3A, B). The sepsis inflammation caused pulmonary
edema was also significantly reduced in CLP group treated with
Ts-AES compared to CLP group treated with PBS only based on
the reduced ratio of wet/dry weight (P<0.05) (Figure 3C). These
results suggest that treatment with Ts-AES significantly
attenuates the lung tissue pathology caused by sepsis and
reduces the water content of lung tissue and pulmonary edema
in septic ALI mice caused by inflammatory congestion
and infiltration.

Ts-AES Inhibited Pro-inflammatory
Cytokines and Induced IL-10 and TGF-f in
Septic Mice

Sepsis was characterized by surged pro-inflammatory cytokines
in the blood circulation (Hiibner et al., 2013) which induced
acute lung injury. We examined the serological levels of some
pro-inflammatory cytokines in mice of each group and revealed
that TNF-o, IL-6 and IL-13 were significantly increased in septic
mice 12 h after CLP operation (CLP+PBS). However, treatment
with Ts-AES significantly reduced their serological levels of
TNEF-0, IL-6 and IL-1B (CLP+AES) compared to those without
treatment (CLP+PBS) (Figure 4). We also found that treatment
with Ts-AES stimulated the secretion of IL-10 and TGF-f in sera
of septic mice (CLP+AES) compared to CLP group without
treatment (CLP+PBS). Treatment with Ts-AES had no effect
on the serological levels of pro-inflammatory cytokines (TNF-q,
IL-6, IL-1B) or regulatory cytokines (IL-10 and TGF-) in sham
surgery groups with or without Ts-AES treatment (Sham+AES
or Sham+PBS). These data indicated that Ts-AES inhibited
inflammatory cytokines in septic mice associated with
increased serological levels of regulatory cytokines IL-10 and
TGE-B.

The similar effects of Ts-AES treatment on these cytokines
were also identified in lung tissue by measuring their mRNA
levels. The qRT-PCR results showed that the mRNA expression
levels of pro-inflammatory cytokines TNF-c, IL-6 and IL-1f
were significantly reduced in lung tissue of septic mice treated
with Ts-AES (CLP+AES) compared to the septic mice treated
with PBS only (CLP+PBS). The reduced mRNA expression levels
of pro-inflammatory cytokines were correlated with the
increased regulatory cytokines IL-10 and TGF-f mRNA
expression levels in lung tissues of septic mice treated with Ts-
AES (CLP+AES) compared with the CLP group without
treatment (CLP+PBS) (Figure 5). However, there was no
change of mRNA levels for either pro-inflammatory cytokines
or regulatory cytokines in lung tissue of sham surgery mice with
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or without Ts-AES treatment. The results suggest that treatment
with Ts-AES directly inhibits pro-inflammatory cytokine
expression and stimulates the expression of regulatory
cytokines that is correlated with the improvement of acute
lung injury caused by CLP-induced sepsis.

Treatment With Ts-AES Stimulated
Regulatory T-Cells (Tregs)

Many studied have demonstrated that Tregs play a key role in
modulating the inflammatory responses to relieve the sepsis-related
immunopathology (Xu et al., 2020). To further examine whether
the reduced inflammation and acute lung injury in septic mice
treated with Ts-AES was associated with the activation of Treg
response, the Tregs with surface expressions of CD3E, CD4 and
CD25 and the intracellular expression of Foxp3 were examined in
lymphocytes isolated from the spleens of mice using flow
cytometry. As shown in Figure 6, Treatment with Ts-AES
induced CD3E'CD4"CD25Foxp3" Tregs in splenocytes from

FIGURE 3 | Treatment with Ts-AES reduced ALl caused by CLP-induced sepsis. (A) Representative lung tissue sections in different groups exhibiting alveolar
structural disruption and alveolar septum thickening with the inflammatory cell infiltration in septic mice (CLP+PBS). However, the lung tissue pathological changes
caused by sepsis were significantly attenuated in CLP mice treated with Ts-AES (CLP+AES) (x200; Scale-bars: 100 um). The arrows indicate thickened alveolar
septum. (B) The improved lung injury score after being treated with Ts-AES (CLP+AES) compared with CLP+PBS. (C) Puimonary edema assessed by wet/dry
weight ratio of lung tissue was significantly reduced in CLP mice treated with Ts-AES compared with CLP mice without treatment. The results are shown as the
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septic mice (CLP+AES) compared with those in septic mice
without treatment (CLP+PBS). The severe infection itself also
stimulated CD3E€'CD4"CD25"Foxp3" Tregs in the spleen cells
from septic mice (CLP+PBS), but the increase of Tregs is more
significant after treatment with Ts-AES. The results further suggest
that Ts-AES modulate host immune system by stimulating
regulatory T cell response. The results are correlated with the
reduced pro-inflammatory cytokines and elevated regulator
cytokines IL-10 and TGF-P in sera and lung tissues
measured above.

Ts-AES Alleviated Sepsis-Induced ALl via
HMGB1/TLR2/MyD88 Signaling Pathway
HMGBI is a regulatory protein in nucleus related to activate the
family of Toll-like receptors (TLRs) (Park et al,, 2004; Yu et al,
2006) and TLR/MyD88 is an important signaling pathway involved
in the inflammation (Kumar, 2020). To determine whether the
HMGB1/TLR2/MyD88 signaling pathway is involved in the
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FIGURE 4 | Treatment with Ts-AES reduced the inflammatory cytokines TNF-a,, IL-6, IL-1B and stimulated regulatory cytokines IL-10 and TGF-p in sera of CLP-
induced septic mice. The levels of these cytokines in sera of mice were measured by ELISA 12 h after the surgery. The results were shown as the mean + SD for

therapeutic effect of Ts-AES on sepsis-induced ALI we evaluated
protein and mRNA expression levels of HMGBI, TLR2 and
MyD88 in lung tissue 12 h after CLP surgery. The elevated levels
of HMGBI, TLR2 and MyD88 proteins were observed in lung
tissue of mice 12 h after CLP operation in CLP+PBS group
compared with the mice in sham groups with or without

treatment of Ts-AES. Treatment with Ts-AES significantly
reduced the protein expression levels of HMGBI1, TLR2 and
MyD88 in lung tissues of septic mice (CLP+AES) compared with
mice without Ts-AES treatment (CLP+PBS) (Figure 7A). However,
there was no significant difference in protein expression of HMGBI,
TLR2 and MyD88 in lung tissue between Sham+PBS group and
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FIGURE 5 | Treatment with Ts-AES reduced the mRNA expression levels of pro-inflammatory cytokine (TNF-a,, IL-6 and IL-1f) and increased the mRNA expression
levels of regulatory cytokine (IL-10 and TGF-) in lung tissues of septic mice. The results were shown as the means + SD for each group (n=6). *P < 0.05,

P < 0.01, **P < 0.001.

Sham+AES group. The mRNA expression levels of HMGB1, TLR2
and MyD88 detected in lung tissue showed a similar pattern to the
proteins measured in lung tissue (Figure 7B). These results indicate
that Ts-AES could alleviate sepsis-induced acute lung injury
possibly through inhibiting HMGB1, TLR2 and MyD88 pathway.

DISCUSSION

Sepsis is overwhelming immune responses upon systemic
infection that trigger inflammatory storm throughout the body
to cause multiple organ damage. The lung is particularly
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FIGURE 6 | Treatment with Ts-AES increased percentage of CD3€*CD4*
CD25*Foxp3* Tregs in the spleen lymphocytes of mice with CLP-induced
sepsis. The percentage of CD3E*CD4*CD25 Foxp3* Tregs in the splenocytes
of mice was gated and counted. (A) Representative three-dimension scatter
diagrams of CD3€*CD4*CD25 Foxp3™ Tregs in the splenocytes of mice in
each group. (B) The percentage of CD3€*CD4"CD25"Foxp3* Tregs in the
splenocytes of mice in each group. The results were shown as the means +
SD for each group (n = 6). *P < 0.05.

susceptible to acute injury during sepsis. Studies have found that
more than 50% of patients with sepsis develop ALI or acute
respiratory distress syndrome (ARDS) confirmed both in animal
and clinical observations (Carvelli et al., 2019). In this study, we
confirmed septic ALI in a CLP-induced sepsis mouse model
characterized by structure damage and inflammatory cell
infiltration, pulmonary edema in lung tissue accompanied by
the increased levels of pro-inflammatory cytokines, which closely

mimicked the pathophysiological characteristics of acute lung
injury observed in clinical patients.

The ES products of helminth have been regarded as key
molecules secreted by helminth in regulating host inflammation,
cell apoptosis, protein degradation and antigen presentation
(Crowe et al.,, 2017; Smallwood et al., 2017; Pan et al.,, 2018; Sun
et al, 2019a). Previous studies have determined that Ts-AES
enabled to induce strong Tregs responses, characterized by
increased CD4"CD25 "Foxp3" and CD4"CD25 Foxp3" Treg cells
accompanied by high levels of IL-10 and TGF-f (Sun et al., 2019b).
Treatment with Ts-AES significantly alleviated Thl-dominated
colonic inflammation and pathology in DSS-induced colitis in
mice (Yang et al., 2014). In this study, we would like to determine
whether Ts-AES modulate the immune response against systemic
sepsis and protect mice from septic acute lung injury.

The early phase of sepsis is characterized by excessive
inflammation with the manifestation of systemically boosted
production of pro-inflammatory cytokines, including TNF-o, IL-
6 and IL-1P (Sackett et al., 2019). The pro-inflammatory cytokine
storm can induce lung endothelial cell activation, leukocyte
migration, and capillary leakage that result in lung edema to
further hinder alveolar cell perfusion and oxygen exchange, thus
causing ALI (Chaudhry et al., 2013). In this study, we observed that
12 hours after CLP operation, the mRNA expression levels of pro-
inflammatory cytokines (TNF-o, IL-6 and IL-1B) in lung tissues
were significantly increased and the structure of lung tissue was
damaged including alveolar congestion and thickened alveolar
septum with the inflammatory cell infiltration, which is
consistent with the increased levels of TNF-c, IL-6 and IL-1B in
sera. Treatment with 15 pg of Ts-AES significantly improved
survival rate of mice with CLP-induced sepsis up to 50% at 72-
hour time point after CLP operation compared with septic mice
without treatment that all died at the same time point (P<0.05).
Histochemical staining of lung tissue identified that the pathology
of sepsis-caused ALI was significantly reduced in mice treated with
Ts-AES, with reduced inflammatory cell infiltration and
congestion, reduced wet/dry weight ratio of lung tissue, less lung
tissue damage and structural disruption, and improved lung injury
scores, compared to lung tissues of septic mice without treatment
(Figures 3A-C). The reduced pathology of sepsis-caused ALI was
correlated with reduced levels of pro-inflammation cytokines such
as TNF-o, IL-6 and IL-1B in blood and their mRNA
transcriptional level directly in lung tissue.

As we know, Treg cells play a key role in the induction of
immune homeostasis and tolerance mainly through the secretion
of IL-10 and TGF-B to exert regulatory influence on the immune
system (Smallwood et al., 2017). In this study, we identified that
the proportion of CD3E"CD4"CD25"Foxp3" Tregs in the spleen
cells were increased in septic mice upon the treatment of Ts-AES
after CLP operation, which is correlated with the increased levels
of IL-10 and TGF-B and decreased levels of pro-inflammatory
cytokines (TNF-o, IL-6 and IL-1B) in sera and lung tissue,
indicating that Ts-AES act as an inhibitory immunomodulator
in the case of excessive inflammatory infection, possibly through
stimulating Tregs and Treg cell-secreted IL-10 and TGF-f to
reduce sepsis-induced acute lung injury and therefore improve the
survival rate of mice with septic ALL. We observe in this study that
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septic infection itself also increased Tregs (Figure 6B), however,
it has been suggested the increased Tregs in inflammatory
diseases, such as colitis, sepsis, the function of Tregs is typically
impaired in these diseases, and the impaired Tregs are usually
unable to restrict the excessive inflammation (Yang et al., 2014;
Xu et al., 2020).
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FIGURE 7 | Treatment with Ts-AES reduced the protein expression levels of HMGB1, TLR2 and MyD88, B-actin was measured as a control (A), and the mRNA
expression levels of HMGB1, TLR2 and MyD88 in lung tissues of septic mice (B). The results were shown as the means + SD for each group (n = 6). *P < 0.05,

During the early onset of sepsis, the innate immune system is
activated through toll-like receptors (TLRs) through pathogen-
associated molecular patterns (PAMPs) signaling pathway.
Activation of TLRs induces the rapid release of early pro-
damage signals, including damage-associated molecular patterns
(DAMPs) that are referred to as alarmins, into the circulation.
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High Mobility Group Box 1 protein (HMGBI) is a major alarmin
which is passively released from injured or necrotic cells in sepsis
(Tian et al., 2020). HMGBI is typically found in the nucleus of
many cells including immune, endothelial and epithelial cells
where it is bound to DNA. After being stimulated by bacterial
endotoxin or pro-inflammatory cytokines in the case of sepsis,
HMGBI1 was acetylated and released as a cytokine mediator of
inflammation through receptors for advanced glycation end
products (RAGEs) and TLRs (TLR2 and TLR4) to stimulate
excessive release of pro-inflammatory cytokines (Park et al,
2004; Yu et al.,, 2006; Kang et al., 2010; Andersson and Tracey,
2011). In this study we found that the protein expression levels
and the mRNA expression levels of HMGBI, TLR2 and MyD88 in
lung tissue are significantly increased associated with the high
levels of pro-inflammatory cytokines in sera and lung tissues 12
hours after CLP operation. After being treated with Ts-AES,
protein expression levels and the mRNA expression levels of
HMGBI1, TLR2 and MyD88 in lung tissues were significantly
decreased. Our results further confirm that severe infection of
bacteria in sepsis stimulates inflammatory immune responses
through HMGB1/TLR2/MyD88 activation signal pathway as
shown for other helminth-derived proteins (Li et al., 2017; Ilic
et al., 2018; Gao et al., 2020).

In this study we have demonstrated Ts-AES play an
important role in modulating host immune response possibly
through stimulating Tregs response and promoting secretion of
IL-10 and TGF-B, thereby suppressing the production of pro-
inflammatory cytokines. The immunomodulation of Ts-AES is
taken effect possibly through inhibiting the HMGB1/TLR2/
MyD88 activation signal pathway. However, there are still a lot
that are not clear and need to be further explored, for example,
what the effective cells to which HMGBI1/TLR2/MyD88
activation signal pathway regulates, macrophages, dendritic
cells or other immune cells? It needs to be further investigated.

There are some concerns for using Ts-AES as therapeutic
reagents to reduce systemic infection-caused lung and other
organ injury, one of the concerns is that administration of
Ts-AES could induce antibody response that may reduce the
efficacy of Ts-AES. However, the administration of Ts-AES was
through intraperitoneal injection without using any adjuvant in
this study. As we know, intraperitoneal administration without
adjuvant within limited time period could not effectively induce
much antibody response. However, it would be expected to
reduce efficacy if Ts-AES are used repeatedly or for a long time
period due to the potential antibody production that would
neutralize the efficacy of Ts-AES. Another concern is for the
complicated composition of Ts-AES. Ts-AES is a complex pool of
various molecules secreted or excreted by worms, it is difficult to
be accepted by using this complex as therapeutic reagents
because of the possible side-effects or immune interference. It
is also difficult to make large-scale manufacture of Ts-AES that
limits its use in clinical treatment. It is important to identify the
effective components in Ts-AES that are involved in the
regulatory activation of immune cells. Shotgun LC-MS/MS
approach identified more than 280 protein components in
Ts-AES with 4 proteins having potential regulatory functions

including cysteine protease inhibitor, serine protease, 53 kDa
excretory-secretory protein, and glutathione-S-transferase (Yang
etal, 2017; Wang Z. et al,, 2020). Recent studies have confirmed
that recombinant T. spiralis cysteine protease inhibitor relieved
TNBS-induced experimental inflammatory bowel disease by
inducing Th2-type immune response and balanced the Thl-
type immune response induced by TNBS administration (Xu
et al., 2019). Serine protease of Ts-AES alleviated TNBS-induced
colitis by increasing the population of Th2 and Treg cells (Pang
et al,, 2020). Recombinant T. spiralis 53-kDa excretory-secretory
protein exhibited anti-inflammatory properties and rescued mice
from LPS-induced damage of endotoxemia (Chen et al., 2016).
Recombinant T. spiralis glutathione-S-transferase decreased the
LPS-induced elevated level of pro-inflammatory cytokines of
dendritic cells and enhanced the level of regulatory cytokines
IL-10 and TGF-B (Jin et al, 2019b). The identification of the
immunomodulatory molecules in Ts-AES will make it possible to
develop effective therapeutic drugs for inflammatory and
immune diseases. The related research on Ts-AES is under
investigation in our laboratory.

CONCLUSIONS

In this study we have presented results demonstrating that Ts-
AES strongly alleviate excessive inflammation via stimulating
Tregs response and inhibiting the HMGB1/TLR2/MyD88 signal
pathway, and protect mice from ALI induced by sepsis.
Therefore, Ts-AES could be considered as a potential
therapeutic agent for the treatment of severe infection or other
inflammatory/auto immune diseases.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
and Use Committee of Bengbu Medical College (approval no:
LAEC-2014-039).

AUTHOR CONTRIBUTIONS

XY, HL, and BZ conceived and designed the study. HL, DQ, HY,
XW, LW, YS, and WX performed the experiments. HL, YY, and
LC analyzed the data. HL wrote the manuscript. BZ and XY
critically revised the manuscript. All authors contributed to the
article and approved the submitted version.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

170

March 2021 | Volume 11 | Article 653843


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Lietal

Ts-AES Alleviates Sepsis-Induced AL

FUNDING

This study was supported by the Science Foundation of
Anhui Province (no. 2008085MH260, gxbjZD15); Program of
Natural Science Foundation of the Anhui Higher Education

REFERENCES

Amdare, N., Khatri, V., Yadav, R. S., Tarnekar, A., Goswami, K., and Reddy, M. V.
(2015). Brugia malayi soluble and excretory-secretory proteins attenuate
development of streptozotocin-induced type 1 diabetes in mice. Parasite
Immunol. 37 (12), 624-634. doi: 10.1111/pim.12283

Andersson, U., and Tracey, K. J. (2011). HMGBI is a therapeutic target for sterile
inflammation and infection. Annu. Rev. Immunol. 29, 139-162. doi: 10.1146/
annurev-immunol-030409-101323

Bai, X., Wu, X., Wang, X, Guan, Z., Gao, F., Yu, J,, et al. (2012). Regulation of
cytokine expression in murine macrophages stimulated by excretory/secretory
products from Trichinella spiralis in vitro. Mol. Cell Biochem. 360 (1-2), 79-88.
doi: 10.1007/s11010-011-1046-4

Butt, Y., Kurdowska, A., and Allen, T. C. (2016). Acute Lung Injury: A Clinical and
Molecular Review. Arch. Pathol. Lab. Med. 140 (4), 345-350. doi: 10.5858/
arpa.2015-0519-RA

Carvelli, J., Piperoglou, C., Bourenne, J., Farnarier, C., Banzet, N., Demerle, C.,
et al. (2019). Imbalance of circulating innate lymphoid cell subpopulations in
patients with septic shock. Front. Immunol. 10, 2179. doi: 10.3389/
fimmu.2019.02179

Chaudhry, H., Zhou, J., Zhong, Y., Ali, M. M., McGuire, F., Nagarkatti, P. S., et al.
(2013). Role of cytokines as a double-edged sword in sepsis. In Vivo 27 (6),
669-684.

Chen, Z. B,, Tang, H,, Liang, Y. B., Yang, W., Wu, J. G,, Hu, X. C,, et al. (2016).
Recombinant Trichinella spiralis 53-kDa protein activates M2 macrophages
and attenuates the LPS-induced damage of endotoxemia. Innate Immun. 22
(6), 419-432. doi: 10.1177/1753425916651984

Crowe, J., Lumb, F. E., Harnett, M. M., and Harnett, W. (2017). Parasite excretory-
secretory products and their effects on metabolic syndrome. Parasite Immunol.
39 (5), e12410. doi: 10.1111/pim.12410

Deng, M., Tang, Y., Li, W., Wang, X., Zhang, R., Zhang, X,, et al. (2018). The
Endotoxin Delivery Protein HMGB1 Mediates Caspase-11-Dependent
Lethality in Sepsis. Immunity 16;49 (4), 740-753.e7. doi: 10.1016/
jimmuni.2018.08.016

Deng, M., Scott, M. ], Fan, J., and Billiar, T. R. (2019). Location is the key to
function: HMGBI in sepsis and trauma-induced inflammation. J. Leukoc. Biol.
106 (1), 161-169. doi: 10.1002/JLB.3MIR1218-497R

Ding, J., Liu, X, Bai, X., Wang, Y., Li, ., Wang, C,, et al. (2020). Trichinella spiralis:
inflammation modulator. J. Helminthol. 21 (94), e193. doi: 10.1017/
50022149X20000802

Du, L., Liu, L., Yu, Y., Shan, H., and Li, L. (2014). Trichinella spiralis excretory-
secretory products protect against polymicrobial sepsis by suppressing MyD88
via mannose receptor. BioMed. Res. Int. 2014, 898646. doi: 10.1155/2014/
898646

Erb, K. J. (2009). Can helminths or helminth-derived products be used in humans
to prevent or treat allergic diseases? Trends Immunol. 30 (2), 75-82.
doi: 10.1016/}.it.2008.11.005

Gao, S, Li, H.,, Xie, H., Wu, S,, Yuan, Y., Chu, L., et al. (2020). Therapeutic efficacy
of Schistosoma japonicum cystatin on sepsis-induced cardiomyopathy in a
mouse model. Parasit. Vectors 13 (1), 260. doi: 10.1186/s13071-020-04104-3

Gu, Y., Wei, J., Yang, J., Huang, J., Yang, X,, and Zhu, X. (2013). Protective
immunity against Trichinella spiralis infection induced by a multi-epitope
vaccine in a murine model. PloS One 8 (10), e¢77238. doi: 10.1371/
journal.pone.0077238

Han, C., Yu, J., Zhang, Z., Zhai, P., Zhang, Y., Meng, S., et al. (2019).
Immunomodulatory effects of Trichinella spiralis excretory-secretory
antigens on macrophages. Exp. Parasitol. 196, 68-72. doi: 10.1016/
j.exppara.2018.10.001

Institutions (no. KJ2020A0554, KJ2020A0572); 512 Talents
Development Program of Bengbu Medical College
(no. by51201205, by51201306); the innovation and
entrepreneurship training program for college students (no.
201910367025, 5202010367040).

Hernandez-Ancheyta, L., Salinas-Tobon, M. D. R,, Cifuentes-Goches, J. C., and
Hernandez-Sanchez, J. (2018). Trichinella spiralis muscle larvae excretory-
secretory products induce changes in cytoskeletal and myogenic transcription
factors in primary myoblast cultures. Int. J. Parasitol. 48 (3-4), 275-285.
doi: 10.1016/j.ijpara.2017.10.002

Hiibner, M. P, Layland, L. E., and Hoerauf, A. (2013). Helminths and their
implication in sepsis-a new branch of their immunomodulatory behaviour?
Pathog. Dis. 69 (2), 127-141. doi: 10.1111/2049-632X.12080

Ilic, N., Gruden-Movsesijan, A., Cvetkovic, J., Tomic, S., Vucevic, D. B,
Aranzamendi, C., et al. (2018). Trichinella spiralis Excretory-Secretory
Products Induce Tolerogenic Properties in Human Dendritic Cells via Toll-
Like Receptors 2 and 4. Front. Immunol. 9, 11. doi: 10.3389/fimmu.2018.00011

Jin, X., Yang, Y., Bai, X, Shi, H., Zhang, W., Zhang, Z., et al. (2019a). Dendritic
cells treated by Trichinella spiralis muscle larval excretory/secretory products
alleviate TNBS-induced colitis in mice. Int. Immunopharmacol. 70, 378-386.
doi: 10.1016/j.intimp.2019.02.028

Jin, X,, Yang, Y., Liu, X,, Shi, H., Cai, X,, Luo, X,, et al. (2019b). Glutathione-S-
transferase of Trichinella spiralis regulates maturation and function of
dendritic cells. Parasitology 146 (14), 1725-1732. doi: 10.1017/
$003118201900115X

Kang, R., Tang, D., Schapiro, N. E,, Livesey, K. M., Farkas, A., Loughran, P., et al.
(2010). The receptor for advanced glycation end products (RAGE) sustains
autophagy and limits apoptosis, promoting pancreatic tumor cell survival. Cell
Death Differ. 17 (4), 666-676. doi: 10.1038/cdd.2009.149

Kosanovi¢, M., Cvetkovic, J., Gruden-Movsesijan, A., Vasilev, S., Svetlana, M., Ili¢,
N, et al. (2019). Trichinella spiralis muscle larvae release extracellular vesicles
with immunomodulatory properties. Parasite Immunol. 41 (10), e12665.
doi: 10.1111/pim.12665

Kumar, V. (2020). Toll-like receptors in sepsis-associated cytokines storm and
their endogenous negative regulators as future immunomodulatory targets. Int.
Immunopharmacol. 89 (Pt B), 107087. doi: 10.1016/j.intimp.2020.107087

Lee, S. A, Kwak, M. S, Kim, S., and Shin, J. S. (2014). The role of high mobility
group box 1 in innate immunity. Yonsei Med. J. 55 (5), 1165-1176.
doi: 10.3349/ym;j.2014.55.5.1165

Li, L., and Lu, Y. Q. (2021). The regulatory role of high-mobility group protein 1 in
sepsis-related immunity. Front. Immunol. 22 (11), 601815. doi: 10.3389/
fimmu.2020.601815

Li, H.,, Wang, S., Zhan, B., He, W., Chu, L., Qiu, D., et al. (2017). Therapeutic effect
of Schistosoma japonicum cystatin on bacterial sepsis in mice. Parasit. Vectors
10 (1), 222. doi: 10.1186/s13071-017-2162-0

Li, L, Huang, Q., Wang, D. C,, Ingbar, D. H., and Wang, X. (2020). Acute lung
injury in patients with COVID-19 infection. Clin. Transl. Med. 10 (1), 20-27.
doi: 10.1002/ctm2.16

Martinez-Gomez, F., Santiago-Rosales, R., and Ramon Bautista-Garfias, C. (2009).
Effect of Lactobacillus casei Shirota strain intraperitoneal administration in
CD1 mice on the establishment of Trichinella spiralis adult worms and on IgA
anti-T. Spiralis production. Vet. Parasitol. 162 (1-2), 171-175. doi: 10.1016/
j-vetpar.2009.02.010

Meng, P. Z., Liu, J., Hu, P. S., and Tong, F. (2018). Protective effect of
dexmedetomidine on endotoxin-induced acute lung injury in rats. Med. Sci.
Monit. 24, 4869-4875. doi: 10.12659/MSM.908887

Novosad, S. A., Sapiano, M. R, Grigg, C., Lake, J., Robyn, M., Dumyati, G., et al.
(2016). Vital Signs: Epidemiology of Sepsis: Prevalence of Health Care Factors
and Opportunities for Prevention. MMWR Morb. Mortal. Wkly. Rep. 65 (33),
864-869. doi: 10.15585/mmwr.mmé6533el

O’Regan, N. L., Steinfelder, S., Venugopal, G., Rao, G. B., Lucius, R., Srikantam, A.,
et al. (2014). Brugia malayi microfilariae induce a regulatory monocyte/
macrophage phenotype that suppresses innate and adaptive immune

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

m

March 2021 | Volume 11 | Article 653843


https://doi.org/10.1111/pim.12283
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.1007/s11010-011-1046-4
https://doi.org/10.5858/arpa.2015-0519-RA
https://doi.org/10.5858/arpa.2015-0519-RA
https://doi.org/10.3389/fimmu.2019.02179
https://doi.org/10.3389/fimmu.2019.02179
https://doi.org/10.1177/1753425916651984
https://doi.org/10.1111/pim.12410
https://doi.org/10.1016/j.immuni.2018.08.016
https://doi.org/10.1016/j.immuni.2018.08.016
https://doi.org/10.1002/JLB.3MIR1218-497R
https://doi.org/10.1017/S0022149X20000802
https://doi.org/10.1017/S0022149X20000802
https://doi.org/10.1155/2014/898646
https://doi.org/10.1155/2014/898646
https://doi.org/10.1016/j.it.2008.11.005
https://doi.org/10.1186/s13071-020-04104-3
https://doi.org/10.1371/journal.pone.0077238
https://doi.org/10.1371/journal.pone.0077238
https://doi.org/10.1016/j.exppara.2018.10.001
https://doi.org/10.1016/j.exppara.2018.10.001
https://doi.org/10.1016/j.ijpara.2017.10.002
https://doi.org/10.1111/2049-632X.12080
https://doi.org/10.3389/fimmu.2018.00011
https://doi.org/10.1016/j.intimp.2019.02.028
https://doi.org/10.1017/S003118201900115X
https://doi.org/10.1017/S003118201900115X
https://doi.org/10.1038/cdd.2009.149
https://doi.org/10.1111/pim.12665
https://doi.org/10.1016/j.intimp.2020.107087
https://doi.org/10.3349/ymj.2014.55.5.1165
https://doi.org/10.3389/fimmu.2020.601815
https://doi.org/10.3389/fimmu.2020.601815
https://doi.org/10.1186/s13071-017-2162-0
https://doi.org/10.1002/ctm2.16
https://doi.org/10.1016/j.vetpar.2009.02.010
https://doi.org/10.1016/j.vetpar.2009.02.010
https://doi.org/10.12659/MSM.908887
https://doi.org/10.15585/mmwr.mm6533e1
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Lietal

Ts-AES Alleviates Sepsis-Induced AL

responses. PloS Negl. Trop. Dis. 8 (10), €3206. doi: 10.1371/
journal.pntd.0003206

Osada, Y., and Kanazawa, T. (2010). Parasitic helminths: new weapons against
immunological disorders. J. BioMed. Biotechnol. 2010, 743758. doi: 10.1155/
2010/743758

Pan, W., Xu, H. W.,, Hao, W. T., Sun, F. F,, Qin, Y. F., Hao, S. S., et al. (2018). The
excretory-secretory products of Echinococcus granulosus protoscoleces
stimulated IL-10 production in B cells via TLR-2 signaling. BMC Immunol.
19 (1), 29. doi: 10.1186/s12865-018-0267-7

Pang, J., Ding, J., Zhang, L., Zhang, Y., Yang, Y., Bai, X, et al. (2020). Effect of
recombinant serine protease from adult stage of Trichinella spiralis on TNBS-
induced experimental colitis in mice. Int. Immunopharmacol. 86, 106699.
doi: 10.1016/j.intimp.2020.106699

Park, J. S., Svetkauskaite, D., He, Q., Kim, J. Y., Strassheim, D., Ishizaka, A., et al.
(2004). Involvement of toll-like receptors 2 and 4 in cellular activation by high
mobility group box 1 protein. J. Biol. Chem. 279 (9), 7370-7377. doi: 10.1074/
jbc.M306793200

Passos, L. S., Gazzinelli-Guimaraes, P. H., Oliveira Mendes, T. A., Guimaries, A. C.,
Silveira Lemos, D. D., Ricci, N. D,, et al. (2017). Regulatory monocytes in
helminth infections: insights from the modulation during human hookworm
infection. BMC Infect. Dis. 17 (1), 253. doi: 10.1186/512879-017-2366-0

Rello, J., Valenzuela-Sanchez, F., Ruiz-Rodriguez, M., and Moyano, S. (2017).
Sepsis: A Review of Advances in Management. Adv. Ther. 34 (11), 2393-2411.
doi: 10.1007/s12325-017-0622-8

Rittirsch, D., Huber-Lang, M. S., Flierl, M. A., and Ward, P. A. (2009).
Immunodesign of experimental sepsis by cecal ligation and puncture. Nat.
Protoc. 4 (1), 31-36. doi: 10.1038/nprot.2008.214

Rosas-Ballina, M., Goldstein, R. S., Gallowitsch-Puerta, M., Yang, L., Valdés-
Ferrer, S. L, Patel, N. B., et al. (2009). The selective alpha7 agonist GTS-21
attenuates cytokine production in human whole blood and human monocytes
activated by ligands for TLR2, TLR3, TLR4, TLRY, and RAGE. Mol. Med. 15
(7-8), 195-202. doi: 10.2119/molmed.2009.00039

Rubenfeld, G. D., Caldwell, E., Peabody, E., Weaver, J., Martin, D. P., Neff, M.,
et al. (2005). Incidence and outcomes of acute lung injury. N. Engl. J. Med. 53
(16), 1685-1693. doi: 10.1056/NEJM0a050333

Rudd, K. E., Johnson, S. C., Agesa, K. M., Shackelford, K. A., Tsoi, D., Kievlan, D.
R, et al. (2020). Global, regional, and national sepsis incidence and mortality
1990-2017: analysis for the Global Burden of Disease Study. Lancet 395
(10219), 200-201. doi: 10.1016/S0140-6736(19)32989-7

Sackett, S. D., Otto, T., Mohs, A, Sander, L. E., Strauch, S., Streetz, K. L., et al.
(2019). Myeloid cells require gp130 signaling for protective anti-inflammatory
functions during sepsis. FASEB J. 33 (5), 6035-6044. doi: 10.1096/
£j.201802118R

Shao, Z., Li, Q.,, Wang, S., and Chen, Z. (2019). Protective effects of PNU-282987
on sepsis-induced acute lung injury in mice. Mol. Med. Rep. 19 (5), 3791-3798.
doi: 10.3892/mmr.2019.10016

Shirvan, S. P., Borji, H., Movassaghi, A., Khakzad, M., Farzin, H., Maleki, M., et al.
(2016). Anti-inflammatory potentials of excretory/secretory (ES) and somatic
products of Marshallagia marshalli on allergic airway inflammation in BALB/c
mice. Iran J. Parasitol. 11 (4), 515-526.

Singer, M., Deutschman, C. S., Seymour, C. W., Shankar-Hari, M., Annane, D.,
Bauer, M., et al. (2016). The Third International Consensus Definitions for
Sepsis and Septic Shock (Sepsis-3). JAMA 315 (8), 801-810. doi: 10.1001/
jama.2016.0287

Smallwood, T. B., Giacomin, P. R., Loukas, A., Mulvenna, J. P., Clark, R. J., and
Miles, J. J. (2017). Helminth immunomodulation in autoimmune disease.
Front. Immunol. 8, 453. doi: 10.3389/fimmu.2017.00453

Sofronic-Milosavljevic, L., Ilic, N., Pinelli, E., and Gruden-Movsesijan, A. (2015).
Secretory products of Trichinella spiralis muscle larvae and
immunomodulation: implication for autoimmune diseases, allergies, and
malignancies. J. Immunol. Res. 2015, 523875. doi: 10.1155/2015/523875

Strachan, D. P. (1989). Hay fever, hygiene, and household size. BMJ 299 (6710),
1259-1260. doi: 10.1136/bmj.299.6710.1259

Sun, S, Li, H,, Yuan, Y., Wang, L., He, W., Xie, H., et al. (2019a). Preventive and
therapeutic effects of Trichinella spiralis adult extracts on allergic inflammation

in an experimental asthma mouse model. Parasit. Vectors 12 (1), 326.
doi: 10.1186/s13071-019-3561-1

Sun, X. M., Guo, K., Hao, C. Y., Zhan, B,, Huang, J. J,, and Zhu, X. (2019b).
Trichinella spiralis excretory-secretory products stimulate host regulatory T
cell differentiation through activating dendritic cells. Cells 8 (11), 1404.
doi: 10.3390/cells8111404

Tian, T., Yao, D., Zheng, L., Zhou, Z., Duan, Y., Liu, B,, et al. (2020). Sphingosine
kinase 1 regulates HMGBI translocation by directly interacting with calcium/
calmodulin protein kinase II-3 in sepsis-associated liver injury. Cell Death Dis.
11 (12), 1037. doi: 10.1038/s41419-020-03255-6

Valdes-Ferrer, S. 1., Rosas-Ballina, M., Olofsson, P. S., Lu, B., Dancho, M. E,, Li, J.,
et al. (2013). High-mobility group box 1 mediates persistent splenocyte
priming in sepsis survivors: evidence from a murine model. Shock 40 (6),
492-495. doi: 10.1097/SHK.0000000000000050

van Riet, E., Hartgers, F. C,, and Yazdanbakhsh, M. (2007). Chronic helminth
infections induce immunomodulation: consequences and mechanisms.
Immunobiology 212 (6), 475-490. doi: 10.1016/j.imbi0.2007.03.009

Wang, J., Li, R, Peng, Z., Hu, B, Rao, X., and Li, J. (2020). HMGBI participates in
LPS—induced acute lung injury by activating the AIM2 inflammasome in
macrophages and inducing polarization of M1 macrophages via TLR2, TLR4,
and RAGE/NF-«B signaling pathways. Int. J. Mol. Med. 45 (1), 61-80.
doi: 10.3892/ijmm.2019.4402

Wang, Z., Hao, C., Zhuang, Q., Zhan, B., Sun, X., Huang, J., et al. (2020).
Excretory/Secretory products from Trichinella spiralis adult worms
attenuated DSS-induced colitis in mice by driving PD-1-mediated M2
macrophage polarization. Front. Immunol. 2 (11), 563784. doi: 10.3389/
fimmu.2020.563784

Xie, K., Chen, Y. Q,, Chai, Y. S,, Lin, S. H,, Wang, C. ], and Xu, F. (2021). HMGB1
suppress the expression of IL-35 by regulating Naive CD4+ T cell differentiation
and aggravating Caspase-11-dependent pyroptosis in acute lung injury. Int.
Immunopharmacol. 91, 107295. doi: 10.1016/j.intimp.2020.107295

Xu, J., Liu, M., Yu, P., Wu, L., and Lu, Y. (2019). Effect of recombinant Trichinella
spiralis cysteine proteinase inhibitor on TNBS-induced experimental
inflammatory bowel disease in mice. Int. Immunopharmacol. 66, 28-40.
doi: 10.1016/j.intimp.2018.10.043

Xu, T., Zhao, J., Wang, X., Meng, Y., Zhao, Z., Bao, R, et al. (2020). CXCL4
promoted the production of CD4+CD25+FOXP3+treg cells in mouse sepsis
model through regulating STAT5/FOXP3 pathway. Autoimmunity 53, 289-
296. doi: 10.1080/08916934.2020.1777283

Yang, X, Yang, Y., Wang, Y., Zhan, B., Gu, Y,, Cheng, Y., et al. (2014). Excretory/
secretory products from Trichinella spiralis adult worms ameliorate DSS-
induced colitis in mice. PloS One 9 (5), €96454. doi: 10.1371/
journal.pone.0096454

Yang, X. D,, Tao, Z. Y., Cheng, Y., Wu, Q., Wang, X. L,, Song, D, et al. (2017).
[Component analysis of excretory/secretory protein from Trichinella spiralis
adult worm]. Zhongguo Ji Sheng Chong Xue Yu Ji Sheng Chong Bing Za Zhi. 35
(1), 24-29.

Yu, M., Wang, H,, Ding, A., Golenbock, D. T., Latz, E., Czura, C. J., et al. (2006).
HMGBI signals through toll-like receptor (TLR) 4 and TLR2. Shock 26 (2),
174-179. doi: 10.1097/01.shk.0000225404.51320.82

Zaccone, P., Burton, O. T., and Cooke, A. (2008). Interplay of parasite-driven
immune responses and autoimmunity. Trends Parasitol. 24 (1), 35-42.
doi: 10.1016/j.pt.2007.10.006

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Li, Qiu, Yang, Yuan, Wu, Chu, Zhan, Wang, Sun, Xu and Yang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

172

March 2021 | Volume 11 | Article 653843


https://doi.org/10.1371/journal.pntd.0003206
https://doi.org/10.1371/journal.pntd.0003206
https://doi.org/10.1155/2010/743758
https://doi.org/10.1155/2010/743758
https://doi.org/10.1186/s12865-018-0267-7
https://doi.org/10.1016/j.intimp.2020.106699
https://doi.org/10.1074/jbc.M306793200
https://doi.org/10.1074/jbc.M306793200
https://doi.org/10.1186/s12879-017-2366-0
https://doi.org/10.1007/s12325-017-0622-8
https://doi.org/10.1038/nprot.2008.214
https://doi.org/10.2119/molmed.2009.00039
https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.1016/S0140-6736(19)32989-7
https://doi.org/10.1096/fj.201802118R
https://doi.org/10.1096/fj.201802118R
https://doi.org/10.3892/mmr.2019.10016
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.3389/fimmu.2017.00453
https://doi.org/10.1155/2015/523875
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.1186/s13071-019-3561-1
https://doi.org/10.3390/cells8111404
https://doi.org/10.1038/s41419-020-03255-6
https://doi.org/10.1097/SHK.0000000000000050
https://doi.org/10.1016/j.imbio.2007.03.009
https://doi.org/10.3892/ijmm.2019.4402
https://doi.org/10.3389/fimmu.2020.563784
https://doi.org/10.3389/fimmu.2020.563784
https://doi.org/10.1016/j.intimp.2020.107295
https://doi.org/10.1016/j.intimp.2018.10.043
https://doi.org/10.1080/08916934.2020.1777283
https://doi.org/10.1371/journal.pone.0096454
https://doi.org/10.1371/journal.pone.0096454
https://doi.org/10.1097/01.shk.0000225404.51320.82
https://doi.org/10.1016/j.pt.2007.10.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

:\' frontiers

in Cellular and Infection Microbiology

ORIGINAL RESEARCH
published: 24 March 2021
doi: 10.3389/fcimb.2021.638785

OPEN ACCESS

Edited by:
Xiaojun Chen,
Nanjing Medical University, China

Reviewed by:

Kalichamy Alagarasu,
National Institute of

Virology (ICMR), India
Arindam Mondal,

Indian Institute of Technology
Kharagpur, India

*Correspondence:
Jingwen Ai
Jjingwenai1990@126.com
Ning Jiang
Ningjiang@fudan.edu.cn

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Virus and Host,

a section of the journal
Frontiers in Cellular

and Infection Microbiology

Received: 07 December 2020
Accepted: 01 March 2021
Published: 24 March 2021

Citation:

Zhang Y, Chen H, Wang J, Wang S,
Wu J, Zhou Y, Wang X, Luo F, Tu X,
Chen Q, Huang Y, Ju W, Peng X,
Rao J, Wang L, Jiang N, Ai J and
Zhang W (2021) Emergence and
Autochthonous Transmission of
Dengue Virus Type I in a Low-
Epidemic Region in Southeast China.
Front. Cell. Infect, Microbiol. 11:638785.
doi: 10.3389/fcimb.2021.638785

Check for
updates

Emergence and Autochthonous
Transmission of Dengue Virus
Type | in a Low-Epidemic Region
in Southeast China

Yi Zhang ™", Hongyi Chen?', Jingen Wang>', Shumei Wang?', Jing Wu', Yang Zhou’,
Xinyu Wang', Feibing Luo*, Xianglin Tu?, Qiubo Chen?, Yanxia Huang? Weihua Ju?,
Xuping Peng?, Jianfeng Rao?, Li Wang?, Ning Jiang ™", Jingwen Ai"* and Wenhong Zhang ">¢

" Department of Infectious Diseases, National Clinical Research Center for Aging and Medicine, Huashan Hospital, Fudan
University, Shanghai, China, 2 Department of Infectious Disease, Nanchang Ninth Hospital, Nanchang, China, 3 Department
of Infectious Disease, Zhangshu People’s Hospital, Yichun, China, # Department of Infectious Disease, Fengcheng People’s
Hospital, Yichun, China, ° State Key Laboratory of Genetic Engineering, School of Life Science, Fudan University, Shanghai,
China, 6 Key Laboratory of Medical Molecular Virology (MOE/MOH) and Institutes of Biomedical Sciences, Shanghai Medical
College, Fudan University, Shanghai, China

Background: Dengue fever is a mosquito-borne febrile iliness. Southeast Asia
experienced severe dengue outbreaks in 2019, and over 1000 cases had been
reported in Jiangxi, a previously known low-epidemic region in China. However, the
emergence of a dengue virus epidemic in a non-epidemic region remains unclear.

Methods: We enrolled 154 dengue fever patients from four hospitals in Jiangxi, from April
2019 to September 2019. Real-time PCR, NS1 antigen rapid test, and IgM, 1gG tests
were performed, and 14 samples were outsourced to be sequenced metagenomically.

Results: Among the 154 cases, 42 were identified as imported and most of them
returned from Cambodia. A total of 113 blood samples were obtained and 106 were
identified as DENV-1, two as DENV-2, and five were negative through RT-PCR. All DENV-
1 strains sequenced in this study were all classified to one cluster and owned a high
similarity with a Cambodia strain isolated in 2019. The evolutionary relationships of amino
acid were consistent with that of nucleotide genome result. The sequence-based findings
of Jiangxi strains were consistent with epidemiological investigation.

Conclusion: Epidemiological analysis demonstrated that the emergence of dengue
cases led to autochthonous transmission in several cities in Jiangxi, a low-epidemic
region before. This study emphasized future prevention and control of dengue fever in
both epidemic and non-epidemic regions.

Keywords: dengue fever, outbreak, transmission, metagenomic sequencing, prevention

INTRODUCTION

Dengue fever is a mosquito-borne febrile illness affecting more than 100 countries in tropical and
subtropical areas (Bhatt et al., 2013; Guzman et al., 2016). The introduction of Aedes is linked to the
circulation of four serotypes of dengue viruses (DENV 1-4) globally (Guzman et al, 2016).
High temperatures, humid climate, mosquitoes, globalization, and domestic or international travel
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increase the incidence and transmission of dengue infection
(Murray et al, 2013). In most patients, dengue fever is self-
limiting; however, severe dengue fever cases such as dengue
hemorrhagic fever and dengue shock syndrome (DHF/DSS) could
pose a life-threatening danger to infected patients (Guzman
et al.,, 2016).

Southeast Asia experienced a severe dengue outbreak in 2019.
Dengue fever remains a significant public health problem in
Cambodia, with more than 10000 cases annually and have affected
more than 20000 cases by July 2019 (Cousien et al, 2019). The
Philippines declared a ‘National epidemic’ after the death toll from
dengue fever surpassed 1000 people, most of whom were children
aged < 10 years (Dyer, 2019). The Philippines reported more than
249,000 dengue fever cases, almost twice as many as those reported
in 2018 (WHO, 2019). Further, dengue cases continue to surge
across other southeast Asian countries (Vietnam, Bangladesh,
Malaysia, Myanmar, Singapore, etc.) (Supplementary Table 1).
The situation will deteriorate with increasing travel from cities to
rural areas and from southeast Asia to other countries, giving rise to
serious pandemic events (Lai et al., 2018; Masika et al., 2020).

Since the 1970s, several outbreaks have occurred in southern
China, including Guangdong, Fujian, Hainan, and Yunnan
provinces (Huang et al., 2014; Zhang et al., 2014; Wang et al,,
2015; Li et al, 2016; Sun et al, 2017). Reemergence and
autochthonous transmission originating from travelers have
been reported in Hubei and Zhejiang in China (Wang et al,,
2015). In China, the overall rise in the dengue fever cases has
been observed (Supplementary Figure 1). Jiangxi, a southwest
province in China, is adjacent to Fujian and Zhejiang in the east
and Guangdong in the south. Located in a subtropical region,
Jiangxi has a humid climate and receives plenty of sunshine and
rainfall. Previously, only scattered cases of imported dengue fever
cases from southeast Asia have been identified; however, this
province have experienced an outbreak since June 2019.

Over 1000 dengue fever cases have been reported in Jiangxi
Province in 2019. However, the emergence of a dengue virus
outbreak in a non-epidemic province remains unclear. To further
investigate the origin of the 2019 Jiangxi dengue outbreak, we
analyzed the clinical and epidemiological characteristics of dengue
fever in Jiangxi using metagenomic next-generation sequencing.

MATERIALS AND METHODS

Participant Enrolilment and Specimen

We recruited participants with clinically diagnosed or laboratory-
confirmed dengue virus infections from four hospitals in Jiangxi
Province, China, from April 2019 to September 2019. The
participating medical facilities included Nanchang Ninth
Hospital, Zhangshu People’s Hospital, Fengcheng People’s
Hospital, and Nanchang Xian People’s Hospital. Blood samples
on the day of admission were collected from the participants who
provided their informed consent, and all recruited patients or their
guardians provided their authorization for the collection of clinical
data. Laboratory-confirmed cases were identified if a blood sample
tested positive by either the non-structural protein (NS1) rapid test,

NS1-capture enzyme linked immunosorbent assay, IgM/IgG
antibody test, or reverse transcription polymerase chain reaction
(RT-PCR). In contrast, clinically diagnosed cases were identified
based on various symptoms, including fever, muscle or joint pains,
rash, bleeding, or gastrointestinal symptoms. We collected the
patients’ medical records, including clinical presentations,
laboratory results, treatment regimens, epidemiological history,
and follow-up monitoring. To further compare the viral
phylogenic analysis, two blood samples were retrieved from
Huashan Hospital, Shanghai. Ethical approval was obtained from
the ethical committee of Huashan Hospital.

Etiology Tests and RT-PCR Relative
Quantification

At the beginning of this outbreak, we carried out rapid NSI
antigen and antibody IgM and IgG tests in some samples to assist
diagnosis apart from RT-PCR (Supplementary Table 2). Since
the local hospitals did not perform antibody tests in Fengcheng
and Zhangshu patients and no enough volume of some samples,
the antibody data are missing.

All obtained blood samples were prepared for RT-PCR test.
We extracted total viral RNA from 200 uL of patients’ serum using
TaKaRa MiniBEST Viral RNA/DNA Extraction Kit (TaKaRa,
Japan). RNA was converted to cDNA using the TaKaRa
PrimeScript RT Master Mix kit (TaKaRa, Japan). We performed
real-time PCR using the BioGerm Dengue kit (BioGerm,
Shanghai, China) with Tagman Probe (Haddar et al., 2020),
including DENV-1/2 and DENV-3/4.

Metagenomic Next-Generation Sequencing
A total of 14 samples from Jiangxi with relatively high dengue virus
copies and two samples from Huashan Hospital were prepared for
high-throughput sequencing. Then, 60 uL ¢cDNA of each sample
and a blank control were purified with 60 LLL magnetic beads (MGI,
Shenzhen, China). Purified cDNA samples were fragmented into
approximately 150 bp (Covaris M220 Focused-ultrasonicator,
Massachusetts, US), followed by end-repair, A-tailing addition,
adaptor-ligation, and PCR amplification (MGIEasy Cell-free DNA
Library Prep Kit, MGI, Shenzhen, China). Qualified cDNA libraries
were sequenced by a single-end 100 bp sequencing strategy on the
MGISEQ-200 platform (MGI, Shenzhen, China).

Alignment and SNP Detection

Low-quality and short (average base quality < 20, length < 100
bp) reads were discarded, and reads derived from human genome
sequences were filtered with Tophat2 (Kim et al., 2013). For
genetic polymorphism analysis, sequenced reads were aligned to
the reference isolate DENV-1 genome MF033254 using Bowtie2
with no more than 2 mismatches, and then only the uniquely
mapped reads were used for genotyping analysis (Langmead and
Salzberg, 2012). The Samtools mpileup and bcftools algorithms
were used to generate consensus sequences for each sample.
Meanwhile, amino acid sequences were aligned to DENV-1
amino acid sequence NP059433 using the multiple sequence
alignment algorithm ClustalX2 (Chenna et al., 2003). A total of
56 complete dengue virus type I genomes isolated from 1956 to
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2019 and respective amino acid sequences were both downloaded
from the NCBI database.

Phylogenic Tree Construction and
Evolutionary Analysis

The phylogenetic tree was constructed according to the detected
SNPs of all 69 sequenced and published dengue nucleotide
sequences. As suggested by jModelTest (v2.1.10), we estimated
the substitution rate based on the Maximum-likelihood method
under the GTR+y+I substitution model (Darriba et al., 2012).
The evolutionary distances were calculated based on the
similarity of the SNP genotypes and validated by at least 1000
bootstrap analyses using MEGA X (Kumar et al, 2018). The
evolutionary distances results were used to annotate the
phylogenetic tree in iTOL v 4 (Letunic and Bork, 2019). We
used the ‘ape’ package in RStudio v 1.2 to analyze similarities of

dengue amino acid based on polymorphic sites detected in amino
acid sequences. We have uploaded the metagenomic next-
generation sequence data to NCBI SRA database under
accession number SRP269041.

Epidemiological Investigations

We collected epidemiological data concerning the mosquito’s
density (Breteau Index) and climate characteristics from
previously published studies (Wu et al., 2017; Guo et al,, 2019;
Zhao et al., 2020). Further, we recorded the monthly average
temperature and rain value and flight information in Jiangxi.

Statistical Analysis

For baseline characteristics and clinical presentations, numbers
and percentages were used. Figures were constructed using the
RStudio v 1.2 and GraphPad Prism 8.

A
Atotal of 154 patients diagnosed as dengue fever
were enrolled from April to September, 2019
h 4
113 blood samples were collected from
91 patients with consent
h 4
14 samples with relatively higher virus copies
were prepared for high-throughput sequencing
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FIGURE 1 | (A) Sample enrollment and study flowchart; (B) The number of local and imported cases from April to September (C) Isolation sites in Jiangxi. Red
circles in the left in Jiangxi represented isolation cities: Nanchang, Fengcheng and Zhangshu. For the enlarged Nanchang map, the single red triangle indicated
sporadic cases in Nanchang while several triangle symbols meant aggregation of dengue fever. Panel (C) was based on maps from https://www.google.com/maps.
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RESULTS

Clinical and Epidemiologic Characteristics
of Enrolled Patients

A total of 154 patients were enrolled (Figure 1A) in the study from
April to September 2019, and the baseline characteristics are shown
in Table 1. Ninety-three, forty-nine, and twelve cases were collected
from Nanchang, Zhangshu, and Fengcheng, respectively. Among
the 154 cases, forty-two cases were identified as imported cases
back from other countries; the majority (39/42) of which came
from Cambodia. One hundred and nine cases were identified as
local cases, and three cases were domestic cases from other
provinces to Jiangxi. We observed a majority of DENV cases in
August and September, with 125 cases reported, compared with 1,
2, 14, and 12 cases reported in April, May, June, and July,
respectively. As shown in Figure 1B, the imported cases
appeared in April while local cases emerged in July and increased
rapidly in August and September, and small outbreaks were
observed in a localized area in Nanchang (Figure 1C). The mean
onset time (symptoms onset to admission) of enrolled patients was
five days (range, 0-15). Approximately 94.16% (145/154) of
patients presented with fever, and the proportion of rash,
headache, and muscle pains was 31.37%, 20.13%, and 22.08%,
respectively. We did not observe mucosal and gastrointestinal
bleeding, a disorder of consciousness, shock, or respiratory
failure. Overall, the clinical symptoms of all enrolled patients
were mild, with no severe symptoms reported. All patients were
later relieved during the follow-up monitoring.

TABLE 1 | Baseline characteristics of enrolled dengue fever patients.

Characteristics N
Sex
Male(n) 90
Female(n) 64
Age range (years) 4-84
Epidemic characteristics
Imported cases (n) 42
Cambodia(n) 39
Philippines(n) 1
Thailand(n) 1
Malaysia(n) 1
Domestic input to Jiangxi 3
Local cases 109
Travelling to epidemic area (n, %) 80, 51.95%
History of mosquito bites (n, %) 136, 88.31%
Onset time (mean, range (d)) 5(0-15)
Clinical presentations
Fever (n) 145
Headache (n) 31
Muscle pains (n) 34
Joint pains (n) 6
Rash (n) 48
Mucosal and gastrointestinal bleeding (n) 0
Disorder of consciousness (n) 0
Shock (n) 0
Respiratory failure (n) 0
Clinical outcomes
Relieved 154, 100%

Etiological Examination of Dengue Virus
During Jiangxi Dengue Outbreak

Overall, 113 samples collected from 91 patients from Jiangxi
were analyzed using DENV real-time PCR. A total of 106
samples were identified as DENV-1, two serum samples from
one patient were identified as DENV-2, and five samples tested
negative. The positive rate of dengue NS1 antigen was 100.00%
(37/37), whereas the positive rate of dengue antibody IgM and
IgG was 50.00% (11/22) and 13.63% (3/22), respectively.

Phylogenic and Molecular Analyses of
Dengue Virus During Jiangxi Dengue
Transmission

We investigated the nucleotide evolutionary relationships of the
dengue virus during the Jiangxi dengue outbreak, with 56
published dengue virus genomes (Figure 2A). As illustrated in
Figure 2, 69 selected sequences were separated into three groups,
referring to DENV-1 Genotype I, IV, V, respectively. Sixteen
DENV-1 genomes sequenced in this study were classified as
DENV-1 Genotype I. Theses sequences owned high similarity to
the genome from Cambodia (GenBank MN923099.1). All other
Cambodia DENV strains and other southeast Asian DENV
strains, including Thailand, Laos, Malaysia DENV isolates, had
the same ancestor with the sequenced genomes in our study.

To learn the origin and high-resolution molecular characteristics
of this dengue outbreak, we conducted phylogenetic analyses of 16
genomes. A total of 114 SNPs among 16 genomes were detected,
indicating the existence of epidemic transmission and
microevolution in Jiangxi. Figure 2B showed that Zhangshu virus
strains, FC02 and FCO03, were located in the upper branch. DENV
genome NC 03, 04, 10, and 11 from Nanchang were classified into
the lower branch. Three pairs of DENV genomes (NC03, NC04;
7802, ZS17, and ZS07, ZS23) were found to be identical (Figure 3).
The sequence-based findings were consistent with an
epidemiological investigation into this transmission. NC03 and
NCO04 were from patients living in the same village in Nanchang,
Jiangxi while ZS02, ZS17, and ZS07, ZS23 were from patients living
in villages that were located within two kilometers.

To reveal evolutionary differences among amino acid
sequences and functional changes, we next performed a
phylogenetic analysis of 69 amino acid sequences, and showed
that the evolutionary relationships are consistent with that of
nucleotide genome results (Supplementary Figure 2). Sixty-nine
amino acid sequences were classified into three categories: DENV-
1 Genotype I, IV, V from upper to lower branches. Fourteen
sequences collected from Jiangxi and two from Shanghai were
closely related to the sequence of a traveler back from Cambodia in
2019 (GenBank MN923099.1). Analysis of detailed alterations of
amino acids revealed that compared with the reference amino acid
sequence from Singapore in 2016, 20 synonymous amino acid
alterations were found in 16 DENV-1 sequences involved in this
outbreak (Supplementary Table 4). Three out of 20 codon
alterations in all 16 sequences were annotated with functional
changes (Table 2).

The three altered positions were located in NP059433 position
2437 (AUG— AUA, Methionine —Isoleucine), 2750 (UAC—CAC,
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Tyrosine— Histidine), and 3902 (CAU—TAU, Histidine—
Tyrosine). Altered positions 2437 and 2750 were located in NS1
protein, whereas 3902 was located in NS2A protein.

Mosquito’s Density and Climate
Characteristics of Jiangxi

Based on epidemiological investigations, the average monthly
temperature and rain value indicated that Jiangxi had experienced
water shortages in 2019, and the July to October temperatures were
the highest since 1961 (http://www.ecns.cn/news/2019-11-08/detail-
ifzqrxfh5725155.shtml). Surprisingly, Breteau Index, which
represents mosquito density (Aryaprema and Xue, 2019)
(Figure 4) showed no differences from previous years.

DISCUSSION

This work analyzed the clinical and epidemiology characteristics
of 154 dengue fever cases in Jiangxi, a low-epidemic region in
south-east China and molecular data of virus strains. The data
present clear findings: (i) dengue virus strains shared close
phylogenetic relationships (ii) the emergence of dengue cases
led to autochthonous transmission in several cities in Jiangxi.
Although phylogenic and evolutionary analyses illustrated a high
similarity of the dengue virus strains, a total of 97 synonymous
mutations and 17 non-synonymous mutations were detected among
16 strains, suggesting fast variations of dengue virus during
transmission. Moreover, comparison to referenced NP059433
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TABLE 2 | Three common non-synonymous amino acid mutations in 16 sequenced samples comparing to reference sequence NP059433.

Reference Amino acid sequence

Position

Protein

Reference codon

Altered codon

Reference amino acid

Alteredamino acid

NP059433
NP059433
NP059433

2437
2750
3902

NS1
NS1
NS2A

G
T
C

A
C
T

AUG (Methionine)
UAC (Tyrosine)
CAU (Histidine)

AUA (Isoleucine)
CAC (Histidine)
TAU (Tyrosine)

Breteau Index

between 2015 and 2019.

bttt

FIGURE 4 | The mosquito Breteau Index of Jiangxi from May to October

2015
2016
2017
2018
2019

revealed three common alterations of amino acids, further suggesting
the evolution of dengue virus. The locations of the three altered amino
acids were correlated with early viral RNA replication and innate
immune system activation (Guzman et al., 2016).

We evaluated the mosquito density to investigate the conversion
of Jiangxi into a dengue fever epidemic region, but did not show
obvious change compared with those in previous years. For climate
change, we found that the summer in 2019 experienced a higher
temperature and water shortages. According to previous reports,
high temperatures and humid climate could increase the incidence
and transmission of dengue fever (Ebi and Nealon, 2016). Thus, the
higher temperature in 2019 might accelerate the dengue outbreak.

From clinical data, the cases from April to June were all
imported cases and most of them were back from Cambodia.
Local cases emerged in July and increased rapidly in August and
September. What’s more, a new airline connecting Preah Sihanouk,
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Cambodia, and Nanchang, Jiangxi, has been operational since June
1, 2019. Combined with epidemiologic information of travelers in
Jiangxi last year, we deduced that the emergence of the Jiangxi
dengue outbreak might be linked to the Cambodia dengue wave.
Further, the phylogenetic tree showed a high similarity of Jiangxi
strains and Cambodia strain, and this evidence provided further
evidence of our conclusion based on the clinical and
epidemiological evaluation. We speculate that the new airline
between Nanchang and Cambodia may be the contributory factor
of a continuous movement of dengue virus-infected individuals
traveling from Cambodia, therefore causing a sharp rise in the
DENV infection cases in Jiangxi since June 2019. Air travel was
reported to have a measurable impact on the importation of dengue
virus to China, and prediction of dengue virus importation could
help prevent and control the spread of the disease (Findlater et al,
2019; Wilson, 2019).

The aggregation of diseases in a small village in Nanchang,
after a few sporadic cases in the nearby areas, revealed disease
transmission pattern. It emphasized on the importance of
regional prevention and control of dengue fever in this era of
rapid growth of worldwide traffic. Additionally, areas previously
considered non-epidemic should not be neglected.

As dengue fever have an incubation period from 3 to 14 days
(Guzman et al,, 2016), it is challenging for healthcare staff to
control the disease in time, especially imported cases. Any
place, especially humid tropical and subtropical areas that
receive travelers and visitors from dengue fever epidemic
areas should institute stringent prevention and control
strategies. The silent majority carriers in the incubation
period were found to be major sources of dengue virus
transmission (Ferguson et al, 2018). What’s more, live
attenuated vaccine (CYD-TDV) has been used and candidate
dengue vaccinations are currently proven to be effective in
endemic populations (Biswal et al., 2019; Biswal et al., 2020;
Deng et al., 2020; Tricou et al., 2020).

It has seemed that, during the human fight against the mosquito-
borne virus, our deep understanding of diseases has failed to provide
us with the satisfying tool to eliminate or, at least, prevent outbreaks
of the disease. Therefore, this phenomenon suggests the great
necessity of continuously studying the disease’s epidemic traits
and the possible underlying reasons.

This study has several limitations. First, we collected serum
samples from July to September since the emergence of local
transmission; thus, samples before July could not be included in
the analysis. Second, metagenomic next-generation sequencing
was performed successfully in genomes with relatively higher
viral copies, whereas other samples failed to produce enough
reads for analysis because of low viral loads. The limited sample
size and sequenced data hinder precise and clear determination
of the transmission route.
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Background: Leishmaniasis is a regional infectious disease caused by the bite of
Leishmania-carrying sandflies. The clinical symptoms include prolonged fever, spleen
enlargement, anemia, emaciation, leukopenia, and increased serum globulin levels. If not
appropriately treated, patients may die of complications caused by leishmaniasis within 1-
2 years after the onset of the illness. Therefore, further investigation of the mechanisms
of infection by this pathogen is required. Here, an epidemiological study of Leishmania
carriers was conducted. The potential mechanism of infection through domestic animals
as carriers of the parasite was investigated to identify potential reservoir hosts
for Leishmania.

Methods: The rK-39 strip test was performed on blood samples from previously infected
patients. Blood samples were collected from the patients and their families. The blood,
liver, spleen, and diaphragm muscle samples were collected from livestock. To perform
nested polymerase chain reaction (PCR), DNA was extracted and the internal transcribed
spacer sequence was used. The amplified products were then subjected to restriction
fragment length polymorphism and phylogenetic analyses.

Results: Among previously infected patients, 40% (12/30) showed positive results in the
rK-39 strip test. The nested PCR positive rates for previously infected patients/relatives
and livestock samples were 86% (77/90) and 80% (8/10), respectively. Moreover, the
phylogenetic analysis showed that the pathogen was Leishmania infantum. Dogs,
patients, and domesticated animals carrying Leishmania were found to be a potential
source of infection for leishmaniasis.

Conclusions: The results of this study provide a basis for developing disease prevention
and control strategies for leishmaniasis.

Keywords: Kala-azar, Leishmania, host, nested PCR, rk39
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INTRODUCTION

Kala-azar, also known as visceral leishmaniasis (VL), is a regional
infectious disease caused by the bite of Leishmania-carrying
sandflies. Clinical symptoms include prolonged irregular fever,
spleen enlargement, anemia, emaciation, leukopenia, and
increased serum globulin levels. If not treated appropriately,
most patients would die of VL-related complications within 1-2
years after the onset of illness (Desjeux, 1996; Boelaert et al.,
2000; Alvar et al., 2006). The annual incidence of VL is around
200,000-400,000 cases globally; of these cases, over 90% are
distributed in six countries including India, Bangladesh, Sudan,
South Sudan, Ethiopia, and Brazil (Guerin et al., 2002; de Vries
et al,, 2015). Kala-azar is a disease that can be easily overlooked
and whose severity is often underestimated (Singh et al., 2006;
Mosleh et al., 2008; Zijlstra, 2016). Therefore, a trend of kala-azar
outbreaks has been noticed in recent years (Wang et al., 2010).

In China, 650 endemic VL cases were reported in the 1950s.
The disease was eliminated from the major epidemic areas of the
country by the end of the 1950s. Currently, there are about 200 to
500 VL cases in China each year and these cases are sparsely
distributed in different rural areas. The endemic areas have been
classified into three types according to geography, pathogen, and
medium: plain, mountainous, and desert areas (Lu et al., 1994;
Wang et al., 2012). The Longnan Region in the Gansu Province is
one of the current endemic areas for leishmaniasis in China and
the pathogen found within this region is Leishmania infantum
(Wang et al., 2000; Li and Gao, 2001; Yu et al., 2015; Zheng et al.,
2017). The mountainous type of VL is endemic to Tan Chang
County, situated in the northwestern part of the Longnan
Region, Gansu Province. Tan Chang County is one of the
primary locations of VL incidents (Wei et al, 2008) and the
patient population within this county primarily consists of
children. According to the Infectious Disease Report System,
87 VL cases have been reported in Tan Chang County since 2006,
with an increasing number of patients identified each year.
Although these VL cases are often sparsely distributed and
most patients reside in small villages such as Shawan, Xinzhai,
Guanting, and Lianghekou, the disease has continued to spread
without intermission, and the number of patients and the size of
the affected area are increasing each year.

Previously, dogs were thought to be the major animal source
of infection for kala-azar (Smeyne et al., 1995; Dantas-Torres,
2007). However, studies on Leishmania-infected dogs suggested
that most carrier dogs do not show any symptoms of the disease.
Rather, they appear to be asymptomatic or not show any signs of
infection (Boelaert et al., 2000; Caldas et al., 2002; Wang et al.,
2007). Therefore, asymptomatic animals carrying the parasite
may play a substantial role in transmitting the disease (Molina
et al., 1994; Bern et al., 2007; Ferreira et al., 2009; Fu et al., 2009;
Topno et al., 2010; Moreno et al., 2014; Gao et al., 2015; Esteva
et al., 2017). Accurate estimation and confirmation of the

Abbreviations: EDTA, Ethylenediaminetetraacetic acid; KDNA, kinetoplast DNA;
PBS, phosphate-buffered saline; PCR, Polymerase chain reaction; RFLP, restriction
fragment length polymorphism; rRNA, ribosomal RNA; VL,
Visceral leishmaniasis.

number of leishmaniasis-affected asymptomatic dogs are
critical for controlling the disease (Ashford et al., 1998; Zhang
et al, 2008). Some researchers have proposed that the areas
where the disease is endemic may be the ones from which the
disease originated (Xiong and Jin, 2003). Given that local
residents regularly take dogs with them into the mountains for
hunting or guarding crops, Leishmania parasites can be regularly
found in dogs that roam in the mountains. An analysis of the
potential animal reservoirs suggests that the source of infection
may originate from certain wild animals that reside within the
mountains; hence, the possibility of additional animal hosts in
the wilderness cannot be excluded (Jin et al., 2007; Souza et al.,
2014). Because of local geographical features, houses generally
consist of two stories, with the ground level designated for
livestock rearing and the second level designated for living. As
a result, villagers regularly come into contact with domesticated
animals on a daily basis, which makes these domesticated
animals another potential host for Leishmania (Bhattarai et al.,
2010; Singh et al., 2013).

In recent years, as the number of domesticated dogs has increased
along with population mobility, leishmaniasis has shown a tendency
to spread again. Therefore, to understand the current status of the
leishmaniasis epidemic in Tan Chang County and to identify
potential hosts for Leishmania, a scientific investigation of the
distribution of hosts and the associated infection status was
conducted in Tan Chang County in December 2014.

MATERIALS AND METHODS

Collection of Blood Samples From

Patients and Their Relatives, and of Blood
and Tissue Samples From Livestock

To examine the kala-azar awareness and the patients’ treatment
conditions, patients identified by local records were provided with a
questionnaire where they were asked about their living habits and
environment. All questionnaires were answered anonymously.
Written informed consent was obtained from all adult participants
that answered the questionnaire and from whom blood samples were
collected. In the case of child participants, written informed consent
was obtained from the parents or guardians for questionnaire
participation and blood sample collection.

In total, 29 households across five villages were included in
this study based on the national notifiable disease report system
database (Table 1; Figure 1). Blood samples (3 mL) were
collected from patients and their relatives living in the same
house (for a total of 90 samples) using 6-mL EDTA blood
collection tubes (BD Vacutainer; Becton Dickinson, Franklin
Lakes, NJ, USA). Tubes were kept at 4°C until analysis.

The 29 households containing previously infected patients
typically reared livestock and dogs, with an average of 1.3
livestock per household (38/29) and 0.7 dogs per household
(21/29), which was significantly higher than the numbers in
other households in these five villages.

Local slaughterhouses were also selected for blood sample
collection with the approval and supervision of the Animal
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TABLE 1 | Distribution of Visceral Leishmaniasis Cases in the Tan Chang County (up to 2014).

Village Population Number of patients with visceral leishmaniasis
(from 5 National Census)
2006 2007 2008 2009 2010 2011 2012 2013 2014 Total
Shawan 24778 2 3 4 5 4 1 2 5 26
Guanting 6713 2 2 2 6
Lianghekou 12361 1 1 3 2 4 2 13
Xinzhai 12425 6 3 5 7 4 1 4 30
Xinchengzi 6129 2 1 3
Nanyang 13486 2 1 3
Lichuan 11816 1 1
Hadapu 13118 1 1
Shizi 5905 1 1
Chela 11721 1 1
Unknown 2 2
Total 2 3 6 10 12 20 9 8 17 87
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FIGURE 1 | Distribution of selected villages for blood sample collection.

Husbandry and Veterinary Department of Tan Chang County.
The blood (3 mL), liver, spleen, and diaphragm muscle tissue
samples (5 g) were collected from nine livestock pigs. Specifically,
liver samples from three sheep and two pigs, blood samples from
two pigs, spleen sample from one pig, and diaphragm muscle
sample from one pig were collected. Notably, this study did not
involve any animal raising or animal sacrifice, and the collections
were scheduled in advance and did not change the routine
procedures used at the slaughterhouses.

rK39 Strip Test
Whole blood (20 pL) was dripped onto the sample application site
of an rK39 strip (InBios, Seattle, WA, USA) on a sample application

pad. Next, 1-2 drops of PBS were added, and the strip was laid flat
for 5-10 min. All strips were then visually examined.

DNA Extraction

DNA was extracted using an SE Blood DNA Kit (Omega Bio-
Tek, Norcross, GA, USA) following the manufacturer’s
instructions. Each DNA extraction required 300 uL of whole
blood. The obtained DNA was kept at —20°C until use.

Nested PCR

DNA from blood samples was extracted using the SE Blood DNA
Kit (Omega Bio-Tek) according to the protocol in the instructions
manual (Wang et al, 2006). The conserved internal transcribed
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spacer (ITS)-1 gene between the genes encoding for SSU rRNA and
5.8S rRNA was used as the target gene in this analysis (Schonian
et al,, 2003). Nested PCR was performed as described by Ferreira
et al. using the reported amplification protocol and primers
(Katakura et al., 1998; Carvalho Ferreira et al., 2014). The primers
were synthesized by Invitrogen Trading Co., Ltd, Shanghai, China.
In the first round of PCR, the reaction volume was 50 UL,
containing 1 UL of DNA template, 25 UL of MAX PCR Master
Mix (Takara Biotechnology Co., Ltd, Dalian, China), and 1 pL of
each primer; the concentration of primers used in each reaction was
10 uM. The primers were as follows: forward, 5'-CTGGATCA
TTTTCCGATG-3" and reverse, 5-TGATACCACTTATCGC
ACTT-3'. For every reaction, a positive control (L. infantum
MHOM/CN/08/JS-1 DNA) and negative controls were used.
Conditions for the nested PCR were as follows: initial
denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C
for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 30 s;
and a final extension at 72°C for 5 min. The amplification
products from the first round of PCR were then diluted 1:40 and
used as a template for the second round of PCR performed in a
reaction volume of 25 UL, including 12.5 uL of MAX PCR Master
Mix and 1 pL of each primer (10 uM; sequences: forward, 5'-
CATTTTCCGATGATTACACC-3’ and reverse, 5'-
CGTTCTTCAACGAAATAGG-3'). The reaction conditions were
the same as those in the first round of PCR. The expected size of the
PCR product was approximately 280-330 bp. The product from the
second round of PCR (5 pL) was loaded onto a 1.5% agarose gel and
subjected to electrophoresis. The PCR products were then visualized
using a gel imager.

Restriction Fragment Length
Polymorphism Analysis

Positive nested PCR products were digested using the restriction
endonuclease Haelll (1 uL, 50 ng/uL; TaKaRa Biotechnology
Co., Ltd.) in a 20-puL reaction containing 2 UL of 10x M buffer
and 1 pug or less of DNA. The mixture was incubated at 37°Cin a
water bath for 1 h; 5 pL of the digested product was subjected to
electrophoresis on 1.5% agarose gels, and RFLP analysis was then
performed. If the RFLP analysis of different nested PCR products
showed the exact same RFLP pattern, the products were
categorized as having originated from the same visceral
Leishmania species. Different positive nested PCR products
were sent to Life Technologies Co. Ltd., Shanghai, China
for sequencing.

Phylogenetic Analysis and

Cladogram Construction

The sequences were edited using the DNAstar software
(DNASTAR Inc., Madison, WI, USA). BLAST (National
Center of Biotechnology Information, NCBI) was used to
identify published sequences homologous to the target
sequence and to determine Leishmania species. The sequence
alignments and phylogenetic analyses of the aligned sequences
were performed using ClustalW and the neighbor-joining
method, respectively, in the MEGA 5.0 software package
(DNASTAR Inc.).

RESULTS

rK39 Strip Test Results

Among previously infected patients, 40% (12/30) showed
positive results for the rK-39 strip test (Table 2). The rK39
strip test was not performed on relatives of previously
infected patients.

Assessment of L. infantum Infection Rates
Using Nested PCR Analysis

As expected, 285-bp bands (Figure 2) indicated the target gene
amplified by nested PCR, and no bands of other sizes were
present. Data collected from previously infected patients and
relatives indicated that the infection rate by L. infantum was 86%
(77/90). The infection rate in animal blood and tissue samples
was 80% (8/10). Liver samples from a sheep and a pig were
negative for the infection. Thus, these data suggested that
previously infected patients and their relatives (even without
VL symptoms), and domestic livestock may serve as potential
hosts for L. infantum parasites.

RFLP Analysis

The RFLP analysis indicated exact matches for all PCR products
following restriction digestion (Figure 3). The fragments had a
length of 161, 69, and 55 bp, suggesting that all the bands
originated from the same Leishmania species.

Phylogenetic Analysis

The GR-6, GD-2, and LS-Y (MHOM/CN/08/]JS-1) target
sequences all belonged to the same group on the phylogenetic
tree, indicating that local villagers and domesticated livestock
were infected by the same type of L. infantum. Additionally, the
sequences from GR-6 and GD-2 belonged to the same cluster,
offering further evidence that the infection of people and
domesticated livestock was related (Figure 4).

DISCUSSION

Herein, a case study of Leishmania carriers and the potential
infection route of the parasites through domestic animals was
performed to investigate the potential reservoir hosts for the

TABLE 2 | Test results of patients previously infected with visceral leishmaniasis
and their relatives.

Sample rK39 test Nested PCR test
population

Number Positive Positive Number Positive Positive

number rate number rate

Patient 30 12 40.00% 30 28 93.33%
Patient N/A N/A N/A 60 49 81.67%
relatives
Total 30 12 40.00% 90 77 85.56%
X2 2.2028
p-value 0.1377

N/A, not available.
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FIGURE 4 | Phylogenetic analysis of ITS genes in Leishmania. LS-Y (MHOM/
CN/08/JS-1), positive control; GR-6, blood from kala-azar patient; GD-2,
animal tissue from pigs.

parasites. Our data demonstrated that domesticated livestock
may serve as carriers for Leishmania and provide insights into
the origins of the infection in different families and individuals
from Tan Chang County, China.

According to Xiong and Jin, (2003) the mountainous type of
leishmaniasis and its local spread pattern in this region suggested

14

14 16

16

17 18 19 20 21 22 23 GD2 GD4 GD5GD7 LS NC

FIGURE 2 | Nested PCR amplification of /TS genes from Leishmania species. M, 50-bp DNA marker; 1-23, DNA extracted from patient blood samples and
samples from their family members; GD2-GD7, DNA extracted from animal tissues of pigs; LS, positive control; NC, negative control.

17 18 19 20 21 22 23 GD2 GD4 GD5 GD7 LS NC

FIGURE 3 | RFLP profiles of ITS genes amplified from Leishmania digested with Haelll. M, 50-bp marker; 1-23, blood samples from infected patients and their
families; GD2-GD7, blood and tissue samples from domesticated pigs; LS, positive control; NC, negative control.

that this type represented the natural cause of the epidemic in
humans and dogs. It was believed that the parasite was passed to
dogs from natural wildlife and subsequently spread from dogs
to humans. When the parasite was transmitted from one host to
another or between different hosts, the lifecycle of the sandfly
played a pivotal role (Ashford et al., 1998), allowing parasites to
spread among local wildlife and maintaining the presence of
Leishmania in its natural habitat, while at the same
time transmitting it to humans and dogs and causing
visceral leishmaniasis.

The villages in Tan Chang County are fairly spread out.
Moreover, the unique characteristics of the residential houses
create perfect conditions for sandflies to thrive and spread (Li
et al., 2004). The results of the rK39 strip test for previously
infected patients showed a high positive rate, suggesting that they
still produced L. infantum-related antibodies (Molinet et al.,
2013; Regina-Silva et al., 2014). Locally, the numbers of
domesticated sheep and pigs are fairly high, and with the
improvement in the quality of life, the number of pet dogs has
also increased. Patients previously infected with L. infantum had
on average 1.3 (38/29) livestock animals and 0.7 (21/29) dogs per
household, and these numbers are significantly higher than the
local average. Studies of the transmission dynamics of visceral
Leishmania by Stauch et al. (2011) in India indicated that
asymptomatic carriers are the main factor in the spread of the
disease (Bern et al., 2007; Fu et al., 2009; Stauch et al., 2011;
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Tiwary et al,, 2017). Furthermore, we cannot exclude the
possibility that asymptomatic domesticated Leishmania-
carrying animals may also be a major factor affecting the
maintenance of the Leishmania epidemic in this endemic
region. As the lifestyle of local villagers includes frequent
contact with and close proximity to domesticated animals, the
risk of parasite transmission is greatly increased.

The standard test for leishmaniasis is the rK39 strip test
(Maia et al.,, 2012; Srividya et al., 2012; Georgiadou et al., 2015).
However, this test can only be used on symptomatic patients
and cannot detect asymptomatic carriers (Burns et al., 1993;
Guan et al., 2001; Matlashewski et al., 2013; Molinet et al., 2013;
Regina-Silva et al., 2014). Thus, an alternative method for the
detection of asymptomatic carriers is needed. The ITS-1
sequence located between the genes encoding SSU rRNA and
5.8S rRNA is not transcribed into RNA. During evolution, this
region has accumulated many mutations, and the degree of
variation in ITS-1 sequence can reflect the genetic relationships
during biological evolution. Therefore, sequence analysis of
ITS-1 is widely used in evolutionary research for the
classification of various biological systems (Villalba and
Ramirez, 1982; Villalba et al., 1985). Leite et al. (2010) used a
combination of ITS-I nested PCR and Kinetoplast DNA PCR in
asymptomatic dogs infected with L. infantum to assess the
efficacy of the hybrid test. This analysis showed that ITS-1
nested PCR analysis of conjunctiva swab samples exhibited
high sensitivity (up to 83.3%), whereas that of samples from
dog blood displayed a relatively lower sensitivity (56.7%). The
sensitivity of both of these tests is much higher than that of the
kDNA PCR hybrid test (13.3%). Pilatti et al. (2009) also
performed ITS-I nested PCR in symptomatic dogs and
observed a sensitivity of 73.9%. Thus, these data showed that
ITS-1 nested PCR displays a fairly high sensitivity for detection
of L. infantum in symptomatic and asymptomatic dogs (Di
Muccio et al., 2012; Ajaoud et al., 2013).

In this study, rK39 strip tests showed 40.00% positivity (12/
30) in blood samples from patients previously infected with VL,
which indicates that these previously infected patients still
presented symptoms of kala-azar. Nested PCR on DNA
extracted from these blood samples was also used to assess
the L. infantum infection status in previously infected patients
and their relatives. Our results showed that the infection rate
was 86% (77/90), suggesting that local residents may have a
widespread history of sandfly bites and are asymptomatic
carriers at high risk of developing the disease. Moreover, the
infection rate in animal blood and tissue samples was 80% (8/
10), and our phylogenetic analysis showed that GR-6, GD-2,
and LS-Y (MHOM/CN/08/]JS-1) belonged to the same cluster,
indicating that local villagers and domesticated livestock were
both infected with the same strain of L. infantum. Additionally,
GR-6 and GD-2 belonged to the same cluster, suggesting that
the Leishmania infections in humans and domestic animals
were linked.

Given that the time of sampling did not coincide with the
sandfly transmission season, it was suspected that symptom-free

patients and domesticated livestock might also be potential hosts
for Leishmania. Indeed, it was found that not only dogs, but also
other livestock, could be animal Leishmania hosts. Thus, this
study has expanded the current understanding of the types of
Leishmania hosts and may facilitate the implementation of
targeted preventive measures to effectively control the disease.
However, because of the small sample size and long storage time
of the samples used in our study, we cannot yet confirm the
presence of Leishmania in all tested hosts and patient groups,
and further studies are required.

CONCLUSIONS

This report provides insights into the potential mechanism of
infection by Leishmania and identifies potential factors
promoting the spread of leishmaniasis, which is an overlooked
disease with no current prevention strategies. The treatment of
patients with leishmaniasis is very challenging due to the lack of
knowledge about the disease transmission and the asymptomatic
nature of the pathogen. rK39 strip test results, nested PCR, and
phylogenetic analyses demonstrated that the patients and
domesticated livestock were infected by the same type of L.
infantum. Thus, dogs, patients, and livestock carrying
Leishmania could be potential sources of infection. Therefore,
implementation of directed control and epidemic monitoring
might help in preventing leishmaniasis outbreaks in
endemic regions.
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Increased population movement has increased the risk of reintroducing parasites to
elimination areas and also dispersing drug-resistant parasites to new regions. Therefore,
reliable and repeatable methods to trace back to the source of imported infections are
essential. The recently developed 23-single-nucleotide polymorphism (SNP) barcode
from organellar genomes of mitochondrion (mt) and apicoplast (apico) provides a valuable
tool to locate the geographic origin of Plasmodium falciparum. This study aims to explore
the feasibility of using the 23-SNP barcode for tracking R falciparum by polymerase
chain reaction and sequencing, while providing geographical haplotypes of isolates that
originated from Central Africa. Based on 23-SNP barcode analysis, SNPs were found at
seven loci; 27 isolates were confirmed to have originated in West Africa, and this study
also showed four isolates from Central Africa (Equatorial Guinea, 3; Republic of Congo, 1)
that originated in East Africa. This study provides the sequence data from Central Africa
and fills 23-SNP barcode data gaps of sample origins.

Keywords: Plasmodium falciparum, mitochondrion, apicoplast, SNP, barcode

INTRODUCTION

Malaria is a serious public health problem in tropical and subtropical areas, with an estimated
228 million cases of malaria occurring worldwide [(1), available online at: https://www.who.int/
publications/i/item/9789241565721]. Among the five species of Plasmodium that infect humans,
Plasmodium falciparum is the most dangerous one, causing high levels of mortality and morbidity
worldwide, particularly in sub-Saharan Africa. With today’s ease of transmissibility, the emergence
and spread of artemisinin-resistant P. falciparum threatens malaria eradication (2-4). Increased
population movement has increased the risk of reintroducing parasites to elimination areas and
dispersing drug-resistant parasites to new regions. To facilitate a better response for this new
challenge and to understand it well, except drug sensitivity monitoring, the geographic origins of
imported malaria need be tracked accurately and in good time. Reliable and repeatable methods to
trace back to the source of imported infections are therefore essential.
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In the past decade, the single-nucleotide polymorphism
(SNP) barcode has been developed as a forceful genotyping
technique to investigate the origin of Plasmodium (5). The first
P. falciparum molecular barcode was composed of 24 SNPs,
which in combination created a unique and concise signature
to differentiate recrudescence from reinfection from malaria
parasites or to monitor distribution and frequency of specific
parasites in patients (6). However, these nuclear SNPs are
constrained by a lack of geographic specificity and frequent
recombination. The establishment of a 23-SNP barcode using
polymorphisms from mitochondrion (mt) and apicoplast (apico)
genomes provides evidence that they are non-recombining and
coinherited and are capable of identifying the geographic origin
of P. falciparum strains (7). The 23-SNP barcoding strategy
was 92% accurate in identifying the continental origin of
P. falciparum samples from West and East Africa, Southeast
Asia, Oceania, and South America (7). However, feasible and
conventional methods for the 23-SNP barcode are lacking, and
information about the haplotypes of isolates from Central Africa
is rare. To conquer such a plight, we designed a simple 23-
SNP barcode based on polymerase chain reaction (PCR) and
sequencing, and assayed the samples from P. falciparum malaria
cases imported from sub-Saharan Africa.

MATERIALS AND METHODS
Study Sites and Participants

The study was carried out in Jiangsu Province, China, where
only imported malaria cases have been reported since 2013. The
study was approved by the institutional review board of Jiangsu
Institute of Parasitic Diseases (IRB00004221), Wuxi, China.
Samples were collected from imported malaria cases. Imported
cases were identified based on the travel history of the patients
(travel to a malaria-endemic country within the previous month
of illness onset); the last country visited with ongoing malaria
transmission was taken as the potential location of infection (8).
All of the malaria cases were routinely confirmed by microscopy
and PCR through the malaria diagnosis reference laboratory in
Jiangsu Institute of Parasitic Diseases. The 32 samples included
in this study are a subset of the 765 imported malaria samples
analyzed earlier (3); 21 mutated isolates were selected for this
study. In addition, 11 isolates with wild-type Pf kelch13 from
Equatorial Guinea were also random selected for this barcode
assay. Together, 32 samples, including 30 samples from Central
Africa (29 samples from Equatorial Guinea, 1 from Guinea), and
2 samples from West Africa (Republic of Congo, Sierra Leone)
as reference, were enrolled in this study (Figure1). Figure 1
was produced using Microsoft Excel and SPSS software 26.0 for
Windows.

PCR and Sequencing of the Targets

Genomic DNA of P. falciparum isolates was extracted from the
whole blood samples on the QIAcube Connect platform, using
a QTAamp DNA Blood Kit (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. From the 200 L of input whole
blood sample, a final 100 L of elution volume was obtained. The
gDNA was used for PCR amplification with gene-specific primers

I west Africa

| East Africa

FIGURE 1 | Map of Africa showing the countries where Plasmodium
falciparum isolates were imported from: Equatorial Guinea (n = 29), Guinea (n
= 1), the Republic of Congo (n = 1), Sierra Leone (n = 1).

to amplify SNP loci targets within the mt and apico P. falciparum
genomes. Primers were designed manually on the basis of
geographically informative barcoding; the reference sequences
used in this study were from the database of GenBank (https://
www.ncbi.nlm.nih.gov/nucleotide/); AY282930 (5,949 bp) was
selected as the reference sequence for mt, and X95276 (1-14,009
bp) combined the reverse sequence of X95275 (14,010-29,430 bp)
for apico (9) (Appendix 1 in Supplementary Material).

A total of 10 sets of primers that covered the sites of the
23-SNP barcode were included in this study; detailed primer
sequences are shown in Table 1, and the target sequences are
shown (Figure 2 and Appendix 2 in Supplementary Material).
Amplifications were performed in a reaction mixture that
contained 25 L of 2x PCR buffer for KOD FX, 10 pL of 2mM
dNTPs, 1.5 wL each of 10 wM Primer-F and Primer-R, 3 pL of
template DNA, 1 uL of 1.0 U/LL KOD FX, and 8 pL of double-
distilled water. The PCR was performed with initial denature at
98°C for 2 min, and 35 cycles of 98°C for 10, 58°C for 30's, and
68°C for 2 min and ending with a final extension of 5 min at 68°C.
The PCR products were purified and sequenced. Double-strand
capillary sequencing of PCR products was performed on an
Applied Biosystems 3,730 sequence analyzer with the sequencing
primers (Table1). The deduced amino acid sequences were
aligned and analyzed with the Lasergene® software (DNASTAR,
Madison, WI).

RESULTS

The reference mt and apico sequences were selected from the
complex database and were shown to be well-correlated to the
loci of the barcode designed (7). With the designed primers, the
32 isolates were amplified and sequenced successfully (Figure 3);
however, the sequencing peak chromatograms showed one
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TABLE 1 | Primers used for polymerase chain reaction (PCR) amplification and sequencing of mt/apico.

Primer sequence (5’ — 3')

Amplified position Amplicon

mt F: AAGCTTTTGGTATCTCGTAATGTAGAA
R*: TTAGCAATAACATTCCTGATGTAATGA
SF1: CCTTCTCGCCATTTGATAGC
SR1: GGCGAACCTTCTTACCGTTAT

mt772, mt853, mt973, mt1283, mt2383 1-2,650

apico F: TTAGTTAATAATCCAGAAACCCATTT apico15131 14,392-15,247
1 R*: GTGGATATTCTTTACATACAGA

F: TGCCTGAGTGGTTAAAAGGAA apico2122 1,473-2,278
2 R*: Ccctgtttacatacaggtg

F: TCTTTGACCCCCTTGTTTTG apico20831, apico21188 19,699-21,277
3 R*: ctaatgaaggattaacttgtgg

F*: Gaagctgtacatccttct apico23803 23,595-24,104
4 R: Tatatttaaattacctgattggaa

F*: AAGTACATCCTTTAATATTTAGAGG apico4370, apico4878, apico4945, apico5005 3,857-5,257
5 R*: CCTATAACTATATCACCATATTTAGG

F*: GTAGGTACTAAAAGTAATAATTATATATC apico5715, apico6361, apico6832 5,415-7,054
6 R*: TATTATTTTACAATTAAAATAACCTAAAC

F*: CAACATATAAATTTAGGTACTATAGG apico9003, apico9096 8,785-9,778

R: GAGGTTTATATCCAATATTAAAAGG

8 F: CCAAAATTTATAATAAAGGTTCG
R: ATCCAACTTCCTATAGGTTTA
SF2: ACTAGAAGGGGTAAATGATA
Sr2: TATCATTTACCCCTTCTAGT

apico11066, apico11619, apico11671 10,497-12,414

F*: AATTCGATTGGCATTTCACC
9 R: GGATTCATGCTCCGAAGGTA

apico26659 26,347-27,183

F, forward; R, reverse; S, sequencing. F and R pairs were used in PCR amplifications; SF, SR, and primers with *labels were used in the sequencing reactions.

sample with a double peak at the two special loci indicated in
mixed haplotype infections. For the five loci of mt genomes,
including mt772, mt853, mt973, mt1283, and mt2383, the
wild-type was shown except in one isolate with a double
peak at mt772 mentioned previously. A total of 18 loci of
the apico genomes were selected for the barcode, with six
loci including apico2122, apico6832, apico20831, apico21188,
apico23803, and apico26659 with different alleles (Figures 2,
3). The haplotype analysis of mt/apico among all 32 samples
in this study revealed seven distinct haplotypes. Figure 4 and
Appendix 3 (Supplementary Material) show the number of
haplotypes identified in samples from each country for the seven
haplotypes identified therein. A single mutation at Gygeso Of
mt/apico (haplotype 9) was the most prevalent haplotype (22/29)
in Equatorial Guinea, which is unique to West Africa. In addition,
haplotype 9 was also found in the isolates from Guinea and
Sierra Leone. Among isolates from Equatorial Guinea, the Cy3g03
single mutation (haplotype 8) was found in two isolates, and
the A1188Ga6659 double mutations (haplotype 7) were observed
in one isolate, corresponding to the barcodes published for
West Africa. Meanwhile, the isolate CWX, with 23-SNP barcode
identified in this study was consisted with the results analyzed
with whole-genome sequencing (3).

The Aj0831Ga6659 double mutations (haplotype 12), the
Te832Ga6659 double mutations (haplotype 13), and the Cy1z
single mutation (haplotype 14) identified in some of the isolates
correspond to the barcodes published for East Africa. Haplotype

12 and haplotype 14 were observed in two isolates and one isolate
from Equatorial Guinea, respectively. Haplotype 13 was found
in only one isolate from the Republic of Congo. In addition, the
mixed genotype of the wild-type and position mt772, apico26659
mutations, was found in one sample from Equatorial Guinea.

DISCUSSION

The Greater Mekong Subregion is the cradle of now widespread
resistance to previous frontline antimalarial drugs (10). There is
a significant risk that the artemisinin-resistant phenotypes within
the Greater Mekong Subregion may similarly spread to other
endemic regions. Therefore, the geographic origin of the parasites
is important for monitoring the global emergence and spread of
resistance and may prevent or delay the spread of artemisinin
resistance from South East Asia to sub-Saharan Africa (11, 12).
With the establishment of sequence-based genome-wide
polymorphisms in P. falciparum parasites, it is becoming feasible
to design panels of SNP-based genotyping assays in tracing
parasite geographic origin. Highly polymorphic microsatellites
are useful to characterize community-, country-, or region-level
genetic diversity over relatively short periods of time, as often
required in outbreak investigations. However, it is difficult to
standardize the interpretation of microsatellite assays across
laboratories (13). The genomes of mt and apico, which have
uniparental inheritance and do not recombine with each other,
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could provide more stable region-specific genotypes than nuclear
genome SNPs. As a result, Preston et al. (7) developed a 23-
SNP barcode using polymorphisms from mt/apico to identify the
geographic origin of P. falciparum strains. In the study, 151 SNPs
in mt and 488 in apico were identified from 711 P. falciparum
samples in five geographic regions: West Africa, East Africa,
Southeast Africa, Southeast Africa, Oceania, and South America,
and a 23-SNP barcode was designed to trace the origin and
dispersal of parasite strains across and between continents (7).

PCR-based approaches are inexpensive ways of extracting
genomic data from samples containing very small quantities of
parasite DNA, excluding the interference of host DNA. PCR-
based approaches that genotype small collections of SNPs or a
limited number of amplicons are of great value for timely genetic
analysis of clinical samples collected directly from sporadic
cases. In this study, we chose the method that used a 23-
SNP barcode based on single-step PCR (ssPCR) and sequencing
because it is a low-cost, rapid, and easy method to perform in the
laboratory. This study presented the feasible application of PCR
and sequencing in examining the 23-SNP barcode from mt/apico,
effectively identifying the geographic origin of P. falciparum
strains imported to China.

In this study, 10 fragments were amplified with 10 sets
of primers by ssPCR, and the amplification efficiency of mt
was much higher than apico (Figure 3A). Molecular targets are
involved in malaria diagnosis assays; 185 rRNA genes are the

most common; meanwhile, mt and apico are also an obvious
target for malaria diagnosis (14, 15). Normally, the 18S rRNA
gene of P. falciparum has 7-fold the amount of nuclear genomes,
while mt and apico are ~20-fold and between 1- and 15-
fold, respectively. All of them can be used to classify samples
with mixed infections; however, ssPCR targeting 18S rRNA still
showed similar sensitivity with targeting mt and even higher
than the apico genome-based classification. Of the 23-SNP
barcode, a total of 13 loci were polymorphic and composed of
African haplotypes (7), and only seven loci were found to be
polymorphic in this study. Then, it could also select specific
loci for amplification and attempt to predict the geographic
source. Our results confirm the relatively low efficiency of the
amplification of apico targets. Although the limit of detection
was not tested, we recommend using whole blood, high-efficiency
enzymes, and DNA enrichment if necessary.

We not only supported a feasible method for the 23-SNP
barcode assay, but we also listed the clear sequence references
of the targets and genome of apico (Appendices 1, 2 in
Supplementary Material). For the accurate demand of the assay,
the reference sequences must contain the original design (7);
even a single deletion/insertion will make the analysis change
completely. The genome of P. falciparum 3D7 was the first
reference genome published in Plasmodium research; however,
the apico was not sequenced in the original genome project,
and the apico from the P. falciparum isolate C10 was used
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FIGURE 4 | Geographically informative barcode of Plasmodium falciparum mitochondrion and apicoplast genome single-nucleotide polymorphism (SNPs). The
sample sequence results from the 23-SNP loci were compared to the geographically informative haplotype barcodes previously defined (7). WAF, West Africa; EAF,
East Africa. Sample information: 18: Guinea, 19: Republic of Congo, 20: Sierra Leone; others originated from Equatorial Guinea. CWX and 1-20 samples marked with
color were isolates with PfK73 mutation. *Haplotypes are based on the reference (7).

(GenBank X95275.2, X95276.2) (9) until version 3.1 of the P.
falciparum genome including a complete apico genome was
uploaded (16, 17). We checked the database carefully and found
X95276 (1-14,009 bp) combined with the reverse sequence of
X95275 (14,010-29,430 bp) was well-confirmed with the loci
selected in the design. Our sorted data supplied good reference
for the later relative study.

In the present study, parasites were screened from origins
that are not yet included in the network (WAF: Burkina Faso,
Gambia, Ghana, and Mali; EAF: Kenya, Malawi, and Uganda)
(7). Most of the malaria imported cases in this study were
acquired in the central-western part of sub-Saharan Africa
(Equatorial Guinea and Republic of Congo), and two isolates
from West Africa were selected as control (Guinean and Sierra
Leonean). Based on 23-SNP barcode analysis, West African

isolates as well as the 25 isolates from Equatorial Guinea were
confirmed to have the same haplotypes as those originating in
West Africa. Surprisingly, the geographic origins of three isolates
from Equatorial Guinea and one isolate from the Republic of
Congo were East Africa. In addition, one isolate from Equatorial
Guinea showed mixed haplotypes, indicating either heteroplasmy
or multiclonal infections, in which it was difficult to infer
the geographical origin for the parasites with multiple mt and
apico genomes. The confused results consisted of the prediction
that the 23-SNP barcode may lack the genetic resolution to
distinguish between ongoing autochthonous transmission and
malaria infections imported from one or more nearby locations
(7). However, they are better suited to tracing the origin and
dispersal of parasite strains across and between continents. With
limited samples, this study still could provide the sequence data
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from Central Africa and fill data gaps in sample origins that are
not yet included in the network.

Previous studies revealed the highly conserved structure of
mt and apico in the genus Plasmodium (18, 19). The ratio of
NS/S substitutions, which can be used to gauge the intensity and
directionality of natural selection, are generally quite low for both
organelle genomes, indicative of the strong purifying selection
on NS sites, but see Preston et al. (7) and Wicke et al. (20) for
exceptions to this trend (21). In this study, NS/S ratios were
quite low for mt; this points to the highly conserved structure
of mt in P. falciparum. In addition, apico genes had a higher NS/S
ratio than mt, corresponding to the previously published study by
Preston et al. (7). Pressure from antimalarial drugs may account
for the high NS/S ratio of the apico SNPs. As translationally
active organelles, Plasmodium mt and apico have been validated
as important drug targets.

The apico genome encodes ~30 proteins, and most are
ribosome subunits. Apicoplast has been identified in interactions
with the delayed death phenotype caused by antibiotics, which
may inhibit the apico housekeeping functions (22). Ribosomes
of the Plasmodium apico and mt have been validated as
targets for antibiotic action (23). It has also been reported
that the artemisinin-exposed persistent forms restructured the
mitochondrial-nuclear associations in P. falciparum (24). In
contrast, rapid killing of malaria parasites by artemisinin is
thought to result from depolarization of the mitochondrial
membrane (25). The Plasmodium mt genome encodes only
three protein-coding genes; however, each parasite has multiple
genomes in mt, which may allow suboptimal mutant genes to
preadapt to drug resistance even without strong drug-selective
pressure. Studies into the mutant genes of mt and apico with
drug pressure are rare; conclusive evidence is still lacking. In this
study, the selected 32 isolates were from Chinese travelers who
had returned from African countries. CWX has been reported
as an artemisinin-resistant strain (3), and the 1-20 isolates have
been confirmed to have the Pfkelch13 mutant genotype. The other
11 isolates (21-31) showed Pfkelch13 wild-type in another study.
However, for the limited number of Kelchl13 mutant samples,
drug assays were not included and also out of the focus of the
study. Multiple surveys of populations subjected to drug pressure
are necessary to confirm the haplotypes and drug pressure.

In conclusion, this study provides a practical and highly
valuable method to trace back to the geographic origins of P.
falciparum malaria based on PCR and sequencing using the
23-SNP barcode from mt/apico. As population mobility has
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Chikungunya is repeatedly affecting Indonesia through successive outbreaks. The Asian
genotype has been present in Asia since the late 1950s while the ECSA-IOL (East/Central/
South Africa - Indian Ocean Lineage) genotype invaded Asia in 2005. In order to determine
the extension of the circulation of the chikungunya virus (CHIKV) in Indonesia, mosquitoes
were collected in 28 different sites from 12 Indonesian provinces in 2016-2017. The E1
subunit of the CHIKV envelope gene was sequenced while mosquitoes were genotyped
using the mitochondrial cox1 (cytochrome C oxidase subunit 1) gene to determine
whether a specific population was involved in the vectoring of CHIKV. A total of 37
CHIKV samples were found in 28 Aedes aegypti, 8 Aedes albopictus and 1 Aedes butleri
out of 15,362 samples collected and tested. These viruses, like all Indonesian CHIKV since
2000, belonged to a genotype we propose to call the Asian-Pacific genotype. It also
comprises the Yap isolates and viruses having emerged in Polynesia, the Caribbean and
South America. They differ from the CHIKV of the Asian genotype found earlier in
Indonesia indicating a replacement. These results raise the question of the mechanisms
behind this fast and massive replacement.

Keywords: chikungunya, Aedes aegypti, Aedes albopictus, genotyping, Indonesia

INTRODUCTION

The chikungunya virus (CHIKV) is an arbovirus, member of the genus Alphavirus in the family
Togaviridae. CHIKV is a positive-strand RNA virus, 60-70 nm in diameter, spherical, and
enveloped. The genome length is ca.12 kb, capped in 5, with a polyA tail in the 3’ end. The
genome has two open reading frames encoding two polyproteins: a non-structural polyprotein and a
structural polyprotein. The polyproteins can be cleaved by proteases into four non-structural
proteins: nsP1, nsP2, nsP3, nsP4; and five structural proteins (C, E3, E2, 6K, E1) (Higashi et al,,
1967; Simizu et al., 1984; Powers et al., 2001; Khan et al., 2002). CHIKV was isolated for the first
time in the Mokande plateau between Tanzania and Mozambique, in the Eastern part of the current
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Democratic Republic of Congo in 1958 (Osterrieth and Blanes-
Ridaura, 1960; Osterrieth et al., 1961). Since then, chikungunya
outbreaks were documented in South Africa, and Zimbabwe in
1956-1977; the Democratic Republic of Congo, Zambia, Senegal,
Uganda, Nigeria, Angola and Republic of Central Africa in 1958-
2000; and Equatorial Guinea in 2002 (Jupp and McIntosh, 1988;
Powers and Logue, 2007; Desdouits et al., 2015; Zeller et al.,
2016). CHIKV was introduced in Asia at two different times. The
first expansion in Asia corresponded to the initial divergence of
the Asian genotype from the ECSA (East/Central/South African)
genotype, itself having diverged from the West African genotype
(Hammon et al., 1960; Powers et al., 2000; Caglioti et al., 2013;
Lo Presti et al, 2014). Chikungunya was for the first time
reported in Asia, specifically in Thailand, in 1958 and early
1960 (Hammon et al., 1960; Weaver and Lecuit, 2015). The
second Asian expansion corresponded to the emergence of the
ECSA A226V mutant, also known as the Indian Ocean Lineage
or IOL, which evolved from the ECSA genotype in Kenya in 2004
(Tsetsarkin et al., 2011; Coffey et al., 2014).

This re-emerging CHIKV, which displayed a higher affinity
for Aedes albopictus and more precisely changes in the extrinsic
incubation period (Tsetsarkin et al., 2007; Tsetsarkin and
Weaver, 2011), became even more transmissible and virulent
after additional mutations in Kerala, India (Tsetsarkin and
Weaver, 2011; Agarwal et al., 2016). It spread eastward to
cover continental Southeast Asia (Sam et al., 2009;
Rianthavorn et al., 2010; Tsetsarkin et al., 2011; Duong et al,,
2012). Currently, the ECSA-IOL genotype, circulates in many
Asian countries (Sam et al., 2012; Chen et al., 2016; Sam, 2018).

In order to map the presence of vector-borne diseases and
potential vectors in Indonesia, the Ministry of Health launched a
large program of screening throughout the country. Part of the
program was to identify which chikungunya virus was
circulating in Indonesia, ECSA-IOL or Asian, or both, and
where, and to genotype the vectors most likely involved in this
circulation. We report in this article the results of this screening
and the characterization of a genotype present all over Indonesia,
which we propose to name the Asian-Pacific genotype.

MATERIALS AND METHODS

Sampling Sites

In 2016-2017, larvae suspected to be Ae. aegypti and Ae.
albopictus mosquitoes were collected from the field as
previously described (IVRCRD, 2016) in 28 locations in 12
different Indonesian provinces: Riau, Riau Islands, Banten,
Yogyakarta, Central Kalimantan, East Kalimantan, South
Sulawesi, Southeast Sulawesi, Central Sulawesi, Maluku, North
Maluku, Southeast Maluku, and West Papua (Supplementary
Tables 1, 2, Supplementary Figure 1). In this work only the
samples used for CHIKV detection were considered. Three
additional virus samples from human patients were obtained
from the National Chikungunya Survey Program after a
chikungunya outbreak in Magelang, province of Jateng
(Central Java) in 2014 (Table 1). This sampling program was

part of a larger initiative from the Ministry of Health to map
viruses and vectors in Indonesia. The same standardized
sampling methods were thus used for collecting mosquitoes for
each objective, i.e. each individual virus (IVRCRD, 2016).

Mosquito Collection

Collected larvae of Ae. aegypti and Ae. albopictus were reared
individually until emergence of adults and then identified using
standard taxonomic keys for Stegomyia (Rueda, 2004). Adults of
Aedes butleri were collected by morning resting. Samples were
segregated according to locality and date. Adult mosquitoes were
stored individually in 1.5 ml microtubes with RNALater and stored at
-80°C. Aliquots (head and thorax) were pooled for up to 25
individuals in 1.5-ml microtubes containing 250 pl of RNALater
(Ambion-Thermo Fisher Scientific, Waltham, USA) to facilitate virus
screening and minimize the number of RT-PCR reactions and stored
at -80°C until further analysis. The pooling was conducted as follows:

1. Mosquitoes were stored individually in RNAlater.

2. An aliquot sample of each mosquito (head and thorax) was
taken and the rest of the mosquito was kept individually.

. Aliquot samples were pooled by up to 25 based on location
and species. Specimen from different species or different
locations were not mixed in the same pool.

. An RT-PCR detection was ran on the pools.

. When a pool was positive for CHIKV, a second aliquot
sample of each of the mosquitoes making this pool was
taken but this time each sample was analyzed individually
by RT-PCR for the presence of CHIKV.

Chikungunya Virus Detection

Chikungunya virus detection was carried out by one-step RT-
PCR, selective for the E1 gene as previously described (Gopal,
2016). Excised head and thorax of each mosquito were
homogenized in a sterile homogenizer and RNAs were extracted
by the silica-based methods (RNA-easy minikit, Qiagen, Hilden,
Germany). A single-step RT-PCR was performed using consensus
primers (CHIKI: 5-ACC GGC GTC TAC CCA TTC ATG T-3%
CHIK2: 5GGG CGG GTA GTC CAT GTT GTA GA-3’). Master
mix was prepared using Superscript III on step RT-PCR with
platinum Tag DNA polymerase (Invitrogen, Life Technologies,
Carlsbad, USA). The products were electrophoresed in alternate
lanes in 2% agarose gels. Amplicons, 330-bp in size, were purified
using Applied Biosystems ExoSAP-IT'" (Thermo Fisher
Scientific, Vilnius, Lithuania). The detection was first conducted
on each pool and, for the positive pools only, a second detection
was done on each of the individual specimen present in these pools
to identify those bearing the virus.

Mosquito Genotyping

In order to map the different genotypes of potential mosquito
vectors, the sequencing of the cox1 (cytochrome ¢ oxidase subunit)
mitochondrial gene was performed. The amplification of the cox1
gene was conducted using the primers CI-N-2087 (5-AAT TTC
GGT CAG TTA ATA ATA TAG-3’) and TY-J-1460 (5-TAC
AAT TTA TCG CCT AAA CTIT CAG CC-3) as previously
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TABLE 1 | Description of the samples used for sequencing.

Virus CHIKV-positive Aedes Location
Virus ChikV code Species Sample District Province
ChikV a023 Aedes albopictus 14_Aal Muna South east Sulawesi
ChikV a027 Aedes aegypti 15_Aae Muna South east Sulawesi
ChikVv al30 Aedes aegypti 16_Aae Muna South east Sulawesi
ChikV a044 Aedes aegypti 17_Aae Muna South east Sulawesi
ChikV 10 Aedes aegypti 9-18_Aae Fak-Fak West Papua
ChikV 12 Aedes butleri 012_Abt Bengkalis Riau
ChikV 85 Aedes aegypti 8_Aae South east Maluku Maluku
ChikVv a070 Aedes aegypti 6_Aae South east Maluku Maluku
ChikV al50 Aedes albopictus 5_Aal South east Maluku Maluku
ChikV b084 Aedes aegypti 3_Aae South east Maluku Maluku
ChikV a20 Aedes aegypti 37_Aae South east Maluku Maluku
ChikV a024 Aedes aegypti 15-18_Aae South Halmahera North Maluku
ChikV a050 Aedes aegypti 13-11_Aae South Halmahera North Maluku
ChikV a072 Aedes aegypti 19_Aae South Halmahera North Maluku
ChikV a085 Aedes albopictus 22-30_Aal South Halmahera North Maluku
ChikV ari Aedes aegypti 2_Aae Lebak Banten
ChikV a078 Aedes aegypti ktg_HO5_Aae Pulang Pisau Central Kalimantan
NA NA Aedes aegypti 10_Aae Bantul Yogyakarta
CHIKV-negative Aedes Location
Species Sample District Province
Ae.aegypti pl1_Aae Palu Central Sulawesi
Ae.aegypti pl26_Aae Palu Central Sulawesi
Ae.albopictus sls11_Aal Maros South Sulawesi
Ae.albopictus sls16_Aal Maros South Sulawesi
Ae.aegypti 19_18_1_Aae Fak-Fak West Papua
Ae.aegypti tb131_Aae Batam Riau islands
Ae.aegypti mlk38_Aae Ambon Maluku
Ae.aegypti mlk40_Aae Ambon Maluku
Ae.aegypti mlk73_Aae Ambon Maluku
Ae.aegypti mlk654_Aae Ambon Maluku
Ae.aegypti mlk48_Aae Ambon Maluku
Ae. aegypti 15-18_1_Aae South Halmahera North Maluku
Ae. aegypti 13_11_1_Aae South Halmahera North Maluku
Ae. aegypti 19_1_Aae South Halmahera North Maluku
Ae. albopictus ktg28_Aal Pulang Pisau Central Kalimantan
Ae. aegypti 11_Aae Serang Banten
Ae.aegypti blp3_Aae Balikpapan East Kalimantan
Ae.aegypti joj5_Aae Bantul Yogyakarta

described (Rueanghiran et al., 2011). PCR reactions were carried
out using the GoTaq® Green Master Mix (Promega, Madison, W1,
USA). The conditions for PCR amplification of the cox1 gene were
as follows: 1 cycle at 94°C for 1 min for initial denaturation,
followed by five cycles of 94°C for 30 s, 45°C for 40 s and 72°C for
1 min. This was then followed by 35 cycles of 94°C for 30 s, 44°C
for 40 s and 72°C for 1 min, and by a final extension step at 72°C
for 10 min (Rueanghiran et al, 2011). The products were
electrophoresed in alternate lanes in 2% agarose gels. Amplicons,
650-bp in size, were purified using Applied Biosystems ExoSAP-
™ (Thermo Fisher Scientific, Vilnius, Lithuania).

DNA Sequencing

Cycle sequencing was performed using the primers listed above
and an Applied Biosystems BigDyeTM Terminator v.3.1 Cycle
Sequencing Kit (Life Technologies Cooperation, Austin, TX,
USA). To remove unincorporated BigDye® terminators and
salts, cycle sequencing products were purified using a BigDye®

Xterminator Purification Kit (Life technologies, Bedford, MA,
USA). Sequence data were obtained using a DNA sequencer
(Applied Biosystems® 3500 Genetic Analyzer) and analyzed
using the Sequencing Analysis 6 program (Applied
Biosystems). All sequences have been deposited in Genbank
under the accession numbers MW265951 to MW265970,
MW?270068 to MW270085 and MW270131 to MW270147.

Phylogenetic Analyses

Sequences were aligned using MUSCLE in the SeaView package
(Gouy et al., 2010). Multiple alignments and phylogenetic analyses
were performed using the SeaView package (Gouy et al,, 2010).
The Aedes cox1 gene tree was built using the maximum likelihood
method under the GTR+G model with 1,000 bootstrap repeats.
The CHIKV E1 gene tree was built using the maximum likelihood
method under the GTR model with 1,000 bootstrap repeats.
Proteins trees were built using the maximum likelihood method
under the LG model with 500 bootstrap repeats.
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Polymorphism Analyses

Polymorphism was analyzed using DNASp 6.12.03 (Rozas et al.,
2017). The parameters considered were N: Number of samples, h:
Number of haplotypes, S: Number of polymorphic sites, 1: (Eta)
Number of mutations, 7: (Pi) Polymorphism at the nucleotide
level, 6: (Theta) Watterson estimator of polymorphism (from Eta),
1s: Number of singletons, p: Number of parsimony significant
sites, Ka/Ks ratio, Tajima’s D statistics, Fu and Li D* statistics and
Fu and Li F* statistics. The haplotype relationship was computed
and constructed as a distance map based on median-joining
network using PopART version 1.7 (http://popart.otago.ac.nz/)
(Bandelt et al., 1999; Clement et al., 2002; French et al., 2014).

RESULTS

Mosquito Sampling and Chikungunya
Virus Detection

Mosquito collections were conducted in 28 different locations in 12
provinces and a total of 15,362 mosquitoes, 11,776 Ae. aegypti,
3,421 Ae. albopictus and 165 Ae. butleri were collected
(Supplementary Table 1). Other Aedes species were found, i.e.
Aedes lineatopennis, Aedes parasimilis, Aedes vexans, Aedes sp.
(Verallina sp.), Aedes amesti, Aedes andamanensis, Aedes
aurantius, Aedes poicilius, Aedes flavipennis, Aedes quadrifolium,
and Aedes longirostris. However, with the exception of one Ae.
butleri individual from Bengkalis in the province of Riau, all were
negative for CHIKV (Supplementary Table 1). Aedes aegypti was
more frequent than Ae. albopictus in 17 locations, whereas Ae.
albopictus was more frequent in 6 sampling sites (Supplementary
Table 1). Only one place, Kulon Progo in Yogyakarta province, did
not yield any Ae. aegypti sample and only one place, Bombana in
Southeast Sulawesi, did not yield any Ae. albopictus sample
(Supplementary Table 1). Mosquitoes were pooled by species
and location for up to 25 individuals. A total of 1,190 pools tested
for CHIKV, 800 pools (11,776 mosquitoes) for Ae. aegypti, 354
pools (3,421 mosquitoes) for Ae. albopictus and 36 pools (165
mosquitoes) of Ae. butleri. CHIKV was found in 25 Ae. aegypti, 8
Ae. albopictus and 1 Ae. butleri pools. Out of 33 pools of Ae. aegypti
from Pulang Pisau (Central Kalimentan) only one was CHIKV-
positive, but 4 out of the 25 mosquitoes making this pool were
CHIKV-positive. All other CHIKV-positive pools contained only
one CHIKV-infected mosquito (Supplementary Table 1). A total
of 37 mosquitoes from these positive pools were found infected
with CHIKV, including 28 Ae. aegypti, 8 Ae. albopictus, and 1 Ae.
butleri (Supplementary Table 1). The infection rate (IR) was
0.24%, 0.23% and 0.6% for Ae. aegypti, Ae. albopictus, and Ae.
butleri, respectively. However, owing to the limited number of
specimens obtained for Ae. butleri and the difference in collection
method, the IR for this species must be considered with caution.

cox1 Phylogeny of Aedes aegypti and
Aedes albopictus Mosquitoes

The cox1 genes of 29 Ae. aegypti samples (14 CHIKV-positive and
15 CHIKV-negative) and of 6 Ae. albopictus mosquitoes (3 CHIKV-
positive and 3 CHIKV-negative) were sequenced (Table 1).

No correlation was found for Ae. aegypti between the coxl
haplotype and the presence of CHIKV. The coxl phylogenetic
tree of Ae. aegypti mosquitoes showed a monophyletic topology
with limited structuration (Supplementary Figure 2). The CHIKV-
positive sample ktg HO05_Aae from Pulang Pisau in Central
Kalimantan branched separately with a bootstrap of 70. The
samples mlk48_Aae and mlk654 from Maluku clustered
separately with a bootstrap of 57. Finally, a group comprising the
CHIKV-negative samples mlk73_Aae, 11_Aae and the CHIKV-
positive mosquitoes 3_Aae, 6_Aae, 10_Aae, 15_Aae, 37_Aae, 9-
18_Aae and 13-11_Aae separated with a bootstrap value of 63
(Supplementary Figure 2). With the exception of 11_Aae from
Banten (West Java), all other samples from this last group were
from Eastern Indonesia, i.e. Southeast Sulawesi, Maluku and West
Papua (Table 1). Aedes albopictus samples fell into two different
clusters depending on whether they were CHIKV-positive or
-negative with a rather high bootstrap value, i.e. 85
(Supplementary Figure 2). However, the number of samples is
too low to draw any trend and reach any significant conclusion.

Envelope Gene (E1) Phylogeny of the
Isolated Chikungunya Viruses

The 17 CHIKV samples from mosquitoes collected in 2016-2017 for
this work were included in a phylogenetic analysis with the 3 human
CHIKV samples from Magelang/Jateng collected in 2014, with all
CHIKV sequences from Indonesia present in Genbank, and
sequences from the Asian, ECSA and West African genotypes
(Supplementary Figure 3, Supplementary Table 2). All samples
from this work clustered into two related populations derived from
the Asian genotype (Supplementary Figure 3). A first population,
cluster 1, comprised the samples 9C, a023, a027, a044, a070, a072,
a078, a085, b084, a30 and a71. The second population, cluster 2,
comprised the samples 10, 12, 85, a20, a150, a024 and a050. These
clusters were characterized by weak bootstraps indicating that they
were not genetically distinct from each other (Supplementary
Figure 3). They corresponded to different locations and mosquito
species, including Ae. butleri, suggesting that they were not linked to
specific geographical clusters or vector populations. The three
viruses isolated from human patients in 2014 did not correspond
to the exact same populations as the mosquito samples but were
very close. The samples B14 and 8F from clinical cases in Magelang,
Province of Jateng, Central Java, in 2014 were identical to human
isolates from totally different provinces, such as Banten, Bali and
Jambi collected 2011, 2014 and 2015, respectively (Supplementary
Figure 3, Table 1, Supplementary Table 2). The sample C7 from
Magelang, Province of Jateng, Central Java, obtained in 2014 was
related, but still different, to human samples from the Eastern tip of
Java (East Java) in 2011 and to the cluster 2 of mosquito samples
from this work (Supplementary Figure 3, Supplementary Table
2). When compared to the Asian genotype reference sequences, the
El gene sequences from this work, and almost all Indonesian
CHIKV sequences from Genbank, grouped within a single
population comprising also CHIKVs from Yap Island, French
Polynesia, Caribbean islands and South America (Supplementary
Figure 3, Supplementary Table 2). This population was genetically
distinct from known Asian genotype reference sequences
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(Supplementary Figure 3, Supplementary Table 2). Within the
ECSA references, two 2011 Indonesian samples from West
Kalimantan (KJ729851, KJ729852), one Indonesian sample from
unknown exact location (KC862329) and five samples from Taiwan
having been imported from Indonesia (KU561427, KU561428,
KU561430, KU561431, KU561432) grouped with a CHIKV
isolate of 2009 from Malaysia (HQ148971) and a 2011 isolate
from Cambodia (JQ861254). They were all identical to the 2009
Malaysian sample suggesting the occurrence of imported cases
(Supplementary Figure 3, Supplementary Table 2). The West
African (HM045785) references (HMO045785, MK028837,
JQ943720) branched as expected in an ancestral position
(Supplementary Figure 3, Supplementary Table 2). The
sequences from this work as well as several reference sequences
from Indonesia were truncated gene version and in particular did
not cover the amino acid 226, which distinguishes ECSA from
ECSA-IOL. Therefore, a full-length gene phylogenetic analysis was
conducted with Indonesian samples and reference sequences from
the ECSA, ECSA-IOL, Asian and West African (Supplementary
Figure 5) present in Genbank. This full-length gene analysis
confirmed what was seen with the truncated gene. The ancestral
genotype is the West African genotype from which the ECSA
genotype emerged (bootstrap = 98). The Asian genotype emerged
from the ECSA genotype (bootstrap = 55) and gave rise to the
Asian-Pacific genotype (bootstrap = 96). The ECSA-IOL genotype
emerged independently from the ECSA genotype (bootstrap = 90).
The haplotype mapping provided also a clear view of the evolution
the different genotypes and the divergence of the Asian-Pacific
genotype from the Asian one (Supplementary Figure 5).
The analysis of polymorphism confirmed the existence of the
Asian-Pacific as a population displaying a specific dynamic
(Table 2). The Asian-Pacific genotype displayed a Pi value, which
represents the polymorphism at the nucleotide level, clearly lower
than that of the Asian genotype, even though the number of samples
was far higher (98 vs. 7) (Table 2). The Tajima’s D, Fu and Li’s D*
and Fu and Li’s F* statistics of the Asian-Pacific genotype were
-1.50497, -3.25593, -3.04089, respectively, indicating a selective
sweep and a population in expansion. In particular, the Fu and
Li’s F* statistics displayed a value of -3.04089 significant at 0.02
which is indicative of a population in recent active expansion. The
ECSA-IOL genotype displayed a similar trend, indicating also a
population in expansion (Table 2). The full-length protein tree
yielded the same topology as the gene phylogeny (Supplementary
Figure 6). Four discriminating mutations, i.e. mutations linked to
genotypes, were present (Supplementary Figure 7). The position 98

was characterized by an alanine (A) for the African genotypes, i.e.
West African, ECSA and ECSA-IOL, and a threonine (T) for the
Asian genotypes, i.e. Asian and Asian-Pacific. The position 145 was
discriminative for the Asian-Pacific genotype, which was
characterized by an alanine (A) whereas the Asian genotype
displayed a serine (S) or a tyrosine (Y), and the ECSA and ECSA-
IOL genotypes were characterized by a threonine (T). Interestingly,
the Western African genotype displayed also an alanine (A) at this
position. The position 225 was also discriminating the African
genotypes characterized by an alanine (A) from the Asian
genotypes, which displayed a serine (S). The position 226 is
known for discriminating the ECSA and ECSA-IOL genotypes
with an alanine (A) and a valine (V), respectively. The Asian
genotypes, i.e. Asian and Asian-Pacific, displayed an alanine (A)
at this position.

DISCUSSION

CHIKYV has been introduced in Asia at two different times. The
first occurrence corresponded in the late 1950s to the deployment
of the ECSA genotype (East/Central/South Africa), which gave
rise to the Asian genotype (Hammon et al., 1960). The second
occurrence was also due to the ECSA genotype, which in 2004
yielded the A226V mutant, also known as the Indian Ocean
Lineage or IOL, which invaded the Indian Ocean in 2005 before
spreading to India, Thailand, Cambodia, Singapore and Malaysia
(Sam et al., 2009; Hapuarachchi et al., 2010; Rianthavorn et al.,
20105 Tsetsarkin et al., 2011; Duong et al., 2012). However, the
dynamic of CHIKV was not clearly established in Indonesia,
which has been exposed to several chikungunya outbreaks over
the past decades (MoH Indonesia, 2007; Harapan et al., 2019).
This work brings some clarification on this dynamic.

The first conclusion is that a replacement of the Asian genotype
of CHIKV by the Asian-Pacific genotype occurred in Indonesia
between 1985 and 2000. This replacement is visible in both
mosquitoes (our work) and humans (references and our work).
Unfortunately, there is no sequence available from the 1985-2000
period to narrow down the time of occurrence of the replacement
and try to identify the causes. No chikungunya cases were reported
in Indonesia between 1985 and 2000. Until 1985, all CHIKVs
sequenced in Indonesia belonged to the Asian genotype. This
Asian genotype was present in several Asian countries. However,
after 2000 almost exclusively the Asian-Pacific genotype was
present in Indonesia. It is found all over the country until now.

TABLE 2 | Polymorphism analysis of the chikungunya E1 sequences.

Genotype N h S n T 0 ns np Ka/Ks Tajima’s D Fu & Li’s D* Fu & Li’'s F*
ECSA 6 5 27 27 0.01719 0.01480 5 22 0.082 1.01925 1.11048 1.19180
ECSA-IOL 10 8 10 1 0.00292 0.00487 9 1 0.030 -1.79074* -1.93522 -2.13705
Asian 7 6 25 25 0.01109 0.01277 16 9 0.070 -0.74824 -0.56450 -0.61115
Asian-Pacific 98 50 64 65 0.00845 0.01579 30 34 0.036 -1.50497 -3.25593" -3.04089**
*Significant at 0.05.

**Significant at 0.02.

N, Number of samples; h, Number of haplotypes; S, Number of polymorphic sites; n, (Eta) Number of mutations; =, (Pj) Polymorphism at the nucleotide level; 6, (Theta) Watterson estimator
of polymorphism (from Eta); ns, Number of singletons; np, Number of parsimony significant sites.
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Few ECSA-IOL samples were detected but no Asian genotype
could be found in databases after 2000. The Asian-Pacific
genotype expanded in the Caribbean, South America, and
Polynesia in 2013-2014, starting a pandemic (Lanciotti and
Valadere, 2014; Leparc-Goffart et al., 2014; Nhan et al, 2014;
Aubry et al, 2015; Diaz-Quinonez et al., 2016; Lanciotti and
Lambert, 2016; Freitas et al., 2018; Wimalasiri-Yapa et al., 2019).
The Caribbean isolates were found to be closer to the Yap Island
isolates (Lanciotti and Valadere, 2014). The CHIKV
contamination in French Polynesia was traced back to the
Caribbean (Nhan et al, 2014) indicating a worldwide human-
borne mobility. These massive Caribbean, South American and
Polynesian epidemics were caused by what was initially described
as an Asian genotype (Lanciotti and Valadere, 2014; Nhan et al.,
2014). However, it is not the Asian genotype present since the
1960s that was responsible, but instead the distinct genotype we
characterized as the Asian-Pacific genotype. This genotype was
already present in Indonesia, and perhaps in other Asian-Pacific
countries, long before the 2013 Caribbean and Polynesian
outbreaks. It is not clear where this genotype appeared at the
first place, in Yap Island or Micronesia, in the Pacific area or in
Asia. Interestingly, this Asian-Pacific genotype developed in
Indonesia while at the same time other Asian countries, mostly
continental, i.e. India, Thailand, Cambodia, Singapore and
Malaysia, were invaded by the ECSA-IOL genotype (Sam et al,
2009; Hapuarachchi et al., 2010; Rianthavorn et al., 2010;
Tsetsarkin et al, 2011; Duong et al., 2012; Fu et al., 2019;
Intayot et al., 2019; Zakotnik et al, 2019; Chansaenroj et al.,
2020; Pyke et al., 2020). The reason for this duality is not known
but would be worth investigating. A systematic review conducted
in 2019 on CHIKYV infection in Indonesia showed that out 130
sequences available, 120 (92.3%) were of what the authors named
the Asian genotype and 10 (7.7%) belonged to the ECSA-IOL
genotype (Harapan et al, 2019). All ECSA-IOL viruses in
Indonesia were closely related to other CHIKV outbreaks in
Southeast Asia countries during the same period but did not last
beyond 2011 (Harapan et al., 2019). This is in agreement with the
data reported in this work that indicate that the ECSA-IOL lineage
was imported in Indonesia in 2009 through introduction for
other countries but was never able to establish. It was quickly
outcompeted by the Asian-Pacific genotype. However the reason
for this lack of establishment of the ECSA-IOL genotype is not
known. It would be important for the management of this
disease to identify the drivers leading for the expansion of
ECSA-IOL in one part of Asia and of the Asian-Pacific genotype
in the other part.

The invasive capacity of the Asian-Pacific genotype
demonstrated in Indonesia, but also in the Caribbean, South
America and Polynesia (Lanciotti and Valadere, 2014; Leparc-
Goffart et al,, 2014; Nhan et al., 2014; Aubry et al,, 2015; Diaz-
Quinonez et al,, 2016; Lanciotti and Lambert, 2016; Freitas et al.,
2018; Wimalasiri-Yapa et al., 2019) raises the question of its selective
advantage. The homogeneity of the Asian-Pacific genotype and its
characterization as a population in expansion following a selective
sweep along with its almost exclusive presence in Indonesia, its fast
expansion in other continents and the absence of the Asian

genotype in Indonesia strongly suggest the existence of a selective
advantage. The presence of a selected marker at position 145 is
certainly an indication of this pressure. However, it is not possible to
determine at this stage what this selective advantage is. A higher
transmissibility is a likely hypothesis but further analyses are needed
to formally establish what this selective advantage could be. The
invasiveness of IOL was due to a higher affinity for Ae. albopictus
and a wide transportation by this mosquito species through
international trade (Benedict et al., 2007). IOL showed
invasiveness in the Indian Ocean and in Continental South and
Southeast Asia where it replaced the initial Asian genotype (Sam
et al, 2009; Hapuarachchi et al., 2010; Rianthavorn et al., 2010;
Tsetsarkin et al, 2011; Duong et al., 2012; Quyen et al., 2017).
Conversely, the invasiveness of the Asian-Pacific genotype does not
seem to be related to the mosquito species since it can be
transmitted by Ae. aegypti, Ae. albopictus, Ae. hensilli, Ae.
polynesiensis and, perhaps by Ae. butleri, making it at higher risk
of global dispersion. However, the presence of CHIKV in Ae. butleri,
which is not a recognized vector, is not a proof of a transmission.
Further analyses, such as testing saliva samples (Hall-Mendelin
et al,, 2010) would help determining the actual status of Ae. butleri
as a vector of CHIKV.

The diversity of vectors was also found to be very low in
Indonesia. Aedes aegypti samples, whether CHIKV-positive or
not, belonged to the same population. This suggests that in
parallel to the uniformity of CHIKV in Indonesia, there might
also be a uniformity of Ae. aegypti vectors with a single
population occupying the country. However, the number of
samples is not high enough to bring a definitive conclusion and
a larger genotyping study must be conducted at the scale of the
whole country to determine the structure of the Ae. aegypti
populations. This dynamic of Aedes vectors is not only of
importance for chikungunya but also for dengue, Zika fever
and other arbovirus diseases transmitted by the same mosquito
species. Another issue raised by this work is the confirmation of
the vertical transmission of CHIKV in Ae. aegypti under natural
conditions. This had already been reported in Ae. aegypti
populations from Delhi and Haryana states in India (Jain
et al., 2016). This work is therefore a confirmation of the
occurrence of natural vertical transmission in Ae. aegypti and
it is the first report of natural vertical transmission of CHIKV in
Ae. albopictus. Natural vertical transmission in Ae. albopictus
was suspected but not demonstrated (Grandadam et al., 2011;
Bellini et al., 2012). Previous works have investigated the rate of
vertical transmission in Ae. aegypti and Ae. albopictus under
experimental conditions (Agarwal et al, 2014; Chompoosri
et al., 2016; Honorio et al, 2019) but it is not possible to
compare these data with those reported in this work under
natural conditions. However, since all Ae. aegypti and Ae.
albopictus mosquitoes analyzed in this work were adults
having emerged from collected larvae, the calculated IRs, i.e.
0.24% and 0.23% for Ae. aegypti and Ae. albopictus,
respectively, also correspond to the observed vertical
transmission rate. The natural vertical transmission of
CHIKYV is an important aspect to consider in the dynamic of
chikungunya fever.
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The Asian-Pacific genotype of CHIKV described in Indonesia
raises the question of the mechanisms behind this fast and massive
replacement. Further studies must be conducted on the impact of
the observed mutations on the rate of transmissibility. Societal
aspects, which could favor the expansion of the virus, should also
be investigated. Indonesia being an archipelago with no permanent
contact between populations from different islands, trade and
people mobility must be analyzed. Although IOL invaded largely
Continental South and Southeast Asia owing to intensive
international trade and people mobility, it does not seem to have
invaded Indonesia. Further studies are therefore needed to
understand why, unlike what happened on the continent, it is the
Asian-Pacific genotype that expanded and is now dominating in
Indonesia. Beyond chikungunya, these investigations will be useful
to understand the dynamic of other arbovirus diseases, such as
dengue, which are among the most widely distributed and fast-
spreading diseases worldwide.
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Malaria remains a major public health issue in Nigeria, and Nigeria is one of the main
sources of imported malaria in China. Antimalarial drug resistance is a significant obstacle
to the control and prevention of malaria globally. The molecular markers associated with
antimalarial drug resistance can provide early warnings about the emergence of
resistance. The prevalence of antimalarial drug resistant genes and mutants, including
PfK13, Pfcrt, Pimdr1, Pfdhfr, and Pfdhps, was evaluated among the imported
Plasmodium falciparum isolates from Nigeria in Henan, China, from 2012 to 2019.
Among the 167 imported P. falciparum isolates, the wild-type frequency of PfK73,
Pfert, Pimdr1, Pfdhfr, and Pfdhps was 98.7, 63.9, 34.8, 3.1, and 3.1%, respectively.
The mutation of PIK73 was rare, with just two nonsynonymous (S693F and Q613H) and
two synonymous mutations (C469C and G496G) identified from four isolates. The
prevalence of Pfcrt mutation at codon 74-76 decreased year-by-year, while the
prevalence of pfmdr1 86Y also decreased significantly with time. The prevalence of
Pfdhfr and Pfdhps mutants was high. Combined mutations of Pfdhfr and Pfdhps had a
high prevalence of the quadruple mutant I51RsgN40g-Gasz7 (39.0%), followed by the octal
mutant I51RsgN108-Vaz1A436Ga37Gss1S613 (17.0%). These molecular findi