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Formaglio and Sylvain Golba et al.
MAEBL Contributes to Plasmodium Sporozoite Adhesiveness
Reprinted from: Int. J. Mol. Sci. 2022, 23, 5711, doi:10.3390/ijms23105711 . . . . . . . . . . . . . . 171

vi



About the Editor

Michail Kotsyfakis

Michail Kotsyfakis obtained his Ph.D. in the topic of malaria/mosquitoes interaction in

November 2004 from the Biology Department, University of Crete, Greece, under the supervision

of Professor Kitsos Louis at the Institute of Molecular Biology and Biotechnology-FORTH, Greece. In

2005, he was hired at the NIAID/NIH, USA as a post-doctoral visiting fellow (Rockville, Maryland,

USA) where he specialized in tick–vertebrate host interactions under the mentorship of Professor

Jose’MC Ribeiro. In 2009, he established his laboratory (Laboratory of Genomics and Proteomics of

Disease Vectors) in the Biology Center of the Czech Academy of Sciences in Budweis, Czechia as a

recipient of the prestigious Jan Evangelista Purkyně fellowship of the Czech Academy of Sciences. In
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Arthropod disease vectors not only transmit malaria but many other serious diseases,
many of which are, to a greater or lesser degree, neglected. There is therefore a need for
concerted efforts to develop new means with which to prevent disease transmission. In most
cases, disease transmission involves a tripartite interaction between the arthropod disease
vector, the vertebrate host, and the vector-borne pathogen. This Special Issue provides a
compilation of the latest research in this area, together with up-to-date information on the
molecular and biochemical events that mediate this tripartite interaction.

Two papers report on the application of systems biology approaches to hard ticks,
which serve as important disease vectors in the Western world. Ixodes ricinus ticks are dis-
tributed across Europe and are important vectors of tick-borne encephalitis as well as Lyme
disease. The last decade has seen intensive efforts in characterizing and understanding
the roles of long non-coding RNAs (lncRNA) in health and disease, including in vector
biology [1,2]. Here, Medina et al. present an exhaustive analysis of I. ricinus lncRNAs based
on 131 RNA-seq datasets from three different BioProjects [3]. Their data analysis suggests
that lncRNAs may act as sponges (scavengers/binders) of host miRNAs and thus exert
diverse biological roles related to tick–host interactions in different tick tissues. Similarly,
microRNAs (miRNAs) are a class of small non-coding RNAs involved in many biological
processes, including in the immune pathways that control bacterial, parasitic, and viral
infections. There are little data on differentially expressed miRNAs in the black-legged
tick Ixodes scapularis after infection with Borrelia burgdorferi, the causative agent of Lyme
disease in the United States. Kumar et al. used small RNA sequencing and qRT-PCR
analyses to identify and validate differentially expressed I. scapularis salivary miRNAs [4],
and in doing so provided new insights into the miRNAs expressed in I. scapularis salivary
glands in addition to paving the way for their functional manipulation to prevent or treat
B. burgdorferi infection.

Hard ticks feed for several days or weeks on their hosts, and their saliva contains
thousands of polypeptides belonging to dozens of families, as identified by salivary tran-
scriptomic analyses [5]. Mapping coding sequences to protein databases helps to identify
putative secreted proteins and their potential functions at the tick–host interface, where
pathogen transmission takes place. Mans et al. analyzed the classification of tick salivary
proteins given recent developments in the Alphafold2/Dali programs, and in doing so
detected novel protein families and revealed new insights that connected the structures
and functions of tick salivary proteins [6]. Tick saliva is a rich source of antihemostatic,
anti-inflammatory, and immunomodulatory molecules that actively help ticks to finish
their blood meal [7,8]. Kotál et al. presented the functional and structural characterization
of Iripin-8, a salivary serpin from I. ricinus [9]. The first crystal structure of a tick serpin in
the native state demonstrated that Iripin-8 is a tick serpin with a conserved reactive center
loop that possesses antihemostatic activity that may mediate interference with a host’s
innate immunity.

Host blood protein digestion, essential for tick development and reproduction, occurs
in a tick’s midgut digestive cells, driven by cathepsin proteases. Little is known about the
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regulation of the digestive proteolytic machinery in I. ricinus. In another paper from Kotál
et al. the team present the functional and structural characterization of a novel cystatin-type
protease inhibitor, mialostatin, from the I. ricinus midgut, which is likely to be involved in
the regulation of gut-associated proteolytic pathways, making midgut cystatins promising
targets for tick control strategies [10].

Arthropod-borne viruses, referred to collectively as arboviruses, infect millions of
people worldwide each year and have the potential to cause severe disease. They are
predominately transmitted to humans through the blood-feeding behavior of three main
groups of biting arthropods: ticks, mosquitoes, and sandflies. The pathogens harbored by
these blood-feeding arthropods are transferred to animal hosts through the deposition of
virus-rich saliva into the skin. These infections sometimes become systemic and can lead to
neuroinvasion as well as life-threatening viral encephalitis. Schneider et al. review the ways
in which arthropod vectors influence viral pathogenesis [11]. They particularly emphasize
how saliva and salivary gland extracts from the three dominant arbovirus vectors impact
the trajectory of the cellular immune response to arbovirus infection in the skin.

The increase in the global disease burden and distribution of arboviruses is driven pri-
marily by the spread of the two key invasive disease vectors, Aedes aegypti and Ae. albopictus,
and by the spread of new and re-emerging viruses through international travel. Ahmed et al.
present data supporting the emergence of Ae. albopictus in Sudan. This is a serious public
health concern and argues for urgent improvements in vector surveillance as well as control
through the implementation of integrated molecular xenosurveillance [12]. The threat of
major arboviral diseases in the region underlines the need for the institutionalization of the
One Health strategy for the prevention and control of future pandemics.

Cysteine-rich trypsin-inhibitor-like domain (TIL)-harboring proteins are broadly dis-
tributed in nature but remain understudied in vector mosquitoes. Tikhe et al. provide new
insights into the role of a TIL-domain-containing protein of the arbovirus vector Ae. Aegypti,
called cysteine-rich venom protein 379 (CRVP379) [13]. CRVP379 was previously shown to
be essential for dengue virus infection in Ae. aegypti mosquitoes. Here, the importance of
CRVP379 is demonstrated in Ae. aegypti reproductive biology, which makes this molecule
an interesting candidate for the development of Ae. aegypti population control methods.

The PIWI-interacting RNA (piRNA) pathway, first characterized in Drosophila, pro-
vides an RNA interference (RNAi) mechanism with which to maintain the integrity of
the germline genome by silencing transposable elements. Ae. aegypti mosquitoes exhibit
an expanded repertoire of PIWI proteins involved in the piRNA pathway, suggesting
their functional divergence. Williams et al. investigated the RNA-binding dynamics and
subcellular localization of Ae. aegypti Piwi4 (AePiwi4), a PIWI protein involved in antiviral
immunity and embryonic development [14]. Their experiments provide insights into the
dynamic role played by AePiwi4 in RNAi and pave the way for future studies in order to
understand PIWI interactions with diverse RNA populations.

The sole currently approved malaria vaccine targets the circumsporozoite protein that
densely coats the surface of sporozoites, the parasite stage deposited into the skin of the
mammalian host by infected mosquitoes; however, this vaccine only confers moderate
protection against clinical disease in children, driving the search for novel candidates. Sá
et al. demonstrate the importance of the membrane-associated erythrocyte binding-like
protein (MAEBL) for infection by Plasmodium sporozoites [15]. Their data provide further
insights into the role of MAEBL in sporozoite infectivity and may contribute to the design
of future immune interventions.

Climate change is probably the foremost threat to human health in the 21st century.
Climate directly impacts health through climatic extremes, air quality, rises in sea level, and
multifaceted influences on food production systems as well as water resources. Climate
also affects infectious diseases, which have played a significant role in human history—not
least recently with the COVID-19 pandemic—impacting the rise and fall of civilizations
in addition to facilitating the conquest of new territories [16]. Research into neglected
vector-borne diseases must be a priority as the effects of climate change become ever
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more apparent. Together, the articles in this Special Issue highlight significant aspects
of the physiology of different disease vectors, shed light on the molecular biology of a
vector-borne pathogen, provide data on the tripartite interactions between vector-borne
pathogens, disease vectors, and vertebrate hosts, and present evidence about the emergence
of disease vectors in new geographical territories.

Funding: Michail Kotsyfakis received funding from the Grant Agency of the Czech Republic (grant 19-
382 07247S) and ERD Funds, project CePaVip OPVVV (no. 384 CZ.02.1.01/0.0/0.0/16_019/0000759).
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Abstract: Ixodes ricinus ticks are distributed across Europe and are a vector of tick-borne diseases.
Although I. ricinus transcriptome studies have focused exclusively on protein coding genes, the last
decade witnessed a strong increase in long non-coding RNA (lncRNA) research and characterization.
Here, we report for the first time an exhaustive analysis of these non-coding molecules in I. ricinus
based on 131 RNA-seq datasets from three different BioProjects. Using this data, we obtained a
consensus set of lncRNAs and showed that lncRNA expression is stable among different studies.
While the length distribution of lncRNAs from the individual data sets is biased toward short
length values, implying the existence of technical artefacts, the consensus lncRNAs show a more
homogeneous distribution emphasizing the importance to incorporate data from different sources to
generate a solid reference set of lncRNAs. KEGG enrichment analysis of host miRNAs putatively
targeting lncRNAs upregulated upon feeding showed that these miRNAs are involved in several
relevant functions for the tick-host interaction. The possibility that at least some tick lncRNAs act as
host miRNA sponges was further explored by identifying lncRNAs with many target regions for a
given host miRNA or sets of host miRNAs that consistently target lncRNAs together. Overall, our
findings suggest that lncRNAs that may act as sponges have diverse biological roles related to the
tick–host interaction in different tissues.

Keywords: Ixodes ricinus; ectoparasite-host interactions; host immunity; RNA-sequencing; lncRNA

1. Introduction

Ticks are an economically and medically important group of arthropods that feed
on the blood of a wide range of vertebrate hosts. The attachment and insertion of tick
mouthparts into the host activate the hemostatic processes of blood coagulation, vaso-
constriction, and platelet aggregation to reduce blood loss [1,2]. Host innate immunity is
induced in response to extended tick feeding and/or long-term tick exposure, and then
adaptive immunity is triggered to further improve host defenses [3]. Ticks have adapted
to regulate host immune reactions and hemostasis by secreting a complex cocktail of
pharmaco-active substances into the host through their saliva [3,4]. There has been—and
continues to be—extensive research to identify and functionally characterize the salivary
gland or saliva components in ticks. For example, recent studies have tried to identify
protective antigens from ticks through the transcriptomes and proteomes of the tick midgut
and salivary glands, and the resulting sialomes and mialomes have been annotated and
examined for the selection and characterization of antigenic candidates [5,6].
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Recent advances in high-throughput sequencing technologies have provided a deeper
understanding of non-coding (nc)RNAs—which range from micro (mi)RNAs to long non-
coding (lnc)RNAs—in tick tissues [7]. LncRNAs are RNA strands longer than 200 nucleotides
that are structurally identical to mRNAs but are not translated into proteins [8]. LncRNAs
can regulate coding genes in various ways. For instance, they can modify gene expression
through transcription factor activation or repression by binding and localization, chromatin
remodeling, imprinting, and enhancer regulation [8]. They are involved in a number of
regulatory processes, including post-transcriptional modulation, mRNA processing, and
protein trafficking [8]. Chromatin remodeling is modified by lncRNA-induced histone
methylation, which alters chromatin structure to increase or decrease DNA access to the
transcriptional machinery [9]. LncRNAs participate in this critical role by acting as a protein
scaffold with many binding domains that allow methylation and demethylation and inter-
action with the target histone [9,10]. LncRNAs can also influence translation by binding to
mRNAs, increasing or decreasing translation, or triggering mRNA degradation. Further-
more, cytoplasmic lncRNAs can function as miRNA precursors or as “miRNA sponges”: as
a result of the competition between lncRNAs and mRNA for miRNA recognition elements,
miRNA functions are lost [11]. In eukaryote pathophysiology, these miRNA sponges are
widespread regulators of miRNA activity. They are also considered crucial regulators in
ectoparasite-host crosstalk, such as during vector–host interactions [12].

LncRNAs have been studied most in humans and animals that are used in medical
research [13]. However, there is very little research on lncRNAs in host–parasite interactions
in arthropods. In the context of vector-host-pathogen interactions, recent reviews have high-
lighted a role for small ncRNAs in trans-kingdom and inter-species communication [14,15].
So far, lncRNAs in arthropods have received little attention, and many of their functions
are unclear. They could be expressed by the vector to counteract host defenses. It has been
proposed that vector lncRNAs are transported in salivary exosomes to the host, where they
act as host miRNA sponges to disrupt natural defense reactions; however, this hypothesis
still requires validation [12].

The main objective of the present study was to elucidate the biological roles of lncRNAs
in ectoparasite–host interactions, with bioinformatic means and through a consensus
strategy, and particularly their potential role in tick–host interactions. Thus, we aimed to
offer a new mechanistic understanding to inform the development of novel treatments for
various diseases. Ixodes ricinus was used as a model ectoparasite, as it is a common vector
of human and animal diseases, particularly in Europe.

2. Results
2.1. Summary of Transcriptome Assembly and lncRNA Isolation

By means of transcriptome assembly and lncRNA isolation, a total of 14,079, 677,278,
and 358,278 lncRNAs were isolated from the transcriptome from midguts and salivary
glands (MG-SG lncRNAs), salivary glands only (SG lncRNAs), and whole body samples
(WB lncRNAs), respectively. The relatively low number of lncRNAs obtained from the
transcriptome from midguts and salivary glands reflects the additional and more stringent
steps taken in its transcriptome assembly process as explained in the Material and methods
correspondent section.

To generate a consensus set we clustered the three sets of lncRNAs. The consensus
lncRNA was defined as the longest transcript from a given cluster that could be detected in
the MG-SG dataset (the most reliable lncRNA set, since the selection was more stringent)
and at least in one of the other two transcriptomes. In this way we obtained a final set of
3118 consensus lncRNAs.

With respect to coding RNAs, we isolated 12,158, 55,825 and 47,472 coding sequences
from the transcriptome from midguts and salivary glands (MG-SG coding RNAs), salivary
glands only (SG coding RNAs), and whole body samples (WB coding RNAs), respectively.
We followed the same protocol that we used for lncRNAs to get a final consensus set of
5659 coding RNAs.
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2.2. Expression Patterns of lncRNAs in the Midgut and Salivary Glands under Different Feeding
Treatments

Initially, four I. ricinus sets of lncRNAs were analyzed: consensus lncRNAs, MG-SG
lncRNAs, SG lncRNAs, and WB lncRNAs. To assess the quality of these sets, we evaluated
and visualized the length distributions (Figure 1). LncRNAs obtained from the individual
projects show a strikingly different distribution compared to the consensus sequences.
Short lncRNAs are clearly overrepresented (maximum around 250 nt) in the individual
sets while the consensus shows a much more homogeneous distribution. We interpret this
finding as the successful recovery of longer sequences by means of the consensus approach
i.e., lncRNAs that are represented decently only in one of the individual sets.
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Figure 1. Length distribution of differentially expressed lncRNAs in the midgut and salivary glands
of unfed and fed Ixodes ricinus. (A) Length distribution of significantly differentially expressed
consensus lncRNAs (A), MG-SG lncRNAs (B), SG lncRNAs (C), and WB lncRNAs (D) upregulated in
unfed and fed ticks in the midguts and salivary glands. Different lines represent lncRNAs upregulated
or downregulated upon feeding in midgut (MG fed, MG unfed) and salivary glands (SG fed, SG
unfed) with respect to midgut and salivary gland dataset (BioProject: PRJNA716261).

Therefore, we will base this study in the consensus transcriptome.
Since this is, to our best knowledge, the first time that lncRNAs are analyzed in

I. ricinus, we first characterize the overall expression levels of lncRNAs in comparison to
coding sequences. Figure 2 shows the mean normalized expression values for lncRNAs
and coding sequences as a function of tissue or feeding state. The mean expression value
of the consensus lncRNA was consistent among the different conditions representing
approximately 30% of the total expression. We found some samples with strongly increased
lncRNA expression, interestingly most of which belong to unfed or early feeding samples.
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Figure 2. Expression analysis of lncRNAs and coding RNAs for different conditions of the samples
retrieved for this study. The expression of lncRNAs and coding RNAs was analyzed for different
feeding treatments: MG unfed, MG fed, SG unfed, and SG fed correspond to samples from midgut and
salivary glands from ticks not fed or in the slow feeding phase, respectively (BioProject PRJNA716261);
WB unfed and WB fed correspond to samples from whole body from ticks not fed or that were in the
slow feeding phase, respectively (BioProject: PRJNA395009); lastly, SG Membrane and SG rabbits
show the expression value for samples from salivary glands only that were fed on rabbits or from a
membrane (BioProject: PRJNA312361). Mean values per condition are marked with a black line.

Additionally, to better understand the impact of lncRNA in ticks that are not feeding
from a host and ticks that are actively feeding, we analyzed the differential expression of
lncRNAs and coding RNAs between samples from unfed and fed ticks for both midgut
and salivary glands (PRJNA716261). Differentially expressed (DE) lncRNAs and coding
RNAs in midgut and salivary glands are displayed using volcano plots (Figure S1). For
midgut, we found a total of 1110 DE lncRNAs (35.6% of the total of consensus lncRNAs)
and 2727 DE coding RNAs (48.2% of the total of consensus coding RNAs). Regarding the
salivary glands, 1311 lncRNAs (42% of the consensus lncRNAs) and 2965 coding RNAs
(52.4% of the consensus coding RNAs) were differentially expressed between feeding
treatments (Figure 3A). The DE lncRNAs and coding RNAs were then classified in two
classes: (1) overexpressed when I. ricinus is not feeding and (2) overexpressed when I. ricinus
is actively feeding. Here, we found that, for both tissues, the majority of DE lncRNAs
and DE coding RNAs are overexpressed when I. ricinus is actively feeding (Figure 3B,C).
Specifically, in midgut, 74.6% of the lncRNAs and 63% of coding RNAs were overexpressed
in fed ticks whereas 59.9% and 68.4% of the lncRNAs and coding RNAs, respectively, were
overexpressed in salivary glands of feeding ticks.
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2.3. Target Prediction and KEGG Analysis of the Consensus Differentially Expressed lncRNAs

In order to explore putative roles of lncRNAs in tick feeding, we analyzed the putative
functions of host miRNA targets. Applying miRNAconsTarget from sRNAtoolbox [16], we
carried out a target prediction using human microRNAs from MirGeneDB v2.1 [17] and DE
lncRNA sequences. We selected and functionally analyzed those miRNAs with the overall
highest ratio of targets. We found that hsa-mir-5683, hsa-mir-29b-3p, and hsa-mir-154-3p
are the miRNAs with the highest ratio of targets in feeding regulated lncRNAs. According
to MirPath [18], these three miRNAs target genes are involved in focal adhesion and PI3K-
Akt signaling pathway. They also target genes with a role in ECM-receptor interaction, fatty
acids metabolism and biosynthesis, among other functions. Regarding the salivary glands,
the miRNAs with the highest ratio of targets for lncRNAs upregulated in fed ticks were hsa-
miR-4664-3p, hsa-miR-431-5p, and has-miR-28-3p. Among the KEGG pathways enriched
for the genes they target, we identified Hippo signaling pathway, adherens junction, cell
cycle, choline metabolism in cancer, and mucin type O-Glycan biosynthesis. All KEGG
pathways enriched for miRNAs in both tissues, p-value, number of genes involved and
number of miRNAs targeting genes involved in the KEGG pathway may be found in
File S1.

2.4. Analysis of the Reproducibility of the Differential Expression of lncRNAs

Reproducibility is a key concept to increase the reliability of scientific results. We took
advantage of having two different studies with samples from salivary glands of ticks fed on
rabbits till 24 and 72 h obtaining differentially expressed lncRNAs and coding sequences
for both studies (PRJNA716261, PRJNA312361). The distribution of differential expression
in form of Volcano plots can be found in Figure S2.
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We show that the percentage of differentially expressed sequences that coincide be-
tween the two studies were similar for lncRNAs and coding RNAs (23.97% and 21.16%,
Figure 4A,B). Figure 4C–F shows a breakdown of these numbers into up and downregu-
lated at 72 h compared to 24 h. Interestingly, the overlap between both studies is much
higher for upregulated sequences (around 27%, Figure 4E,F) than for downregulated ones
(8% for lncRNAs, Figure 4C,D).
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Figure 4. Analysis of the reproducibility of the differential expression of consensus lncRNAs and
coding RNAs between the studies MGSG (PRJNA716261) and SG only (PRJNA312361) in salivary
glands. The Venn diagrams shows the overlap between (A) DE lncRNAs in MGSG samples and DE
lncRNAs in SG only samples, (B) DE coding RNAs in MGSG samples and DE coding RNAs in SG only
samples, (C) DE lncRNAs downregulated at 72 h of feeding in MGSG and SG only samples (D) DE
coding RNAs downregulated at 72 h of feeding in MGSG and SG only samples, (E) upregulated
lncRNAs at 72 h of feeding in MGSG and SG only samples and (F) upregulated coding RNAs at 72 h
of feeding in MGSG and SG only.

2.5. Prediction of Sponge Candidates and Functional Analysis

Cytoplasmic lncRNAs can serve as “miRNA sponges” competing with mRNA molecules
for miRNA binding which can lead to the loss of miRNA function. To explore the possibility
that tick lncRNAs play a role in the feeding process we explore two different sponge models:
(i) high frequency targets and (ii) recurrent host miRNA combinations. We first performed
target prediction analysis for all consensus lncRNAs as mentioned before. The results of
target prediction can be found in File S2. As a negative control we carry out target prediction

10



Int. J. Mol. Sci. 2022, 23, 9761

for a randomized set of consensus lncRNAs using shuffleseq (File S3). Target prediction
for the consensus and randomized lncRNAs is shown for the top 200 miRNA-lncRNA
combinations with the highest number of targets (Files S4 and S5). Most lncRNAs of this set
contained more targets than its randomized version for the same miRNA (Files S6 and S7
for normalized target counts).

Next, we tried to extract the subset of lncRNAs with the highest possibility of being
sponge candidates applying three different approaches: (i) highest number of targets
for a given miRNA (Files S4 and S5), (ii) highest density of targets (Files S6 and S7),
(iii) combination of microRNA target sites. For all, a negative control was performed using
shuffled sequences. Significant microRNA combinations were detected using the Apriori
algorithm. Thus, we identified sets of miRNAs that consistently target lncRNAs (File S8).
To further understand the function of lncRNAs that may act as sponges, we selected the
best sponge candidates from each analysis defined as the consensus lncRNA with the
greatest number of targets for a miRNA, the consensus lncRNAs with the greatest number
of targets per kb for a given miRNA, and three groups of consensus lncRNAs, with no
common lncRNAs between them, that are significantly and consistently targeted by a group
of host miRNAs.

A heat map was constructed for potential sponge candidates to analyze variability in
lncRNA expression in unfed and fed midguts and salivary glands. The expression of many
DE lncRNAs was strongly increased by feeding in the salivary glands compared with the
midgut (Figure 5). To further understand the function of the sponge candidates, we used
miTALOS v2.0 [19] to characterize human miRNAs or miRNA combinations which may
be target by tick lncRNAs. These individual host miRNAs or miRNA combinations were
found to control hemostasis-associated (e.g., glycosaminoglycan biosynthesis–heparan
sulfate/heparin) or immune response (e.g., TGF-β signaling pathway, BMP signaling,
TCF-dependent signaling in response to WNT, and PDGF pathway)-associated pathways
in humans. In addition, miRNAs or miRNA combinations also had targets on a variable
number of genes in their corresponding pathways (File S9), suggesting potential functions
of lncRNAs in tick feeding and ectoparasite–host interactions.
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3. Discussion

The molecular mechanisms of action and physiological impacts of lncRNAs are an
intense focus of applied human and animal research [13]. However, there is currently very
little literature on the identification and functional analysis of lncRNAs in tick–host interac-
tions, limiting our understanding of lncRNAs and their involvement in ectoparasite–host
interactions. Therefore, to evaluate the potential regulatory role of lncRNAs in I. ricinus–
host interactions, we investigated the differential expression of lncRNAs in the midguts
and salivary glands of unfed and fed I. ricinus ticks. Previous studies have shown that
lncRNAs are involved in different physiological processes such as mRNA processing, post-
transcriptional regulation, and protein trafficking [8,9]. In addition, cytoplasmic lncRNAs
can also act as miRNA precursors or as “miRNA sponges”, where they compete with
mRNAs for miRNA recognition elements, causing the loss of miRNA function [11]. For
this reason, we performed transcriptome assembly, lncRNA identification, differential
expression analysis, and functional in silico analysis to identify lncRNAs in the midguts
and salivary glands of I. ricinus ticks under different feeding treatments (unfed and fed)
with potential functions related to tick-host interactions. We focused on midgut and sali-
vary gland-related differentially expressed lncRNAs and showed that the production of
lncRNAs in the salivary gland may play a role in the ectoparasite–host interaction.

Ixodes ricinus and other Ixodid ticks are unique in their long period of attachment
to the host [20,21]). The tick salivary gland mediates various activities that ensure the
tick’s biological success during feeding. The tick salivary gland produces biologically
active molecules that facilitate blood meal acquisition [4]. Therefore, the composition
of tick saliva requires careful and comprehensive molecular resolution to understand
the complex feeding biology of ticks. Such resolution could underpin the discovery of
pharmacologically active molecules of clinical interest. So far, many transcript and protein
profiling studies of tick saliva have been conducted at different developmental stages,
sexes, and feeding conditions in different tick species [22–24]. While many studies have
attempted to determine the complex nature of saliva or the salivary gland, this is the
first study to investigate ncRNAs in I. ricinus. We identified many potential lncRNAs
from I. ricinus and ensured that these potential lncRNAs had the most reliability and
reproducibility we could afford by analyzing different transcriptome projects. Initial
analysis about lncRNAs expression showed that the expression level of lncRNAs compared
to coding RNAs is stable among studies. Additionally, a proof about the reproducibility of
differential expression between studies showed that the reproducibility of lncRNAs was
similar to the reproducibility of coding RNAs. Next, we analyze the differential expression
of the consensus lncRNAs for different feeding treatments in midgut and salivary glands
and compared them with the differential expression calculated for a consensus set of
coding RNAs. The results obtained showed that even though the percentage of consensus
lncRNAs being DE is lower than the one for coding RNAs in both midgut and salivary
glands, most of the DE lncRNAs were upregulated in fed ticks, especially in midgut. This
suggests that the predicted consensus lncRNAs have a role in the feeding of I. ricinus
in both midgut and salivary glands. This idea is supported by the KEGG enrichment
analysis of miRNAs that target lncRNAs upregulated in fed ticks. This analysis showed
that lncRNAs may disrupt the function of host miRNAs that may be harmful for the tick or
beneficial for the host immune response. Specifically, the three miRNAs with the highest
ratio of targets for lncRNAs upregulated in fed ticks were involved in processes as focal
adhesion and PI3K-Akt signaling pathway. Focal adhesion has been related to epithelial
motility and mucosal healing of gut due to its involvement in cell motility, proliferation,
and survival [25]. Additionally, PI3K-Akt signaling pathway has been reported to control
the epithelial proliferation of the gut [26]. Although further research is needed in this
field, we found that lncRNAs in midgut are targeted by miRNAs involved in crucial
functions for the healing and correct operation of the midgut. Regarding the salivary
glands, we identified interesting KEGG pathways as Hippo signaling pathway, which has
been reported to maintain the immune homeostasis in immune cells [27]; adherens junction,
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which is involved in the innate immune response to endotoxins [28]; and biosynthesis of
mucin type O-Glycans, which are involved in the inflammatory response [29]. Here, we
found that these miRNAs are involved in the immune response of the host, so disrupting
its function may be beneficial for the tick interaction with the vertebrate host. All what was
discussed here may establish future lines of research in the field of tick–host interactions
and its treatment and prevention.

Target and sponge candidate prediction analysis showed that the salivary glands
contain a large variety of lncRNAs that may function in controlling host homeostasis and
immune responses, most likely by sponging host miRNAs. Ahmad et al. [12] hypothesized
that vector lncRNAs are transported to the host in salivary exosomes, where they act as
“sponges” of host miRNAs to disrupt natural defense reactions; however, this hypothesis
still requires experimental validation. Furthermore, we analyzed human miRNAs or
miRNA combinations to understand tick lncRNA functions using a bioinformatics tool.
In doing so, we found that miRNA or miRNA combinations likely to be sponged by tick
lncRNAs regulate a variety of genes involved in host hemostasis and immune pathways.
We observed that the targeted host miRNAs significantly affected the hemostasis-associated
pathway, glycosaminoglycan biosynthesis–heparan sulfate/heparin. Heparin is crucial for
the catalysis of antithrombin III (a plasma enzyme), enhancing its activity in vertebrates.
Antithrombin III inactivates some activated serine proteases of the coagulation cascade,
most importantly activated thrombin and factor X [30]. Furthermore, several immune
pathways were influenced by the miRNAs, for example, transforming growth factor-beta
(TGF-β) signaling, which is a potent cytokine regulator with various effects on hemopoietic
cells. The key biological role of TGF-β in the immune system is to maintain tolerance by
modulating lymphocyte proliferation, differentiation, and survival [31,32]. WNT is another
immune signaling pathway that might be regulated by tick sponge candidates. WNT
ligands bind Frizzled and lipoprotein receptor-related protein to induce the canonical WNT
signaling pathway, which inactivates the destruction complex, stabilizes, and promotes
the nuclear translocation of β-catenin, and subsequently activates T-cell factor/lymphoid
enhancing factor (TCF/LEF)-dependent transcription [33,34]. Thus, ticks are likely to
“cargo” lncRNAs into the host body via saliva or salivary exosomes, which may then
sponge host miRNAs or miRNA combinations important for host hemostasis and the
innate and adaptive immune responses, ultimately facilitating tick feeding on the host.

Here, we analyzed lncRNAs and their expression in fed and unfed pathogen-free
I. ricinus ticks and showed evidence of lncRNAs having an important role in I. ricinus–
host interaction. This study leads to new research about lncRNAs in ectoparasites and
to the comparison of lncRNA behavior between them. Additionally, differences in the
expression of lncRNAs between pathogen-infected and pathogen-free ectoparasites has
been previously reported in Ae. aegypti and Ae. albopictus [35,36]. Therefore, a comparison
between lncRNA expression in ticks infected by pathogens and pathogen-free ticks and the
integration of this analysis with strategies for prediction of sponge candidates may help the
research community to have a deeper understanding in the role of lncRNAs in the tick-host
interaction and their pathogenicity. Ultimately, this study, for the first time, provides in
silico evidence on the putative role of tick lncRNAs as sponge candidates. Future studies
will focus on evaluating the biological functions of these sponge candidates, in particular
in the context of the ectoparasite–host interaction.

4. Materials and Methods
4.1. Transcriptome Assembly, Expression Analysis and Consensus lncRNA Isolation

This study used RNA-seq data from Ixodes ricinus available in NCBI under the Bio-
Project accessions PRJNA716261, PRJNA312361, and PRJNA395009 [37–39]. RNA-seq data
from BioProject PRJNA716261 consisted of 88 Ixodes ricinus samples exposed to different
feeding treatments from two different tissues: 55 samples from the salivary glands, and
33 from the midgut. BioProject PRJNA31236 contained RNA-seq data from 18 salivary
gland samples from Ixodes ricinus, while BioProject PRJNA395009 contained RNA-seq
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data from 15 whole body samples of Ixodes ricinus. All raw RNA-seq reads were quality
filtered and trimmed using Trim Galore [40]. The quality of raw and trimmed reads was
determined using FastQC [41]. De novo RNA-seq assemblies from the different BioProjects
were constructed separately using Trinity v2.8.6 [42], with a maximum memory usage
of 300 gigabytes. Since the RNA-seq data from BioProject PRJNA716261 originated from
two different tissues, some additional steps were taken to obtain reliable transcriptomes.
First, using Trinity, we created de novo assemblies of the midgut and salivary glands
separately. These assemblies were condensed and clustered using CD-HIT v4.8.1 [43].
Contigs with at least 98% identity and at least 80% alignment coverage for the shorter
sequences were clustered. Since this study focused on analyzing lncRNAs under different
feeding treatments, we calculated the contig expression of all the assemblies for the fed
and unfed conditions for both midgut and salivary glands using the RNA-seq data from
BioProject PRJNA716261. The contig expression was analyzed using RSEM v1.3.3 [44] and
Bowtie2 [45]. Since the dataset coming from midguts and salivary glands is the one with
the greatest number of samples (88), which were isolated from single individuals which
were siblings, thus reducing genetic variation [37], we decided to give it a major role in
the consensus strategy and to make additional and more stringent steps to get from it
the most reliable set of lncRNAs and coding RNAs that we could afford. Therefore, to
remove possible assembly artifacts from the transcriptome assemblies from the midgut
and salivary glands, we applied an expression filter to the contigs. The samples in this
BioProject were unfed or fed for different time periods during the slow-feeding phase of
the tick. To remain in further analyses, a contig from the transcriptome assembly from the
midgut and salivary glands needed to have at least five FPKM in all the samples belonging
to the unfed condition or in all the samples that were fed to a given time point.

For every assembled transcriptome, contigs with open reading frame (ORFs) longer
than 50 amino acids were isolated using TransDecoder v5.5.0. The ORFs were then aligned
to the Swiss-Prot [46] protein database using BlastP v2.10.1+ [47], with an E-value cut-off of
10−5. Contigs with ORFs aligning with the protein database were considered coding RNAs.

To obtain lncRNAs, ncRNAs between 200 bp and 1800 bp were isolated. To avoid
possible assembly artifacts and to obtain reliable predicted lncRNAs, consensus lncRNAs
were obtained. Using CD-HIT [43], we clustered three sets of lncRNAs: (1) lncRNAs
obtained from the midgut and salivary gland (MG-SG lncRNAs); (2) lncRNAs obtained
from the salivary gland (SG lncRNAs), and (3) lncRNAs obtained from whole tick bodies
(WB lncRNAs). Finally, we retrieved the best representative for each cluster with at least
one lncRNA from MG-SG lncRNAs, as this was the most reliable lncRNA set through the
application of a stringent expression filter, and at least one lncRNA from the salivary gland
or whole body datasets. Thus, we obtained a final set of consensus lncRNAs. For purposes
of comparison, we also obtained a consensus set of coding RNAs by following the steps
mentioned before. All lncRNAs and cRNAs identified in this study can be downloaded
from the Downloads section of IxoriDB [48].

4.2. Differential Expression Analysis

Infecting and feeding on a host are crucial tick activities during which the tick needs
to avoid the host immune system [49]. We hypothesized that ticks produce lncRNAs
that act as sponges, trapping miRNAs associated with the host immune system or other
processes harmful to the tick. To understand this phenomenon, we analyzed the differential
expression (DE) of lncRNAs in the unfed and fed states.

To obtain DE under different feeding conditions, we normalized the expected counts
provided by RSEM using the TMM method [50]. Then, DE analysis was executed using
EdgeR v3.36.0 [51]. Basic statistics and length distribution analysis were conducted for DE
lncRNAs and DE coding RNAs using a homemade Python script.
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4.3. Target Prediction

The set of mature H. sapiens miRNAs was obtained using MirGeneDB v2.1 [17]. Tar-
get prediction for the consensus differentially expressed lncRNAs and mature miRNAs
from H. sapiens was carried out using miRNAconsTarget from sRNAtoolbox [16]. Specif-
ically, the SEED, MIRANDA, and TS (TargetSpy) algorithms were used, and only those
differentially expressed lncRNAs confirmed to have targets for miRNAs were retained for
further analysis.

4.4. Functional In Silico Analysis of Differentially Expressed lncRNAs

To determine the functional variation between consensus differentially expressed
lncRNAs in the unfed and fed conditions, we performed functional in silico analysis based
on the miRNAs targeting consensus differentially expressed lncRNAs. For this purpose, we
retrieved the set of mature miRNAs from Homo sapiens using MirGeneDB v2.1 [17]. Target
prediction provided us with the number of targets that a miRNA has for the different sets
of DE lncRNAs. We normalized the number of targets in each set using the miRNA with
the maximum number of targets in each set. We then calculated the ratio of normalized
number of targets for lncRNAs upregulated in fed ticks by dividing it by the number of
targets for lncRNAs upregulated in unfed ticks for both midgut and salivary glands. We
selected three miRNAs for each tissue with the highest ratio and used them to perform
KEGG pathway enrichment analysis using the information provided in DIANA-miRPath
v3.0 [18].

4.5. Sponge Candidates and Functional In Silico Analysis

The final objective of this study was to predict lncRNAs from the consensus set of
lncRNAs with the highest potential to be sponge candidates. We applied three different
approaches to find the best sponge candidates. The first was based on determining which
lncRNAs had the highest number of miRNA targets. The second aimed to maximize the
number of targets per kb for a miRNA in a lncRNA and was used to normalize the number
of targets with the length of the lncRNA. Finally, rather than focusing on lncRNAs with a
high number of targets for a single miRNA, we focused on lncRNAs with multiple miRNAs
targets. We used the Apriori algorithm to analyze this phenomenon. This algorithm
identifies combinations of miRNAs that together target a set of lncRNAs in a statistically
significant way. Thus, we obtained sets of miRNAs that consistently targeted lncRNAs
together. Lastly, we took as the best sponge candidates the consensus lncRNAs with the
greatest number of targets for a miRNA, the greatest number of targets per kb for a given
miRNA, and three groups of consensus lncRNAs with no common lncRNAs between them
significantly and consistently targeted by a group of miRNAs.

As described above, our functional in silico analysis of lncRNAs is based on the
miRNAs that target them. We assigned a function to the miRNA and sponge candidate
combinations using miTALOS v2.0 [19]. Using this web tool, we acquired information
about the pathways in which the miRNAs participate and the location of the genes they
target in those pathways.

5. Conclusions

Here, we analyzed and detected lncRNAs through consensus methods from publicly
available RNA-seq data from the salivary glands and midguts (BioProject: PRJNA716261),
salivary glands alone (BioProject: PRJNA312361), and whole bodies (BioProject: PR-
JNA395009), showing stable overall expression and reproducible response upon feeding
challenges. Overall, our bioinformatics analysis suggests that a subset of lncRNAs might
act as host microRNA sponges with specific functions in tick–host interactions. We pro-
vide here a consensus set of lncRNAs that opens the door for future functional assays to
obtain a deeper understanding of the function of these lncRNAs at the tick-vertebrate host
interface, which could offer a new mechanistic understanding and may revolutionize the
development of novel treatments for tick-borne diseases.
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Abstract: MicroRNAs (miRNAs) are a class of small non-coding RNAs involved in many biological
processes, including the immune pathways that control bacterial, parasitic, and viral infections.
Pathogens probably modify host miRNAs to facilitate successful infection, so they might be useful
targets for vaccination strategies. There are few data on differentially expressed miRNAs in the
black-legged tick Ixodes scapularis after infection with Borrelia burgdorferi, the causative agent of Lyme
disease in the United States. Small RNA sequencing and qRT-PCR analysis were used to identify and
validate differentially expressed I. scapularis salivary miRNAs. Small RNA-seq yielded 133,465,828
(≥18 nucleotides) and 163,852,135 (≥18 nucleotides) small RNA reads from Borrelia-infected and unin-
fected salivary glands for downstream analysis using the miRDeep2 algorithm. As such, 254 miRNAs
were identified across all datasets, 25 of which were high confidence and 51 low confidence known
miRNAs. Further, 23 miRNAs were differentially expressed in uninfected and infected salivary
glands: 11 were upregulated and 12 were downregulated upon pathogen infection. Gene ontology
and network analysis of target genes of differentially expressed miRNAs predicted roles in metabolic,
cellular, development, cellular component biogenesis, and biological regulation processes. Several
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, including sphingolipid metabolism;
valine, leucine and isoleucine degradation; lipid transport and metabolism; exosome biogenesis and
secretion; and phosphate-containing compound metabolic processes, were predicted as targets of
differentially expressed miRNAs. A qRT-PCR assay was utilized to validate the differential expression
of miRNAs. This study provides new insights into the miRNAs expressed in I. scapularis salivary
glands and paves the way for their functional manipulation to prevent or treat B. burgdorferi infection.

Keywords: Ixodes scapularis; salivary glands; microRNA; RNA sequencing; Borrelia burgdorferi

1. Introduction

Small non-coding RNAs (sncRNAs) regulate genes at the post-transcriptional level in
animals, plants, and arthropods, including ticks [1–5]. MicroRNAs (miRNAs) are a class of
sncRNA, between 18 and 25 nucleotides in length, and they are now known to be important
in arthropod immunity and host–pathogen interactions through their involvement in
several cellular processes, including development, immunity, and pathogen responses in
arthropods [2,6–10]. In animals, miRNAs regulate post-transcriptional gene expression,
most often by binding to the 3′-untranslated region (3′-UTR) of target genes. While perfect
complementarity of 2–8 nucleotides at the 5′ end of the miRNA (seed region) is necessary
for miRNA regulation, the remaining sequence can harbor mismatches or bulges [2,11,12].
miRNAs are transcribed as primary miRNA transcripts before processing by Drosha and
Pasha proteins into pre-miRNAs. These are then exported to the cytoplasm and processed
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by Dicer into mature miRNAs, which are loaded onto the microRNA-induced silencing
complex (miRISC) before targeting complementary mRNA for degradation [13,14].

Several proteomic and transcriptomic studies have identified differentially expressed
transcripts and proteins in uninfected and infected ticks [1,15–18], but few have investigated
the role of pathogens in the differential modulation of the post-transcriptional tick and
host machinery. Although there are over 800 tick species and despite their importance as
vectors of human and animal diseases, ticks are underrepresented in available miRNA
resources. For example, the miRbase database contains 49 Ixodes scapularis miRNAs and
24 Rhipicephalus microplus miRNAs, while MirGeneDB 2.1 contains 64 Ixodes scapularis
miRNAs. However, small RNA sequencing (RNA-seq) and computational approaches are
accelerating the discovery of miRNAs from species with incomplete genome sequencing,
assembly, and annotation.

Ixodes scapularis is a primary vector of human pathogens, including the Lyme disease
agent Borrelia burgdorferi, which infects vertebrates and ticks through evolved complex
mechanisms. There is now a good understanding of tick immune pathways and their
interactions with B. burgdorferi [19–21], but it is still uncertain how B. burgdorferi avoids
clearance. B. burgdorferi must traverse tick salivary glands during transmission [22]. Since
saliva/salivary gland proteins can enhance B. burgdorferi transmission into the vertebrate
host, characterization of molecular interactions at the tick-bite site and the tick salivary
glands is expected to facilitate vaccine development [23,24], since promoting immunity
against tick salivary proteins could neutralize tick bites and pathogen transmission. Once
B. burgdorferi is acquired by ticks from infected hosts, it resides in the tick gut and only
migrates to the salivary gland during subsequent blood feeding, which generally lasts for
3–7 days [25–28]. While it is known that other tick-borne pathogens, such as Anaplasma
marginale, must replicate inside salivary glands for efficient transmission [29], the details of
B. burgdorferi replication are less well understood. Indeed, borrelial spirochetes invade the
tick salivary gland via an unknown mechanism [22] and might be carried to the host dermis
via tick saliva. Several salivary gland genes are upregulated in B. burgdorferi-infected Ixodes
scapularis nymphs compared with uninfected ones [30], suggesting a significant role for
salivary gland gene regulation in B. burgdorferi infection and transmission.

To fill the knowledge gap on miRNA expression in Ixodes scapularis salivary glands,
here, we performed miRNA profiling of partially fed B. burgdorferi-infected and uninfected
tick salivary glands to identify miRNAs that might play a role in B. burgdorferi survival,
colonization, transmission, and host immunomodulation. In doing so, we detected 254 miR-
NAs, of which 25 were high confidence miRNAs and 51 low confidence miRNAs. Forty-one
of the identified miRNAs were present as I. scapularis miRNAs in miRBase (v22.1). Gene
ontology and network analysis of target genes of differentially expressed miRNAs have
predicted roles in metabolic and cellular development, cellular component biogenesis,
and biological regulation processes. Several KEGG pathways, including sphingolipid
metabolism; valine, leucine and isoleucine degradation; lipid transport and metabolism; ex-
osome biogenesis and secretion; and phosphate-containing compound metabolic processes,
were predicted as targets of differentially expressed miRNAs.

2. Materials and Methods
2.1. Ethics Statement

All animal experiments were performed in strict accordance with the recommenda-
tions in the NIH Guide for the Care and Use of Laboratory Animals. The Institutional
Animal Care and Use Committee of the University of Southern Mississippi approved the
protocol for blood feeding of field-collected ticks (protocol # 15101501.1).

2.2. Ticks and Tissue Dissections

Ticks were purchased from the Oklahoma State University Tick-Rearing Facility. Adult
male and female I. scapularis were kept according to standard practices [31] and maintained
in the laboratory as described in our previously published work [32,33]. Unfed female adult
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I. scapularis were infected with laboratory-grown B. burgdorferi strain B31.5A19 using the
capillary feeding method at Tulane National Primate Research Center [34]. Borrelia-infected
and uninfected ticks (n = 45 in each group) were placed on each ear of a rabbit host for tick
blood feeding. Blood-fed adult female I. scapularis were dissected within 60 min of removal
from the rabbit. Tick tissues were dissected and washed in M-199 buffer as described
previously [35]. Salivary glands and midguts from individual I. scapularis were stored in
RNAlater (Life Technologies, Carlsbad, CA, USA) at −80 ◦C until use.

2.3. RNA Isolation, cDNA Synthesis, and PCR-Based B. burgdorferi Detection in Tick Tissues

The TRIzol method was used for RNA extraction from individually dissected midgut
tissues, and cDNA was synthesized as described previously [36,37]. B. burgdorferi was
detected in tick midguts using the flaB gene in a PCR assay [36,38]. After testing for B.
burgdorferi infection in tick midguts, the corresponding salivary gland tissues from the
same uninfected/infected ticks (n = 10 salivary glands from each group) were pooled in
separate tubes and RNA isolated using the TRIzol method [37].

2.4. Small RNA Sequencing (RNA-Seq)

Small RNA libraries were made using the Illumina TruSeq Kit following the manufac-
turer’s protocol (Illumina, San Diego, CA, USA). Briefly, short adapter oligonucleotides
were ligated to each end of the small RNAs in the sample, cDNA made with reverse
transcriptase, and PCR used to add sample-specific barcodes and Illumina sequencing
adapters. The final concentration of all sequencing libraries was determined using a Qubit
fluorometric assay (Thermo Fisher Scientific, Waltham, MA, USA), and the DNA fragment
size of each library was assessed using a DNA 1000 high-sensitivity chip on an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). After purification by poly-
acrylamide gel electrophoresis, sample libraries were pooled and sequenced on an Illumina
NextSeq 500 (single end 36 base) using the TruSeq SBS kit v3 (Illumina, San Diego, CA,
USA) and protocols defined by the manufacturer. Four small RNA libraries of clean and
B. burgdorferi-infected, partially fed, and pooled salivary glands were sequenced. RNA
library preparation and indexing were performed at the University of Mississippi Medical
Center (UMMC) sequencing facility. The small RNA sequencing data used in this study
was deposited in the National Center for Biotechnology Information (NCBI) under the
Sequence Read Archive (SRA) accession number PRJNA837369.

2.5. Data Analysis

A schematic of the experimental plan and data analysis is shown in Supplementary
Figure S1. miRDeep2 v.2.0.0.8 [39,40] was used to process RNA-seq data. To predict
novel miRNAs, the reads from all samples were combined. The mapper function in
miRDeep2 first trims the adapter sequences from the reads and converts the read files
from FASTQ to FASTA format. Reads shorter than 18 bases were discarded and the
remaining reads mapped to the I. scapularis reference genome using default miRDeep2
mapper function parameters. Reads mapping to the genome were used to predict novel
miRNAs. The Drosophila melanogaster genome was also used as another reference genome,
and mapped reads were aligned to available miRNAs of D. melanogaster in miRBase (v22)
and quantified. Reads were mapped to the reference genomes of D. melanogaster and
I. scapularis and locations of potential miRNA read accumulations identified. The regions
immediately surrounding the mapped reads were examined for miRNA biogenesis features
including mature miRNAs, star and precursor reads, and stem-loop folding properties.
miRDeep2 models the miRNA biogenesis pathway and uses a probabilistic algorithm to
score compatibility of the position and frequency of sequencing reads with the secondary
structure of the miRNA precursor.

For miRNA expression, a count table was generated using bedtools multicov, which
counts alignments from indexed BAM files that overlap intervals in BED files provided
from the miRDeep2 analysis.
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2.6. ISE6 Cell Culture, Infection with B. burgdorferi, and Validation of Differentially Expressed
miRNAs by qRT-PCR

Differentially expressed miRNAs in RNA-seq data were validated by qRT-PCR in the
ISE6 cell line derived from I. scapularis embryos cultured and maintained as suggested by
Munderloh and Kurtti [41]. The B. burgdorferi (strain B31) isolate was a kind donation from
Dr. Monica Embers (Tulane University, Covington, LA, USA). Cultures were grown and
maintained as suggested previously [34]. Once ISE6 cells reached confluency, they were
infected with B. burgdorferi as described previously [42]. Briefly, ISE6 cells were inoculated
with the supernatant of a log phase B. burgdorferi culture at a multiplicity of infection of
50 and incubated for 24 h before harvesting. RNA was isolated using the TRIzol method
and the expression of miRNAs analyzed by qRT-PCR with the Mir-X miRNA qRT-PCR TB
Green kit (Takara Bio Inc, Kusatsu, Shiga, Japan; catalog #638316). qRT-PCR conditions
were an initial denaturation at 95 ◦C for 10 min then 40 cycles of 95 ◦C for 5 s, 60 ◦C for 20 s.

2.7. Normalization, Differential Expression (DE), and Statistical Analysis of miRNAs between
Uninfected and Infected Salivary Glands

Differential expression (DE) analysis of identified miRNAs was performed using the
interactive web interface DeApp [43]. Low-expression genetic features were removed after
alignment if the counts per million (CPM) value was ≤1 in less than two samples. Sample
normalization and a multidimensional scaling (MDS) plot are shown in Supplementary
Figure S2. DE analysis was performed with edgeR with a false discovery rate (FDR) adjusted
p-value of 0.05 and minimum fold-change of 1.5. DeApp displays a dispersion plot showing
the overall DE analysis along with statistical significance (p-value, FDR adjusted p-value)
and a volcano plot corresponding to the specified parameters and cutoff values.

2.8. In Silico Mapping of B. burgdorferi-Infected Small RNA Sequences to the Borrelia
burgdorferi Genome

In silico mapping of small RNA sequences of B. burgdorferi-infected salivary glands
to the Borrelia burgdorferi genome (GCF_000181575.2_ASM18157v2_genomic.fna) detected
18,165 Borrelia burgdorferi sequences, but no miRNAs of B. burgdorferi origin were predicted
by miRDeep2 analysis.

2.9. Prediction of Target Genes, Proteome Re-Annotation, Gene Ontology (GO), and KEGG
Enrichment Analyses

TargetSpy [44], MIRANDA [45], and PITA [46] were used in miRNAconsTarget from
sRNAtoolbox to predict genes regulated by tick salivary gland miRNAs up- or downreg-
ulated in the in silico analysis [47]. Targets common to all three programs were further
considered. In silico target prediction provided a high number of false positives, but
cross-species comparisons and combinatorial effects reduced this number [48]. Target
gene networks and KEGG pathways significantly enriched for target genes were extracted
using the STRING [49] output. PANNZER2 [50] was used to functionally re-annotate the
proteome of up- or downregulated genes (targets of detected miRNAs), and WEGO [51]
was used to analyze and plot gene ontology (GO) annotations.

3. Results and Discussion
3.1. Profile Characteristics of Small RNA Libraries

There were 216,292,174 raw small RNA reads from B. burgdorferi-infected salivary
glands and 212,542,697 from uninfected salivary glands. After adapter trimming and
removal of short reads (≤18 nucleotides (nt)), 133,465,828 small RNA reads were available
from B. burgdorferi-infected samples and 163,852,135 from uninfected samples for down-
stream analysis. The read length distribution shows the types of small RNAs present in
B. burgdorferi-infected and uninfected salivary gland samples. Two main peaks at 22 nt
(miRNAs/siRNAs) at 29 nt (piRNAs) were distinguishable in B. burgdorferi-infected and
uninfected samples (Figure 1A). There were ~5 × 107 and ~2.5 × 107 22 nt miRNA se-
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quences in uninfected and infected salivary gland samples, respectively. The read length
distribution in uninfected samples was comparable to infected samples.
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Figure 1. (A) Small RNA sequence length distribution in uninfected (clean) and Borrelia-burgdorferi-
infected Ixodes scapularis salivary glands. MicroRNAs are twenty-two (22) nucleotides in length.
Clean, uninfected salivary glands; infected, Borrelia-burgdorferi-infected salivary glands. (B) Summary
of the abundance of combined small RNA reads from Ixodes scapularis salivary glands matching
various small RNA categories. Reads from uninfected and Borrelia-burgdorferi-infected samples are
combined together for abundance calculation.

3.2. Other Small RNA Categories

A summary of reads matching various small RNA categories from B. burgdorferi-
infected and uninfected salivary glands is shown in Figure 1B. Other small RNAs include
signal recognition particle rRNAs, ncRNAs, protein-coding RNAs, snoRNAs, snRNA SRP
RNAs, and not-annotated small RNAs. Of the total small RNA reads from Ixodes scapularis
salivary glands, 12.3% were miRNAs, 2.2% rRNAs, 0.4% ncRNAs, 0.8% protein coding,
0.07% snoRNAs, 0.05% snRNAs, 0.04% SRP RNAs, and 84.3% reads were not annotated.

3.3. MicroRNA Profiling of Infected and Uninfected Salivary Glands and Identification of Novel
Tick miRNAs

Figure 2A shows the basic hairpin-loop structure of an miRNA and other parameters
(Dicer cut overhangs, total read count, mature read count, loop read count, total read count,
randfold score, and total score) used to determine whether a hairpin-loop-structured RNA
is an miRNA. Using miRDeep2, 254 miRNAs were predicted in the salivary gland libraries.
By adopting a conservative approach, miRNAs were categorized as high- (n = 25) and low-
confidence (n = 51) miRNAs (Figure 2B), based on standard criteria [39,40]. A conservative
approach was used to annotate predicted miRNAs obtained from miRDeep2 analysis. The
criteria utilized for annotating predicted miRNAs included: (1) a more significant number
of deep sequencing reads corresponding to the mature sequence, (2) one or more reads
matching to the star sequence, at least a few loop reads, (3) short 3′ duplex overhangs,
characteristic of Drosha/Dicer processing, and (4) conservation of 5′ end of the potential
mature sequence to a known mature sequence in the miRbase. The score boosts if the 5′
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end of the potential mature sequence is identical to a known mature sequence. A high-
confidence category will meet all the criteria mentioned above, whereas a low-confidence
category will not satisfy all the criteria by missing one or two points. Of 49 Ixodes scapularis
miRNAs present in miRBase, 41 were detected in our data. Of the 254 Ixodes scapularis
miRNAs, several had homologs present in D. melanogaster. The details of the identified
miRNAs and their miRDeep2 scores are presented in Supplementary Table S1.

Int. J. Mol. Sci. 2022, 23, 5565 6 of 16 
 

 

3.3. MicroRNA Profiling of Infected and Uninfected Salivary Glands and Identification of Novel 
Tick miRNAs 

Figure 2A shows the basic hairpin-loop structure of an miRNA and other parameters 
(Dicer cut overhangs, total read count, mature read count, loop read count, total read count, 
randfold score, and total score) used to determine whether a hairpin-loop-structured RNA 
is an miRNA. Using miRDeep2, 254 miRNAs were predicted in the salivary gland libraries. 
By adopting a conservative approach, miRNAs were categorized as high- (n = 25) and low-
confidence (n = 51) miRNAs (Figure 2B), based on standard criteria [39,40]. A conservative 
approach was used to annotate predicted miRNAs obtained from miRDeep2 analysis. The 
criteria utilized for annotating predicted miRNAs included: (1) a more significant number 
of deep sequencing reads corresponding to the mature sequence, (2) one or more reads 
matching to the star sequence, at least a few loop reads, (3) short 3′ duplex overhangs, char-
acteristic of Drosha/Dicer processing, and (4) conservation of 5′ end of the potential mature 
sequence to a known mature sequence in the miRbase. The score boosts if the 5′ end of the 
potential mature sequence is identical to a known mature sequence. A high-confidence cat-
egory will meet all the criteria mentioned above, whereas a low-confidence category will 
not satisfy all the criteria by missing one or two points. Of 49 Ixodes scapularis miRNAs pre-
sent in miRBase, 41 were detected in our data. Of the 254 Ixodes scapularis miRNAs, several 
had homologs present in D. melanogaster. The details of the identified miRNAs and their 
miRDeep2 scores are presented in Supplementary Table S1. 

 
Figure 2. (A) Basic stem-loop structures of predicted microRNAs. miRDeep2 was used to identify 
potential miRNA precursors based on nucleotide length, star sequence, stem-loop folding, and ho-
mology to the Ixodes scapularis reference genome. Shown are the predicted stem-loop structures (yel-
low), star (pink), and mature sequences of predicted miRNAs (red) in the salivary glands of Ixodes 
scapularis ticks. (B) Annotation of predicted miRNAs in partially fed uninfected (clean) and Borrelia-
burgdorferi-infected Ixodes scapularis salivary glands. Further, 254 microRNAs were predicted in in-
fected and uninfected salivary gland tissues, 25 were categorized as high confidence (n = 25) and 51 
as low confidence (n = 51) based on standard criteria and a conservative approach. Out of 49 Ixodes 
scapularis miRNAs available in miRbase (v22.1), 41 were detected in this study. 

3.4. In Silico DE Analysis of miRNAs in B. burgdorferi-Infected Salivary Glands 
In the DE analysis, 11 miRNAs were upregulated and 12 were downregulated in infected 

salivary glands compared with uninfected salivary glands (Figure 3; Table 1). Several of the 
identified tick miRNAs were conserved in D. melanogaster (dme-miR-375-3p, dme-miR-993-
5p, dme-miR-12-5p, dme-bantam-3p, dme-miR-100-5p, dme-miR-8-3p, and dme-miR-304-

Figure 2. (A) Basic stem-loop structures of predicted microRNAs. miRDeep2 was used to identify
potential miRNA precursors based on nucleotide length, star sequence, stem-loop folding, and
homology to the Ixodes scapularis reference genome. Shown are the predicted stem-loop structures
(yellow), star (pink), and mature sequences of predicted miRNAs (red) in the salivary glands of
Ixodes scapularis ticks. (B) Annotation of predicted miRNAs in partially fed uninfected (clean) and
Borrelia-burgdorferi-infected Ixodes scapularis salivary glands. Further, 254 microRNAs were predicted
in infected and uninfected salivary gland tissues, 25 were categorized as high confidence (n = 25) and
51 as low confidence (n = 51) based on standard criteria and a conservative approach. Out of 49 Ixodes
scapularis miRNAs available in miRbase (v22.1), 41 were detected in this study.

3.4. In Silico DE Analysis of miRNAs in B. burgdorferi-Infected Salivary Glands

In the DE analysis, 11 miRNAs were upregulated and 12 were downregulated in
infected salivary glands compared with uninfected salivary glands (Figure 3 and Table 1).
Several of the identified tick miRNAs were conserved in D. melanogaster (dme-miR-375-
3p, dme-miR-993-5p, dme-miR-12-5p, dme-bantam-3p, dme-miR-100-5p, dme-miR-8-
3p, and dme-miR-304-5p). miRNAs downregulated in B. burgdorferi-infected salivary
glands relative to uninfected salivary glands were isc-miR-153, isc-miR-1 and isc-miR-79,
nDS_002871802.1_376, nDS_002633080.1_31953, nDS_002549652.1_43448, nDS_002537755.1_
45711, nDS_002537755.1_45739, nDS_002861213.1_1750, nDS_002763926.1_14582, and
nDS_002548557.1_43749, while upregulated miRNAs were isc-miR-317, isc-miR5310, isc-
miR-2001, isc-miR-5307, isc-miR-71, isc-miR-87, nDS_002784743.1_12165, nDS_002664372.1_
28027, nDS_002716687.1_21278, nDS_002620414.1_33611, and nDS_002680650.1_26098.
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Table 1. In silico differential expression of Ixodes scapularis miRNAs in salivary glands after Borrelia
burgdorferi infection compared with uninfected salivary glands.

Differentially Expressed miRNA * Log2FC logCPM LR p-Value FDR

isc-miR-87 4.245604 11.83289 33.20241 8.30 × 10−9 4.65 × 10−8

nDS_002784743.1_12165 5.511035 11.48887 29.7299 4.97 × 10−8 1.55 × 10−7

isc-miR-71 5.226443 11.95849 48.94389 2.63 × 10−12 3.69 × 10−11

isc-miR-5307 2.570363 12.34313 24.71399 6.65 × 10−7 1.55 × 10−6

nDS_002664372.1_28027 5.362184 11.43227 26.80077 2.26 × 10−7 5.84 × 10−7

nDS_002716687.1_21278 5.511153 11.48887 29.72059 4.99 × 10−8 1.55 × 10−7

isc-miR-2001 3.146271 11.78845 19.75379 8.81 × 10−6 1.64 × 10−5

nDS_002620414.1_33611 5.361301 11.43227 26.76848 2.29 × 10−7 5.84 × 10−7

isc-miR-5310 5.009416 11.31195 20.86089 4.94 × 10−6 1.06 × 10−5

nDS_002680650.1_26098 1.567661 15.43032 103.3589 2.80 × 10−24 7.83 × 10−23

isc-miR-317 3.146271 11.78845 19.75379 8.81 × 10−6 1.64 × 10−5

nDS_002871802.1_376 −0.80359 15.73883 19.22785 1.16 × 10−5 1.91 × 10−5

nDS_002633080.1_31953 −4.7431 11.95812 10.11663 0.001469 0.001959
nDS_002549652.1_43448 −4.9974 12.11011 12.13051 0.000496 0.000731
nDS_002537755.1_45711 −6.34111 13.07343 30.24285 3.81 × 10−8 1.52 × 10−7

nDS_002537755.1_45739 −6.57147 13.2637 36.56262 1.48 × 10−9 1.03 × 10−8

isc-miR-79 dme-miR-9a-5p −5.35587 12.34273 15.64359 7.65 × 10−5 0.000119
isc-miR-1 dme-miR-1-3p −2.44072 12.67077 10.50794 0.001189 0.001664
nDS_002861213.1_1750 −0.80359 15.73883 19.22785 1.16 × 10−5 1.91 × 10−5

nDS_002763926.1_14582 −6.57147 13.2637 36.56262 1.48 × 10−9 1.03 × 10−8

nDS_002548557.1_43749 −6.34111 13.07343 30.24285 3.81 × 10−8 1.52 × 10−7

isc-miR-153 −4.15091 11.64621 6.563386 0.01041 0.013249

* miRNAs with a log2 fold-change expression > |1| and FDR ≤ 0.1 were considered significantly differentially
expressed. Values highlighted in red indicate significant upregulation and values highlighted in green indicate
significant downregulation.
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Figure 3. In silico differential expression of predicted miRNAs in Borrelia-burgdorferi-infected, partially
fed salivary glands relative to partially fed clean salivary glands. EdgeR was used for differential
expression analysis. As such, 12 predicted miRNAs were down-regulated, 11 were upregulated,
while 39 were unaffected. miRNAs with a log2 fold-change expression > |1| and FDR ≤ 0.1 were
considered significantly differentially expressed (see Table 1). Further, in Table 2, putative roles and
targets of these DE-conserved miRNAs are provided based on available studies in other arthropods.
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Table 2. List of differentially expressed microRNAs detected in Borrelia-burgdorferi-infected tick
salivary glands and their putative roles.

microRNA Role of Ortholog microRNA Target Genes Reference

isc-miR-153 Development, immune response [52]

isc-miR-1 Stress response, immunity, development,
facilitating infection HSP60, HSP70, GATA4 [53–56]

isc-miR-79 Innate immunity, differentiation, apoptosis
Roundabout protein 2 pathway (robo2),
DRAPER, HP2 (Hemolymph protease),

P38, pvr, puc
[57–62]

isc-miR-317
Negative influencer of Toll pathway, host

homeostatic response (targeting Gap junctions,
TRP channels), mitotic regulation, Fecundity

Dif-Rc, Thioredoxin peroxidase-2, STAT [62–66]

isc-miR-2001 Under extreme environmental conditions [67]

isc-miR-5307 Propagation of Powassan virus inside vero cells [68]

isc-miR-71 Stress response, development, facilitates
WSSV infection cap-1, riok1, Actin1, myD88, IML3 [62,69–72]

isc-miR-87 Pathogen survival (disruption of Toll and
IMD pathway)

Serine/Threnine Kinase, Toll 1A,
Putative TLR 5b, FADD [62,73,74]

isc-miR-5310 Pathogen survival by modulating signaling
pathways, Feeding behavior [75–81]

miR-2001 was upregulated in B. burgdorferi-infected salivary glands compared with
controls. miR-2001 is not present in the Drosophila genome but is an evolutionarily con-
served miRNA in ticks [81] It has previously been shown to play a role in host immunomod-
ulation, required for pathogen survival. miR-2001 has been detected in I. ricinus saliva [63]
and H. longicornis saliva extracellular vesicles (EVs) [82], along with several other miRNAs,
suggesting that EVs containing these miRNAs could be transferred to the host to modulate
host cellular functions to facilitate tick and pathogen survival [63,82]. EVs are involved in
the intercellular transfer of miRNAs, lipids, and proteins and the disposal of unnecessary
cell contents [82,83]. The discovery of EVs in the excretory-secretory products of ectopara-
sites suggests that EVs are probably taken up by host cells, deliver their cargoes to the host,
and favor immunomodulation, pathogen survival, and disease progression [84,85].

miR-1 was downregulated in B. burgdorferi-infected tick salivary glands compared
with uninfected salivary glands. miR-1 belongs to a family of miRNAs, including miR-
7 and miR-34 conserved across fruit flies, shrimps, and humans, where it modulates
similar pathways (development, apoptosis) and is upregulated during stress insults [53]. In
mosquitoes, miR-1 is upregulated during Plasmodium infection [54] and also facilitates West
Nile virus infection [55]. miR-1 has been shown to be generally upregulated in response to
infection, while we detected its downregulation in B. burgdorferi-infected SGs. In Listeria-
infected macrophages, miR-1 promotes IFN-γ-dependent activation of the innate immune
response [56].

Tick saliva and salivary gland extracts reduce IFN-γ and IL-2 production in T cells
and inhibit T cell proliferation [86,87], suggesting immune suppression, a possible survival
mechanism for tick pathogens. mir-79 was also downregulated in Borrelia-burgdorferi-
infected salivary glands, and has been shown to participate in immunity and other pro-
cesses, such as cellular differentiation, neurogenesis, and apoptosis. In Rhipicephalus haema-
physaloides, mir-79 was downregulated upon lipopolysaccharide (LPS) induction in female
and male ticks, suggesting a role in LPS-mediated stimulation in the innate immune re-
sponse [57]. The JNK pathway is an immune response pathway against Gram-negative
bacteria [58], and mir-79 is known to disrupt JNK signaling by targeting its component
genes, pvr (CG8222) and puc (CG7850) [59]. Our detection of the downregulation of mir-79
in B. burgdorferi-infected salivary glands is probably due to stimulation of the JNK pathway
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as a tick immune response against B. burgdorferi. Although B. burgdorferi is described
as an atypical Gram-negative bacterium due to its double membrane, it lacks classical
lipopolysaccharide (LPS). It also has a different cellular organization and membrane com-
position to other diderms [88]. However, surprisingly, in A. phagocytophilum (an intracellular
Gram-negative bacterial pathogen)-infected ticks, mir-79 was upregulated to facilitate in-
fection by targeting the Roundabout protein 2 pathway (Robo2) [60], suggesting different
roles for mir-79 in ticks when infected with different bacterial pathogens. Borrelia burgdorferi
(Bb) is extracellular and a Gram-negative bacterial pathogen, but A. phagocytophilum is a
well-known intracellular, Gram-negative bacterial pathogen. The status of B. burgdorferi as
extracellular pathogen is true only in ticks, its intracellular localization has been reported
in mammalian cells, including fibroblast, endothelial cells, neuron and even epithelial
cells [89–93]. Do the extracellular and pseudo-Gram-negative status of B. burgdorferi in ticks
make it a different bacterial pathogen than Gram negative or positive? More clarity of tick
immune response is required in case of B. burgdorferi infection.

In Drosophila [35], miR-317 negatively regulates Toll pathway signaling, and its
upregulation in B. burgdorferi-infected salivary glands may suggest a similar role to facilitate
B. burgdorferi survival inside tick salivary glands. In silico, miR-317 targets Dif-Rc, an
important transcription factor in the Toll pathway in Drosophila [64] and STAT in JAK-STAT
signaling in Manduca sexta [62]. An in silico study in I. ricinus suggested a combinatorial
effect of tick salivary miRNAs on host genes important for maintaining host homeostasis
and tick–host interactions, including miR-317 targeting gap junctions and TRP channels,
which play significant roles in host homeostatic responses [63]. miR-71 was upregulated in
B. burgdorferi-infected salivary glands, and its predicted targets include MyD88, which is
activated when ligands bind to the Toll-like receptor (TLR), interleukin 1 receptor (IL-1R), or
IFN-γR1 and trigger MyD88-mediated signaling and pro-inflammatory cytokine responses.
Another miR-71 target is IML3, an arthropod immunolectin that recognizes LPS on Gram-
negative bacteria as a part of arthropod immune defenses. Immunolectins are also predicted
targets of miR-87, -276, -9a, and -71 [62]. We hypothesize that miR-71 disrupts tick immune
pathways and protects B. burgdorferi in the salivary gland. It has also been shown to
prolong the life and regulate stress responses in nematodes, being upregulated in the Dauer
larval stage, when food or other life-sustaining resources are scarce [69].

miR-87 was upregulated in B. burgdorferi-infected salivary glands. Previous studies in
other arthropods, such as Manduca sexta and Aedes albopictus, suggested a role in disrupting
innate immunity, particularly via IMD and Toll signaling pathways [62,73,74]. In Aedes
albopictus, miR-87’s predicted targets are Toll pathway signaling Ser/Thr kinase, Toll-
like receptor Toll1A, class A scavenger receptor with Ser-protease domain, galectin [74],
and TLR5b [73], while in Manduca sexta, its predicted target is FADD, an adaptor protein
involved in DISC formation [62]. Our in silico data also showed upregulation of miR-5310 in
B. burgdorferi-infected salivary glands. miR-5310 is a tick-specific miRNA [81], and a recent
study demonstrated its downregulation in Anaplasma-phagocytophilum-infected nymphs
compared with unfed uninfected nymphs [75]. Previous studies have also indicated
modulation of signaling events via miR-5310 upon A. phagocytophilum infection [75–80]. In
B. burgdorferi infection, we speculate that it might modulate signaling events and protect B.
burgdorferi in the tick salivary glands. miR-5310 might also be involved in tick feeding, as
it was found to be downregulated in Rhipicephalus microplus tick larvae upon exposure to
host odor but not being allowed to feed [81].

3.5. Prediction of Target Genes and Gene Ontology (GO) and Functional Enrichment Analyses of
the Target Network

Target proteins were used to build a high-confidence interaction network (interaction
scores >0.9). STRING web analysis (Figure 4) showed that the target proteins of 23 DE
miRNAs (11 upregulated and 12 downregulated) had similar interactions to those ex-
pected for a random set of proteins of similar size sampled from the I. scapularis genome
(nodes = 687, edges = 79, average node degree = 0.23, average local clustering coefficient
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= 0.0966, expected number of edges = 77, PPI enrichment p-value = 0.411). This does not
necessarily mean that these selected proteins are not biologically meaningful, rather that
these tick proteins may not be very well studied and their interactions might not yet be
known to STRING.
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degradation (EEC10220.1, KEGG:R04188); lipid transport and metabolism (EEC02614.1, 

Figure 4. A network built exclusively from Ixodes scapularis proteins targeted by in silico differentially
expressed miRNAs in Borrelia-burgdorferi-infected, partially fed salivary glands relative to partially fed
clean salivary glands. Red boxes indicates the proteins involved in significant KEGG pathways such
as sphingolipid metabolism (EEC07251.1, KEGG:R02541); valine, leucine, and isoleucine degradation
(EEC10220.1, KEGG:R04188); lipid transport and metabolism (EEC02614.1, KEGG:R01178); exo-
some biogenesis and secretion (EEC07251.1, EEC17749.1, KEGG:R02541); and phosphate-containing
compound metabolic process (EEC02290.1, KEGG:R00004).

Many target genes were identified for the DE miRNAs using the sRNAtoolbox miR-
NAconsTarget program [47]. To minimize false-positive targets, we chose only those targets
predicted by all three miRNA target-prediction algorithms (TargetSpy, MIRANDA, and
PITA). Forty-one KEGG pathways were enriched for target genes (proteins) of DE miRNAs
(Supplementary Table S2) and included sphingolipid metabolism; valine, leucine, and
isoleucine degradation; lipid transport and metabolism; exosome biogenesis and secretion;
and phosphate-containing compound metabolic processes (Figure 4). Gene ontology (GO)
analysis indicated that most target genes of DE miRNAs play significant roles in cellu-
lar processes, metabolic processes, biological regulation, developmental processes, and
responses to stimuli (Figure 5). Surprisingly, immune response genes were one of the least
affected functions.

Lipid metabolism was one of the main KEGG pathways detected by Pannzer and
STRING analyses and was predicted to be regulated by tick salivary gland miRNAs
miR-1, miR-5310, miR-71, and miR-79. It has previously been shown that the binding
of B. burgdorferi to host glycosphingolipid can contribute to tissue-specific adhesion of
B. burgdorferi, and the inflammatory process in Lyme borreliosis might be affected by
interactions between B. burgdorferi and glycosphingolipid [94]. Therefore, we hypothesize
that tick miRNAs (via saliva) promote sphingolipid synthesis inside hosts to promote
Borrelia adhesion, and indeed, there is evidence that its infection affects lipid metabolism in
hosts [95].
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Figure 5. Gene ontology (GO)-derived biological processes related to genes targeted by differentially
expressed miRNAs in partially fed B. burgdorferi-infected salivary glands relative to partially fed
uninfected salivary glands from Ixodes scapularis ticks.

3.6. Validation of DE miRNAs by qRT-PCR

The expressions of DE miRNAs were validated in B. burgdorferi-infected and un-
infected ISE6 cells by qRT-PCR (Figure 6 and Supplementary Table S3), which closely
mirrored the RNA-seq data for many targets, although some differences were not statisti-
cally significant by qRT-PCR and isc-miR-317 was downregulated rather than upregulated.
These differences could be due to the use of different methodologies to quantify miRNA
expression [10].
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Figure 6. qRT-PCR validation of differentially expressed miRNAs detected in Borrelia-burgdorferi-infected,
partially fed salivary glands relative to partially fed uninfected salivary glands from Ixodes scapularis
ticks. qPCR validation was performed in Borrelia-burgdorferi-infected and clean ISE6 cells. Expression
of miRNAs was normalized to clean ISE6 cells (indicated as 1 on the y-axis). Statistical significance for
qRT-PCR-based differential expression was determined by the 2-tailed Student’s t-test, where * is p < 0.05.
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4. Conclusions

This is the first comprehensive miRNA profiling study of Ixodes scapularis salivary
glands, with and without Borrelia burgdorferi infection. Here, we identified several potential
miRNAs targets in tick salivary glands which might play a significant role in Borrelia colo-
nization, survival, transmission, and host immunomodulation. Functional validation of
these miRNAs is now required. Further characterization of tick salivary gland miRNAs
would contribute to a better understanding of the mechanisms underpinning Borrelia trans-
mission and propagation inside hosts, not least due to its special status as an extracellular
spirochaete and atypical Gram-negative organism that might exploit different survival
mechanisms. The impact of B. burgdorferi on miRNA expression must also be studied
in other tick tissues and hosts to understand cues of its vector competence in ticks and
immunomodulation in vertebrates.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Hard ticks feed for several days or weeks on their hosts and their saliva contains thousands
of polypeptides belonging to dozens of families, as identified by salivary transcriptomes. Comparison
of the coding sequences to protein databases helps to identify putative secreted proteins and their
potential functions, directing and focusing future studies, usually done with recombinant proteins
that are tested in different bioassays. However, many families of putative secreted peptides have
a unique character, not providing significant matches to known sequences. The availability of the
Alphafold2 program, which provides in silico predictions of the 3D polypeptide structure, coupled
with the Dali program which uses the atomic coordinates of a structural model to search the Protein
Data Bank (PDB) allows another layer of investigation to annotate and ascribe a functional role to
proteins having so far being characterized as “unique”. In this study, we analyzed the classification
of tick salivary proteins under the light of the Alphafold2/Dali programs, detecting novel protein
families and gaining new insights relating the structure and function of tick salivary proteins.

Keywords: medical entomology; tick; salivary glands; structure; classification

1. Introduction

The saliva of bloodsucking animals contains a vast array of compounds that inhibit
their hosts’ hemostasis (which consists of platelet or thrombocyte aggregation, blood clot-
ting and vasoconstriction) and can also have immunomodulatory properties and counteract
their hosts’ tissue repair mechanisms [1]. Hard ticks feed for several days or weeks on their
hosts and their saliva contains thousands of polypeptides belonging to dozens of families,
as identified by salivary transcriptomes [2]. Bioinformatic methods help to catalog these
families, after identification of signal peptides indicative of secretion [3], identification of
transmembrane domains [4] help to exclude transcripts that might code for proteins with a
signal peptide domain, but the product may be a membrane protein having extracellular
domains. Comparison of the coding sequences to protein databases through the blastp
tool, or to motif databases using the rpsblast tool against the Conserved Domains Database
(CDD), Pfam, Smart and Kog databases helps to identify putative secreted proteins and their
potential functions, directing and focusing future studies, usually done with recombinant
proteins that are tested in different bioassays. However, many families of putative secreted
peptides have a unique character, not providing significant matches to known sequences.
Recently, a database named TickSialoFam (TSFam) classified tick salivary proteins based on
psiblast-generated position-specific scoring matrices (PSSM) [5], listing 136 groups of tick
salivary proteins, from which only 24 had at least one member biochemically characterized.
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Of these 136 groups, 63 are tick specific, or “unique” as indicated by their primary structure
having no significant matches to known proteins.

The availability in 2021 of the Alphafold2 program [6], which provides in silico
predictions of the 3D polypeptide structure, coupled with the Dali program [7], which uses
the atomic coordinates of a structural model to search the Protein Data Bank (PDB) [8]
allowing another layer of investigation to annotate and ascribe a functional role to proteins
having so far being characterized as “unique”. In this study, we analyzed the TSFam
database classification under the light of the Alphafold2/Dali programs, having made
changes in the names and putative function of 15 protein families, and updating the TSFam
database to a 2.0 version.

2. Results

The Alphafold2/Dali analysis of the tick salivary proteins allowed for changes in
our previous classification of these proteins as proposed in the TickSialoFam database [5].
New protein groups were created, such as metalloproteoid, while some protein groups
of unknown function or structure were incorporated into previously known groups, and
the predicted structures of formerly known groups are here described, together with
evolutionary considerations.

2.1. The Metalloproteoid Group
2.1.1. The 28 kDa Protein Family—Changed to New Group Metalloproteoid, Metastriate

The AlphaFold2-Dali (AF-Dali) pipeline identified 58 sequences of the TSFam protein
family named “28 kDa”, which appears exclusively in the Metastriata, as producing signifi-
cant matches (Z values ranging from 7.4 to 14.8) to zinc metalloproteases (spreadsheet S1).
Alignment of 28 kDa sequences with their Dali matching metalloproteases, mostly from
snake venom, indicate only 2.5% identity and 16.7% similarity (Figure S1). Notice that the
zinc-binding histidine motif HEXXHXXGXXH (shown by a rectangle on Figure S1) required
for enzymatic activity by the metalloproteases [9] is absent in the tick proteins. Even so,
the predicted tertiary structure of the tick proteins matches well with all the beta sheets
and most of the alpha helices of the metalloproteases (Figure 1 and movie on Figure S2).
We thus rename the 28 kDa family as the Metalloproteoid family, subfamily 28 kDa. The
substrate specificity of snake metalloproteases covers a wide range, including coagulation
factors, platelet membrane receptors or von Willebrand factor [10]. It is possible that tick
metalloproteoids function by binding to specific host proteins without hydrolyzing them,
but possibly inhibiting their function, thus acting as kratagonists.

2.1.2. Amb-25-357 Changed to Metalloproteoid, Amblyomma Koch, 1844 (Acari: Ixodidae)

The Alphafold2 predictions of the “unknown” protein family restricted to the Am-
blyomma named Amb-25-357 were matched, with Z values above 14, to metalloproteases
(Spreadsheet S1 and Figure S3). Similar to the 28 kDa family above, the alignment of mem-
bers of this family with metalloproteases shows the absence of the histidine rich domain
indicative of zinc ion binding. This family is thus reclassified to the Metalloproteoid group,
subgroup Amblyomma.

2.1.3. Lipocalin P32 Antigen and Lipocalin, 26 kDa_a—Changed to Metalloproteoid,
Subfamilies P32 and 26 kDa_a

The TSFam 1.0 group Lipocalins, sub-groups P32 antigen and 26 kDa_a revealed by
the AF-Dali pipeline to be members of the Metalloproteoid group as their AF structure
predictions matches metalloproteases with Z values ranging from 10 to 15 for the proteins
having MW larger than 17 kDa. All sequences from these groups originated from the Ixodes
Latreille, 1795 genus.
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Figure 1. Metalloproteoid JAA55829.1 predicted Alphafold structure (Brown color) superimposed to
the metalloprotease leucurolysin-a (PDB 4q1l-A) (Blue color).

2.2. Reevaluation of the Metalloprotease Family

Having discovered the Metalloproteoid family (see above), we decided to reanalyze
the Metalloprotease family identified by the TSFam1.0 database, in particular to certify
whether each sequence had the Zn binding domain. We thus searched the motif H-E-x(2)-
H-x(2)-G-x(2)-H using the tool ps_scan.pl [11] and discovered that the TSFam1.0 PSMM
models 30-49, 30-561, 30-93, 35-121, 35-167, 35-414, 35-415, 35-768, 35-77 and 50-341 were
identifying Metalloproteoid sequences. Figure S4 displays three tick protein sequences
previously classified as metalloproteases aligned to three snake metalloproteases. Notice
the lack of the Zn binding domain on the tick proteins, now classified as members of the
Metalloproteoid family.

2.3. New Lipocalin Acquisitions
Hyp 94 Protein Family—Changed to Lipocalin, Hyp94

The Hyp 94 protein family, which appears exclusive to the genus Amblyomma, showed
Dali similarities of AF-predicted structures to tick lipocalin proteins named Jacalin and
female-specific histamine binding protein [12,13] with Z values ranging from 12 to 15.
Thus, it is being reclassified within the Lipocalin group, subgroup Hyp 94. A 3D structure
comparison is shown in Figure S5.

2.4. New Niemann-Pick Acquisitions
2.4.1. Group 17.7 kDa—Changed to Niemann-Pick, Argasidae

This family of proteins, apparently exclusive to soft ticks, presents AF-Dali similarities
with Z values above 12 to Niemann-Pick proteins [14] having a ML domain [15] and
accordingly its group is added to the previously existing group “Niemann Pick” forming a
new subgroup “argasidae”. These proteins recognize lipids, including pathogen motifs.
If secreted in tick saliva they may act as kratagonists. It is interesting that the primary
sequence of these proteins does not provide for matches to the pfam02221, E1_DerP2_DerF2,
ML domain when searched with the rpsblast tool. However, there is a striking match of the
3D structure between the 17.7 kDa family members and the crystal structure of canonical
ML domain containing proteins (movie on Figure S6).

37



Int. J. Mol. Sci. 2022, 23, 15613

2.4.2. Lipocalin Metastriate—Changed to Niemann-Pick, Metastriate

Similar to the 17.7 kDa group, the Lipocalin Metastriate subgroup was transferred to
the Niemann-Pick group.

2.4.3. Cytotoxin Sequences Changed to Niemann-Pick, Der f 7 Antigen and
Sulfotransferase Groups

The TSFam1.0 database identified 137 sequences as belonging to the Cytotoxin group.
Following AF-DALI results, 94 of these sequences matched the Der f 7 antigen and 32
matched bacterial toxin-like proteins. Two proteins matched protein tyrosine sulfotrans-
ferases and 9 did not provide significant structural matches. The two sequences matching
sulfotransferases matched by blastp sequences annotated as sulfotransferases had CDD
matches to sulfotransferases, and accordingly they were wrongly included in the TSFam Cy-
totoxin group. The description of the 2 families that were newly identified as characterized
by the AF-Dali pipeline follow below.

2.5. Cytotoxin

The AF-DALI pipeline identified 32 sequences from ticks of the genus Ixodes that
matched, with Z values ranging from 10 to 16, bacterial proteins with pdb accessions 2d42-
A (NON-TOXIC CRYSTAL PROTEIN), 4rhz-A (CRY23AA1), 3zjx-A (EPSILON-TOXIN),
2ztb-B (CRYSTAL PROTEIN),7ml9-A (INSECTICIDAL PROTEIN), 6lh8-A (AEROLYSIN-
LIKE PROTEIN) and 1w3a-A (HEMOLYTIC LECTIN LSLA). These proteins are related to
bacterial pore-forming proteins. The presence of these proteins in ticks suggest they were
acquired by horizontal transfer, as was the case of the DAE antimicrobial proteins. Figure
S7A shows the AF predicted structure for Ixodes ricinus (Linnaeus, 1758) JAB71021.1. and
in 7B shows the comparison of JAB71021.1 with the dimeric bacterial protein PDB:2d42.
Similarly, the DAP-36 protein identified as a Dermacentor andersoni Stiles, 1908 immunosup-
pressive protein [16] matched bacterial toxins. Accordingly, its classification changed from
Group DAP-36 to Group Cytotoxin, subgroup DAP-36.

2.6. Der f 7 Allergen/JHBP

Protein sequences from both prostriate and metastriate ticks were found matching the
structure of Der f 7 allergen with Z scores above 10, and also matching, usually with smaller
Z scores, structures annotated as Juvenile Hormone Binding Proteins (JHBP) (Figure S8).
The former group Mys-30-94 was identified as a member of the Der f 7 allergen, as were
the former group OneOfEach, which were reclassified accordingly. The Der f7 antigen is
an allergenic protein derived from the mite Dermatophagoides farina Hughes, 1961 (Acari:
Pyroglyphidae). While the function of Der f 7 allergen is unknown, JHBP are well known
carriers of the lipidic juvenile hormone found in arthropods. It is possible this family acts
as lipid kratagonists.

2.7. Additional Changes

Following AF-DALI analysis, the following TSFam motifs were changed as indicated
below:

40-800, Evasin→ changed to Kunitz
40-584, Evasin→ changed to acid tail
35-53, Kunitz→ changed to Lipocalin
Rapp-25-325→ changed to cystatin
25-159 Cytochrome_P450→ changed to Cytochrome_B2

2.8. The Search for Salivary Disintegrins

Disintegrin was the name given to soluble snake venom toxins consisting of peptides
varying in length from 49-84 amino acids which were able to prevent platelet aggregation by
inhibiting the cross-linking of activated platelets by fibrinogen, which binds to the platelet
integrin αIIbβ3 (fibrinogen receptor) [17]. These inhibitors contain an amino acid triad
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(usually KGD or RGD) flanked, a few amino acids up or down the triad, by cysteines that
form a bridge and stabilizes the hairpin structure. The environment around the disintegrin
loop has an important role in the curvature and flexibility of this loop, determining the
integrin specificity: some RGD disintegrins do interact with α3β1, α6β1, and α7β1 thus
interfering with laminin-based cell adhesion while the RGD in jarastatin targets αMß2
in neutrophils. KTS and RTS disintegrins, on the other hand, are selective inhibitors of
the α1β1 integrin, a receptor for collagen IV. Later it was shown that snake disintegrins
were derived from limited proteolysis of proteases of the ADAM (A Disintegrin And
Metalloprotease) and ADAMTS (A Disintegrin And Metalloprotease with Thrombospondin
motifs), which are widely found in both invertebrates and vertebrates [9,10,18–20].

Saliva of ticks contain disintegrins inhibiting platelet aggregation [21], as well in-
hibitors of neutrophil aggregation, which were identified by their similarity to ADAMTS
metalloproteases [22]. Saliva of sand flies also contain a typical disintegrin [23]. Interest-
ingly, saliva of a horse fly contains a protein named Tablysin-15 which is a member of
the widespread antigen 5 family [24] that, however, acquired an RGD domain resulting
in a high affinity binding for platelet αIIbβ3 and endothelial cell αVβ3, but not for α5β1
or α2β1 integrins [25] thus showing that the disintegrin function can be found in non-
canonical protein families. To predict a disintegrin function on a protein it is important
that the disintegrin triad is shown as a hairpin protruding from the remaining protein
backbone. We thus used ps_scan to scan our tick salivary protein database (Spreadsheet
S1) against a disintegrin motifs database (Supplementary File S1), resulting in 804 of the
15,797 sequences, or 5%, displaying at least one disintegrin motif. These results are mapped
to column AM of Spreadsheet S1. After searching for the hallmark loop on 100 of these
804 candidate sequences, we found 18 that were strong candidates for further testing of
disintegrin activity, eight of which are shown in Figure S9, belonging to different tick
salivary families. A complete description of all the predicted disintegrin sequences is out
of the scope of this work.

2.9. Secreted cyP450 Enzymes

Cytochrome P450 enzymes are ubiquitous heme-containing proteins that catalyze
oxidative reactions in steroids, fatty acids, prostaglandins, leukotrienes, biogenic amines,
pheromones and plant metabolites [26]. In eukaryotes these enzymes are mostly found
bound to membranes. However, we found many tick proteins from salivary transcriptomes
that present a clear signal peptide indicative of secretion, no transmembrane domains
(outside the signal peptide) or GPI anchors. Because most reactions catalyzed by p450
enzymes involves the oxidative transfer of electrons from the porphyrinic iron to the
substrate, a mechanism to regenerate the reduced iron is needed, and this task is associated
with the p450 reductase or cytochrome b5 enzymes, which rely on cellular reserves of
NADPH. This poses a problem for extracellular p450 enzymes, as they would not be
able to access their iron reducing partners [2]. However, p450 enzymes can participate in
peroxidase reactions. For example, prostaglandin H2 is converted to thromboxane and
prostacyclin by two P450s [27,28]. These unusual P450 reactions do not need electrons or
O2 [29].

The alignment of tick salivary secreted proteins of the p450 family with match-
ing sequences from the PDB database produces the phylogenetic tree depicted in Fig-
ure S10, which shows several clusters of sequences, including the large cluster I. The
ClustalX alignment of cluster I (Supplementary Figure S11A,B) shows the conserved motif
FxxGx(H/R)xCxG associated with the prosthetic heme group (marked by the pink amino
acids in Figure S11B). The absolutely conserved cysteine is the proximal ligand to the heme
iron. This sulfur is the origin of the characteristic name-giving 450 nm Soret absorbance
observed [30]. An additional conserved motif, [AG]-G-x-[ED]-T (indicated by green amino
acids in Figure S11B), contains the highly conserved threonine preceded by an acidic residue
which is positioned in the active site and believed to be involved in catalysis [30].
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To the extent that these peptides coding for P450 enzymes are secreted in saliva, they
may function to convert platelet derived PGH2 to prostacyclin or PGE2, which are inhibitors
of platelet aggregation and vasodilators, or they can act solely as kratagonists of lipidic
agonists of hemostasis. These possibilities remain untested.

2.10. The Salp15/Ixostatin Group

Ixostatin was the name given to a group of cysteine-rich protein sequences found in
the sialotranscriptome of Ixodes pacificus Cooley and Kohls, 1943 [31] displaying remark-
able similarities to the cysteine-rich domain of ADAMST-4 (aggrecanase). Due to their
similarities to these domains, they could be involved in disruption of platelet aggregation
or neutrophil function, cell–matrix interactions, or inhibition of angiogenesis [31]. A few
proteins of this group were characterized functionally. Two recombinant proteins from
Ixodes scapularis Say, 1821 of the Ixostatin group, namely ISL929 (CAX36743.1) and ISL1373
(CAX36742.1), were shown to reduce expression of β2 integrins and impair adherence
of polymorphonuclear leukocytes [22]. The ixostatin protein from I. scapularis named
Salp15 (AAK97817.1) was shown to inhibit CD4+ T cell activation. Repression of calcium
fluxes triggered by TCR ligation resulted in lower production of interleukin 2. Salp15 also
inhibited the development of CD4+ T cell-mediated immune responses in vivo [32].

Psiblast search of the NR database starting with members of this group, for example,
CAX36743.1, finds only tick sequences in the initial blastp, but in subsequent iterations it
identifies metalloproteases from insects, without converging to a unique group of sequences.
Using more limited psiblast parameters (-j 2 and -h 1e-15) when starting the search with
typical members of the group, we created 41 models that identified 632 sequences as
belonging to the Salp15/Ixostatin group, out of a total of 15,796 sequences. The vast
majority are found in the Ixodes genus, but a few sequences are also found in metastriate
ticks. No member of this group was found in the Argasidae. Alignment and phylogenetic
analysis of selected 197 protein sequences of the Salp15/Ixostatin group shows a shallow
distribution of branches, most with low bootstrap support (Figure S12). This is indicative
of a scenario of fast evolution with possible events of recombination. The genes coding for
these proteins have been proposed to be evolving under positive selection pressure [33].
Alignment of 73 sequences most similar to Salp15 (AAK97817.1), all from the Ixodes genus
(Figure S13), shows seven conserved cysteines within 19% identities in 109 sites of the
mature proteins. Alphafold2 predictions for 80 peptide sequences of the Salp15 family
containing seven cysteines shows, on the monomeric prediction mode, three disulfide bonds
with the structure |C:1 C:3 |C:2 C:5 |C:4 C:6| (Figure S14). The most carboxyterminal
cysteine remains in the reduced state. The NMR structure of a monomeric Salp15 has been
recently published [34] and compared to the Alphafold2 prediction. The authors concluded
that “the global fold of Salp15 likely consists of a disordered N-terminal region and a
globular domain with an α-helix, a ß-sheet, and regions with non-regular structure. Only
C135, the C-terminal residue, is reduced, according to its 13C chemical shifts”. Perhaps the
free carboxyterminal cysteine could be joined with another in a dimer structure. Submission
of these sequences to Alphafold2 in dimer and tetramer mode failed to recover multimers.
The disordered N terminal region may impair folding predictions.

Alignment of 43 sequences most similar to Ixostatins ISL929 (CAX36743.1) and ISL1373
(CAX36742.1) reveals 8 conserved cysteines (Figure S15). Alphafold2 structure predictions
in the monomeric mode indicate that six of the cysteines are involved in disulfide bonds as
A:2 A:4 |A:3 A:6 |A:5 A:7 (Figure S16A), with the first and last cysteines remaining in the
reduced state. However, dimer predictions (Figure S16B) assign these residues to be linked
as A:1|B:8 and A:8|B:1 in 38 of these 43 sequences, suggesting that a dimer conformation
is more probable in this subgroup of the Salp15/Ixostatin group.

The most cys rich subgroup of the Salp15/Ixostatin group, named 20-Cys has 20 or
21 cysteines (Alignment on Figure S17). The Alphafold2 predictions (Figure S18 and
spreadsheet S1) indicates the 20 cysteines to be connected as |A:1 A:3 |A:2 A:5 |A:4 A:15
|A:6 A:8 |A:7 A:10 |A:9 A:20 |A:11 A:13 |A:12 A:17 |A:14 A:16 |A:18 A:19. Within the
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sequences containing 21 cysteines, the most carboxy terminal cysteine remains reduced.
Alphafold2 predictions in the multimer mode do not predict these unpaired cysteines to be
involved in disulfide bridges.

2.11. The 10 k Da-WC Group

The 10 kDa-WC family is a large secretory family thus far restricted to the genus
Ixodes [35]. It is named based on the WC motif found in the C-terminal end of the protein.
PSI-BLAST analysis of the non-redundant database retrieves 107 sequences after an exhaus-
tive search, while the current supplemental spreadsheet S1 contains 353 proteins annotated
for this family. At sequence level, the family is characterized by 7 conserved cysteines
(although this may vary for individual family members) (Figure S19). Not all members pos-
sess the WC motif as can be seen for some sequences. The sequences in the alignment show
27–88% sequence similarity (median 40%). However, a stable compact fold is predicted for
all sequences composed of N- and C-terminal interacting alpha-helices packed against a
central three-stranded anti-parallel beta-sheet (Figure S21). All modelled structures show
3 intact disulfide bonds with a disulfide bond pattern of C1–C6, C2–C4, C3–C5 (Figure S20).
Interestingly, the cysteine involved in the WC motif sits at the C-terminal end and does not
have a disulfide bond partner. Its solvent exposure suggests that this cysteine is reactive
and would either form dimers with itself or other members of this family or other proteins.
A homodimer model predicted by AlphaFold2 result in disulfide bond formation between
the respective C7 cysteines with stacking of the tryptophans, suggesting that this may
indeed be the natural quaternary conformation of family members that possess the WC
motif. The dimer is formed by a two- fold rotation of the alpha helices to form a cleft
that may be involved in binding host target proteins or even ligands (Figure S21). The
possibility also exists that family members may form heterodimers thereby increasing the
potential functional repertoire of this family. Structural alignment of the different monomer
models indicates RMSD values that range from 0.59–1.97 Å ± 0.34 Å for alignment of the
secondary structure elements. The Dali search algorithm found for the best hit a Z-score of
4.3 and RMSD of 2.6 Å over 90% of the sequence alignment. This match is for a domain
of unknown function (DUF2470) found in glutamyl-tRNA reductase binding protein and
heme utilization gene Z (HugZ), both belonging to the Heme-binding protein family found
in bacteria [36,37]. DUF2470 is involved in binding to glutamyl-tRNA reductase and par-
tially shields the heme-binding pocket for the heme-binding proteins. Potential functions
for this family in ticks may include anti-microbial activity by targeting heme-degradation
by bacterial heme oxygenases [38]. The binding cleft formed by the dimers may also be
functional in a range of other binding activities.

2.12. The 5.3 kDa Family

The 5.3 kDa family is restricted to hard ticks with extensive expansions in the genus
Ixodes [38]. An exhaustive PSI-BLAST search of the non-redundant database retrieves 35
sequences that all belong to I. scapularis or I. ricinus. The current supplemental spreadsheet
S1 report 137 sequences. The family is characterized by 6 conserved cysteine residues
with some members having an additional pair or single N-terminal cysteine (Figure S22).
Sequence similarity for the presented family members ranges from 11–89% (median 33%).
AlphaFold2 predicts a triple-stranded anti-parallel beta-sheet with a cystine knot formed
by two of the disulfide bonds (Figure S23). Structural alignment of the different monomer
models indicates RMSD values that range from 0.41–2.25 Å ± 0.42 Å for alignment of the
secondary structure elements. The disulfide bond structure is the same as other cystine
knot family members namely, C1–C4, C2–C5, C3–C6 [39], with some members exhibiting
an additional disulfide bond (Figure S22). Recently, holocyclotoxin was shown to exhibit
the cystine knot fold [40] and previously the relationship between the 5.3 kDa and holo-
cyclotoxin was noted [2,35]. Expanding on this, the assignment of the 5.3 kDa family to
the cysteine knot fold and their conserved disulfide bond pattern was also confirmed [41].
Potential functions for the 5.3 kDa family may be anti-microbial [42] or targeting of ion
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channels [43]. Of interest is the high structural similarity found with a potato carboxypepti-
dase inhibitor that also present a knottin fold [44] that gives a RMSD of 1.15 Å. There is
therefore a possibility that the 5.3 kDa family may also perform this function.

2.13. Seven-Disulfide Bond Family (7 DB)

The seven-disulfide bond family is to date unique to soft ticks and was first described
in Argas monolakensis Schwan, Corwin & Brown, 1992 (Acari: Argasidae), Ornithodoros
coriaceus Koch 1844 and Ornithodoros parkeri Cooley, 1936 [45–47]. PSI-BLAST analysis of the
non-redundant database retrieves 2000 proteins after 8 iterations that span all Kingdoms
of Life except for Arthropods, indicating that the 7 DB members may belong to a large
and extensive protein family. It also suggests that this family may have been acquired via
horizontal gene transfer, probably from a vertebrate host. The current database contains
7 members.

It was previously suggested that the 7 DB family is composed of two BTSP do-
mains [47]. Alphafold2 modeling indicates, however, that the 7 DB-family shows an
integrated fold where the two BTSP-like domains are not independent entities but are
formed by the integration of the various beta-sheets to form a globular domain that cannot
be differentiated into sub-domains (Figure S24). The structure starts with a two-stranded
anti-parallel beta-sheet as the BTSP domain, but while the first strand of the second three-
stranded anti-parallel beta-sheet follows from the first beta-sheet, it does not turn back
on itself to complete the beta-sheet but moves into a new three-stranded beta-sheet. The
second beta strand of this sheet leaves the sheet to form an alpha helix that connects a
new two-stranded antiparallel beta-sheet, which moves to a beta-strand that completes
the previous three-stranded beta-sheet. The alpha chain then moves back to the “first”
domain to form two anti-parallel beta-sheets that stack against the first beta-strand to form
the three-stranded anti-parallel beta-sheet of the “first domain”. Pairwise structural com-
parison of the members shows RMSD values from 0.66 Å −1.7 Å + −0.27 Å. As expected,
the disulfide bond structure also presents an inter-mixing of disulfide bonds between the
domains giving the pattern: C1–C5, C2–C4, C3–C13, C6–C14, C7–C10, C8–C12, C9–C11
(Figure S25).

Remarkably, the BTSP Barium sulphate adsorption protein1 (BSAP1) can be struc-
turally fitted to the “first BTSP domain” with an RMSD value of 0.91 Å and to the “second
domain” with an RMSD value of 1.57 Å (Figure S24). However, fitting to the “second
domain” is in reverse order, with the three-stranded beta-sheet from the second domain
preceding the two-stranded beta-sheet. This intermixing of domains also results in a disul-
fide bond pattern that is different from that of the BTSP fold. Conserved disulfide bonds in
“domain 1“include C1–C5, C2–C4 and in “domain 2” C7–C10, C8–C12, C9–C11. The last
two conserved disulfide bonds are inter-domain and include C3–C13 and C6–C14.

Structural comparison using the DALI server indicates similarity to Evasin-1 (Z-
scores: 3.1–4.5 and RMSD 1.5 Å −2.2 Å) and Evasin-4 (Z-scores: 2.5–3.8 and RMSD 3.3 Å
−4.6 Å). Evasin-1 and Evasin-4 have been shown to be evolutionary related [48]. Pairwise
comparison of Evasin-1 to the 7 DB family indicates a fit of 1.51 Å to the “first domain” and
0.82 Å to the “second domain” (Figure S26). The fit to the first domain is only for some
of the beta-sheets while the overall fit to the second domain is better. It is clear that an
evolutionary relationship exists between all of these families, related to their beta-sheet
structure (Figure S27). The first domain of the 7 DB fold seems to be closer related to
the BTSP family and the second domain to the evasins. In the case of the 7 DB family,
strand switching between the domains may have resulted in a more overall stable structure.
Strand switching is not common in protein structures but has been observed at least once
in blood-feeding bugs, where triabin, a lipocalin, have a switched beta-stranded barrel
that does not conform to the canonical continuous eight stranded anti-parallel beta barrel
characteristic of the lipocalin family A-H, but presents the order ACBDEFGH [49]. To date,
no function has been associated with the 7 DB fold.
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2.14. Basic Tail Secretory Family (BTSP)

The basic tail secretory proteins were first described from I. pacificus and I. scapularis
as a family of small disulfide-rich proteins [31,35]. Since then, BTSP members have been
found in all tick salivary gland transcriptomes sequenced to date and are one of the most
abundant secretory protein families [47]. Recently, the structure of BSAP1, a member of the
BTSP, was determined using NMR and shown to consist of an N-terminal two-stranded
and a C-terminal three-stranded anti-parallel beta-sheet arranged end-to-end and stabilized
by three conserved disulfide bonds [50,51]. An exhaustive PSI-BLAST analysis using the
sequence of BSAP1, retrieved 142 proteins from the non-redundant database. The current
supplemental spreadsheet S1 report 484 sequences. The canonical single BTSP domain is
characterized by 6 cysteines followed by a lysine-rich tail. The cysteine spacing may be
variable and the basic tail may be exchanged for an acidic tail or no tail. The disulfide bond
structure is C1–C3, C2–C5, C4–C6 (Figure S28). Alphafold2 prediction of BSAP1 resulted in
a structure with a more defined secondary structure that suggests that the NMR structure
represents a more labile structure in solution. Even so, the core structure gave an RMSD of
1.47 Å between the NMR and Alphafold2 predicted structure (Figure S29). For comparative
purposes we used the Alphafold2 predicted structure. Structural comparison shows that
the core domain is conserved as predicted by Alphafold2 with RMSD values ranging
from 0.68–1.95 ± 0.24 Å. The C-terminal tail region is unstructured for most proteins
although alpha-helices are sometimes predicted. In some cases, proteins have double-BTSP
domains. In regard to this, a special case is the related seven disulfide bond family (7 DB)
discussed abovee that does not present the same fold. It was suggested that the BTSP
family core domain is similar to EGF domains [51]. DALI searches indicate, however, that
the closest hits of the core structure resemble the tick evasin-4 fold [52], and an RMSD of
1.01 Å is obtained between BSAP1 and Evasin-4 for the core two-stranded beta-sheet. The
general disulfide bond pattern within this core structure is also conserved. An evolutionary
relationship, therefore, exists between the BTSP and evasin-4 family. To date the BTSP
family has been implicated in fXa inhibition [53], modulation of fibrinolysis [54], and the
complement pathway mediated by lectin [51].

2.15. Evasins

The evasins are a well-characterized group of proteins that consist of at least two
evolutionary independent families named Evasin A and Evasin B with the latest count from
the non-redundant database finding 271 Class A evasins and 128 Class B evasins [48].
The Evasin A group contains Evasin-1 and Evasin-4 for which structures have been
determined [52,55]. The structure for the Class A evasins presents a discontinuous N-
terminal domain comprised of the N-terminus linked by a disulfide bond to two an-
tiparallel beta-sheets (β3-β4) and a C-terminal domain comprised of 2 anti-parallel beta-
sheets with 5 anti-parallel beta-strands and an alpha helix in the order β1-β2-β5-α1-β6-β7
(Figures S30 and S31). The core structure consisting of the various beta-sheets and the
alpha helix may be absent from some structures. Its disulfide bond pattern is C1–C3, C2–C6,
C4–C7, C5–C8 (Figure S30). The Evasin B group contain Evasin-3 for which a structure
has been determined [56,57]. It possesses a three disulfide bond knottin fold composed of
an anti-parallel beta-sheet with the topology of β1-β3-β2. The disulfide bond pattern is
C1–C4, C2–C5, C3–C6 (Figure S32). Fitting of the Alphafold2 modeled structures indicate
an RMSD range of 0.8 Å–2.04 Å ± 0.36 Å that shows a largely correctly predicted fold. The
evasin A family in general targets CC chemokines, while the evasin B family targets CXC
chemokines [48].

2.16. Evolutionary Considerations for the BTSP-Evasin A-7 DB Superfamily

The structural similarities of the BTSP, Evasin A and 7 DB families suggest a common
ancestral structural fold from which these families evolved that included at least two
beta-sheets stabilized by three to four disulfide bonds. Exhaustive PSI-BLAST analysis of
the Evasin A and the BTSP families only retrieve family specific members from ticks and
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their relationships to each other was only detected once Alphafold2 models were searched
against the PDB database using the DALI server. This would partly be due to the small size
and high sequence divergence observed in these families but could also suggest that these
are proteins that originated exclusively within the tick family. If this is the case, then the
ability of the 7 DB family to retrieve distant homologs from all kingdoms of life may suggest
that this was the ancestral fold for this superfamily. Gene duplication of N- or C-terminal
beta-sheet domains would have then resulted in beta-sheets that had to form continuous
structures resulting in either the core BTSP or Evasin A fold (Figure S27). It is of interest
that the BTSP family shows the best fit to the N-terminal domain, while the Evasin A family
shows the best fit to the C-terminal domain, suggesting that the N-terminal domain gave
rise to the BTSP family and the C-terminal domain to the Evasin A family (Scenario 1).
Alternatively, the Evasin A fold may have originated from the BTSP fold (Scenario 2). The
viability of these scenarios would have depended on a horizontal gene transfer even in the
ancestral tick lineage with subsequent duplication of the BTSP or Evasin A folds from the
7 DB fold before divergence of the tick families, with subsequent loss of the 7 DB fold in
ixodids.

2.17. The 13 kDa-Basic Group

The 13 kDa-basic family is a small secretory family found in prostriate and metas-
triate ticks. An exhaustive PSI-BLAST search of the non-redundant database retrieved
47 sequences, 16 tick proteins with the rest derived from mites and spiders, while the
current supplemental spreadsheet S1 contains 15 proteins annotated for this family. This
family is highly conserved with sequence similarity ranging from 63–100% (median 73%).
The family is characterized by 6 conserved cysteines with a predicted disulfide bond
pattern of C1–C6, C2–C3, C4–C5 (Figure S31). Alphafold2 predicts a compact globular
structure formed by six alpha-helices, with all structures presenting intact disulfide bonds
(Figure S32). Structural alignment indicates RMSD values that range from 0.2–0.78 Å
± 0.14 Å for alignment of the secondary structure elements. The Dali search algorithm
found as structural homologs members of the odorant-binding, pheromone-binding or
venom 2 allergen families with average Z-scores of 4.0 ± 0.4 and RMSD of 3.5 ± 0.5 Å
over 90% of the sequence alignment [58,59]. Odorant-binding proteins have not yet been
found in ticks as prominent ligand scavengers involved in tick-host interactions since the
lipocalins generally perform this function [2]. The fact that single family members have
been found in prostriate, metastriate and other arachnids may point to a role as a odorant
or pheromone-binding protein. A major difference between the various odorant-binding
families and the tick proteins is that the odorant-binding proteins from Anopheles gambiae
Giles, 1902 (Diptera: Culicidae) have a disulfide bond pattern of C1–C3, C2–C5, C4–C6,
while the venom allergen 2 protein from the fire ant has a disulfide bond pattern of C1–C2,
C3–C4, C5–C6. There is therefore a possibility that these families converged on the same
general fold, explaining the absence of odorant-binding proteins in ticks [60,61]. Con-
versely, an ancient relationship between arachnid and insect odorant-binding proteins was
postulated [62]. In this regard, the odorant-binding fold of this family has been previously
identified in a study that focused on the tick foreleg tarsi transcriptome and was postulated
to play a role in chemosensation [63]. The disulfide bond patterns predicted by the Swiss
Model and RaptorX servers in this latter study were identical to the patterns found in the
current study and also indicated homology to the odorant-binding proteins.

2.18. Lipocalin Family

The lipocalin family is one of the largest and most diverse secretory families found
in tick salivary glands [64,65]. PSI-BLAST analysis using the histamine-binding protein 2
(O77421) sequence from the hard tick Rhipicephalus appendiculatus (Neumann, 1901) [12]
against the non-redundant database retrieves 971 proteins that are restricted to ticks. Sim-
ilarly, moubatin (A46618) from the soft tick Ornithodoros moubata (Murray, 1877) [66,67]
retrieves ~1081 proteins restricted to ticks. In both cases, PSI-BLAST analysis was run for
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15 iterative cycles with no sign of convergence and of those sequences retrieved only 807
(64%) was shared between the two searches. As such, the PSI-BLAST analysis cannot re-
trieve all members since it cannot be run to exhaustion, indicating that the position-specific
scoring matrices derived from alignment do not cover all possible tick lipocalin sequence
variations. This indicates that the family is likely too divergent to be represented by any
one position-specific scoring matrix. To address this, the current TSFam database contains
125 PSSM models representing various lipocalin clades that should cover the majority of
diverse lipocalins in tick sialomes. The current TSFam database contains 2229 members as-
signed to the lipocalin group, while other in-house databases that also have representatives
from transcriptomes present in the small read archives contain more than 11,000 proteins
annotated as lipocalins. Figure S33 displays the alignment of representative members of
this family with their conserved disulfide bonds.

Canonical lipocalins possess an N-terminal 310-helix, a central eight-stranded anti-
parallel β-barrel and a C-terminal α-helix [68]. The β-barrel may or may not possess a
cavity that can be augmented by the inter β-strand loops to form a binding cavity. In
some cases, the inter strand-loops allow formation of a second binding cavity near the
opening of the barrel [69]. The N-terminal 310-helix closes of one side of the barrel, while
the C-terminal helix packs against the side of the barrel, giving the structure a distinct
resemblance to a coffee cup [68]. Lipocalins may have 2–4 conserved disulfide bonds
that stabilize the β-barrel and pin the C-terminal α-helix to the side of the barrel. The
binding cavity allow tick lipocalins to scavenge a variety of bio-active molecules including
biogenic amines, leukotrienes, and cholesterol [12,13,64,70–73]. Lipocalins also target
complement C5 and properdin via protein–protein interactions and can modulate dendritic
cell responses [74–77]. These functional properties allow ticks to modulate host defense
responses such as inflammation, platelet aggregation, complement activation and immune
responses.

For the current analysis, 175 lipocalin sequences were modelled with Alphafold2. Dali
searches indicate that for the majority of proteins, the best targets are known tick lipocalins,
with average Z-scores of 15 ± 3 (range of 2.8–23). The majority of models shows the core
lipocalin fold, with deviations found for N- or C-terminal extensions. Pairwise comparison
with the structure of the female histamine-binding protein HBP2 (1QFTA) indicated an
average RMSD of 1.43 Å ± 0.15 Å. Some lipocalins presented as double lipocalin-domains.
The high sequence diversity observed in the lipocalins preclude the construction of a single
multiple sequence alignment. However, for the purposes of illustration a representative
alignment of those lipocalins with known conserved functions are presented with some
examples of structures and their bound ligands (Figure S34).

2.19. Kunitz-BPTI Family

The Kunitz-BPTI (basic pancreatic trypsin inhibitor) family is a ubiquitous family
of serine protease inhibitors [78]. Ticks possess a large, expanded family of Kunitz-BPTI
proteins that exist as single domain proteins, or multiple domain proteins ranging from two
domains to more than seven Kunitz-BPTI domains linked in tandem [2]. Their basic single
domain structure comprises an N-terminal 310-helix, followed by an unordered strand that
turn back to form a substrate-binding presenting loop, followed by a two-stranded anti-
parallel β-sheet terminating in a C-terminal α-helix packed against the β-sheet. Generally,
three conserved disulfide bonds stabilize the structure, the first between the 310-helix and
the C-terminal portion of the α-helix (C1–C6), the second at the start of the substrate-
binding presenting loop linking to the turn that follows after the β-sheet (C2–C4) and
the third linking the second β-sheet and the N-terminal portion of the α-helix (C3–C5)
pinning the secondary structures together (Figure S35). In ticks, some BPTI proteins have
been found that lack the second disulfide bond [79,80]. This presumably allows greater
freedom of movement for the substrate-binding presenting loop and may have functional
significance in those proteins that lacks this disulfide bond.
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Members of this family mainly target serine proteases by binding to the enzyme active
site via the substrate-binding presenting loop with additional interaction conferred by the
C-terminal α-helix [78]. While some tick inhibitors would certainly use this mechanism to
target serine proteases, significant deviations from this standard mode of inhibition is ob-
served, notably that inhibitors from both hard and soft ticks insert their N-terminal residues
into the active site of particularly fXa and thrombin, while interacting with substrate-
binding exosites via their C-terminal α-helices [81–83]. In soft ticks, thrombin inhibitors are
related to ornithodorin and seems to be evolutionary conserved in the Argasidae [84], while
orthologs to boophilin are found in most metastriate ticks characterized to date [85,86].
Other Kunitz-BPTI inhibitors that target the blood clotting cascade include ixolaris and
penthalaris that both target fX and fXa [79,87].

Inhibitors that target various receptors have also been characterized. This include
integrins and ion channels [21,80,88]. The RGD integrin recognition motif is presented on
the substrate-binding presenting loop of the savignygrins that target the platelet fibrinogen
receptor αIIbβ3 [21]. The RGD-motif may also be replaced by the RED motif that still allow
targeting of the αIIbβ3 receptor [84,88]. Kunitz-BPTI inhibitors with the RGD motif have
been identified in all soft tick salivary gland transcriptomes sequenced to date [45–47,89].

For the current database 87 proteins have been modeled by Alphafold2. These included
single domain Kunitz-BPTI proteins as well as three, four, five and seven domain proteins.
These modeled structures correspond with manual assignment of the BPTI domains based
on conserved disulfide bond structure. The double-domain proteins presented two types
of structures, notably extended to produce a dumbbell shaped protein as observed for tick
thrombin inhibitors [90], or two domains packed against each other to form a globular
protein as observed in bikunin and ixolaris [91,92]. The modeling of multi-domain proteins
(n ≥ 3) as observed for the models produced by Alphafold2 is a new and novel feature
creating interesting possibilities to study the structure-function relationships of these
molecules.

2.20. The 8.9 kDa Family

The 8.9 kDa family occurs exclusively in hard ticks and takes on a highly variable
structure with most forms containing one or two domains. Also present are duplicated
structures having two complete two-domain modules contained in a single polypeptide.
Conserved cysteines are distributed throughout the structure with the simplest, most com-
pact types having four cysteines (two disulfide bonds), with 6-, 8-cysteine proteins found
in the two domain forms and 12- and 16 cysteines in the duplicated forms. Considerable
variation in the disulfide bonding pattern of conserved cysteines is apparent. The common
feature of the 8.9 kDa family is an N-terminal domain containing a four (or sometimes
three)-stranded β-sheet having a Greek key topology [93]. The segment between strands 1
and 2 is extended and usually forms a 2- or 3-stranded antiparallel β-sheet which lies over
the larger sheet, forming a sandwich. Most forms have a C-terminal domain of varying
structure. The fold is like the type C domain of von Willebrand factor with most of the disul-
fide bonds being conserved [94]. Prostriate and metastriate genera contain two-domain,
eight-cysteine types that resemble the C5-binding complement inhibitor CirpT1, but overall,
the C-terminal domain is extremely variable and displays a number of different disulfide
bond arrangements strongly suggesting that these proteins interact with many different
targets and play a variety of biological roles.

2.20.1. Taxonomic Distribution
Ixodes

The transcriptome of I. ricinus contains approximately 70 unique transcripts varying in
identity from 14-80%. A large group of single domain peptides is present that are truncated
at the C-terminal end of the N-terminal β-sheet structure (Figures S36A and S37A). These
contain two disulfide bonds (four cysteines) with the first (DS1) linking the third strand
from the larger β-sheet (β-sheet 1) with the second strand of the smaller sheet (β-sheet 2)
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and the second bond linking the loop between the second and third β-strands of β-sheet
1 with some part of the C-terminal region of the protein (DS-2). In this group of proteins
β-strand A of β-sheet 1 is absent in the models and the N-terminus extends away from the
protein and forms a short α-helical segment (Figure S37A). This group exhibits high overall
amino acid sequence conservation ranging between 60 and 85% in amino acid identity.

Also present in I. ricinus is a larger group of peptides containing both the N- and C-
terminal domains and having four disulfide bonds (eight cysteines). These are very diverse
in amino acid sequence (17–70% identity) but are all similar in overall structure to the CirpT-
type [93] complement inhibitors (Figures S36B and S37B). The N-terminal domain is much
like the single-domain sequences discussed above. Many of these sequences are modeled
by AlphaFold2 as lacking the first strand of β-sheet 1. A segment of unstructured sequence
is present at the N-terminus in these cases suggesting that the full four-stranded β-sheet
structure may be present (Figure S37B). The C-terminal domain of this group contains three
disulfide bonds, most notably a cluster of two (DS2 and DS3) that is characteristic of all
members of the 8.9 kDa family except those Ixodes variants that do not contain a C-terminal
domain. This cluster contains two sequential cysteine residues, with the first linking to the
loop between β-strands B and C of the N-terminal domain (DS2) and the second linking to
the C- end of β-strand D of the N-terminal domain (DS3). A fourth disulfide bond (DS4)
links the extreme C-terminus with a second C-terminal domain cysteine residue linking the
strands forming a small two-stranded β-sheet (β-sheet 3) that is normally present in this
domain (Figure S37B).

Amblyomma

Ticks in the genus Amblyomma produce a diverse set of peptides from the 8.9 kDa
family containing variations in the structure of the C-terminal domain as well as forms in
which the entire two domain structure is duplicated or partially duplicated to give proteins
that could have multivalent binding properties. The Amblyomma forms contain 6, 8, 12 or
16 cysteine residues (3, 4, 6 or 8 disulfide bonds).

Six-cysteine forms from Amblyomma species are variable in sequence (20–80% amino
acid sequence identity within the group) and contain the N-terminal domain seen in Ixodes
proteins as well as a C-terminal domain that is truncated directly C-terminal to the “CC”
double cysteine motif involved in DS2 and DS3 of the eight-cysteine forms described above
(Figures S38A and S39A). Because of the shortened C-terminal domain in these forms,
they do not contain DS4. Eight-cysteine variants are also present in Amblyomma which
resemble those described in Ixodes and are quite diverse in sequence, showing about 20–80%
amino acid identity within the group (Figures S38B and S39B). This group contains the C5
complement inhibitors and is similar in general structure to the eight-cysteine forms from
I. ricinus (Figure S4B).

In addition to the six- and eight-cysteine forms of the 8.9 kDa family, A. maculatum
(Kock, 1844) contains extended variants that have extra domains attached to the eight-
cysteine structure. The simplest type has a three-domain structure resembling the four-
cysteine, single domain forms described in I. ricinus attached to the C-terminal end of the
eight-cysteine, two-domain module (Figures S40 and S41A). The chain continues from
the N-terminal module into the extra domain forming a hairpin loop corresponding to
β-sheet 2 of the I. ricinus single domain protein, then into a three-stranded, antiparallel
β-sheet corresponding to β-sheet 1 of I. ricinus four-cysteine proteins and the eight-cysteine
proteins from all species (Figure S41A). This type contains twelve cysteine residues forming
six disulfide bonds which are conserved in position relative to those from the previously
described proteins.

Also present in A. maculatum are variants with four domains made up of two complete
eight-cysteine units fused end-to-end into a single polypeptide (Figures S40 and S41B). Like
the three-domain forms described above, the second structural module of these proteins
contains a modified N-terminal domain β-sheet structure, but also has a fully elaborated
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C-terminal domain containing a β-sheet 3 type structure (Figure S41B). These proteins
contain sixteen conserved cysteine residues forming eight disulfide bonds.

Rhipicephalus

Like Amblyomma, Rhipicephalus (Kock, 1844) species contain 8.9 kDa family members
having two domains with 6 or 8 cysteine residues as well as four-domain proteins con-
taining 16 cysteine residues. An unusual group of 8-cysteine proteins with a shortened
C-terminal domain is present. It contains an N-terminal domain with β-sheet 1 modeled as
having three strands, and β-sheet 2 as having two or three strands (Figures S42A and S43A).
The C-terminal domain is truncated relative to the 8-cysteine forms of Ixodes or Amblyomma
but contains the “CC” double cysteine motif that makes up part of the two-disulfide bond
cluster (Figure S43A). All members of this group are modeled by AlphaFold2 as having
single free cysteines near the N-terminus of the protein and near the C-terminus, which are
not in proximity to one another (Figure S43A). This suggests that they may form multimers
or contain an unmodeled model structure in which these two unpaired cysteines are in
proximity to form a disulfide bond.

A group of “conventional” 8-cysteine forms are also found in Rhipicephalus in which
the domain structure and disulfide bonding pattern of most closely resembles comparable
proteins from Amblyomma or Ixodes. This not to say they are highly similar at the sequence
level or would be expected to be functionally homogeneous. Within this single species
these proteins exhibit a range in amino acid identity of 17–52% (Figures S42B and S43B).

Finally, R. appendiculatus contains a set of extended variants like those of Amblyomma
which contain four protein domains and sixteen cysteine residues. As in the Amblyomma
forms, these are derived from the end-to-end fusion of two eight-cysteine forms into a
single polypeptide. In this case, the N-terminus of the first eight-cysteine unit forms part
of the C-terminal domain of the unit by forming one strand in in β-sheet 3, resulting in
it having three strands rather than the usual two. In a second model, the C-terminus of
the protein integrates into β-sheet 1 of the C-terminal eight-cysteine unit, making it a
4-stranded antiparallel sheet. The disulfide bonding pattern of this group is that expected
from the fusion of two eight-cysteine units.

2.20.2. C5-Binding Anticomplement Proteins

The only established function of the 8.9 kDa family is inhibition of complement by
binding to component C5 and preventing its activation [93]. Orthologous 8-cysteine 8.9 kDa
family members from R. pulchellus (Gerstäcker, 1873), Dermacentor andersoni, R. sanguineus
and A. americanum have been found to function similarly. Using the crystal structure of
CirpT1, the variant from R. pulchellus, complexed with the macroglobulin domain 7 of
human complement C5 and the cryo electron microscopy structure of CirpT1 complexed
with C5 along with the inhibitors OmCI and RaCI1, we identified a block of eight residues in
the interaction interface (Figure S44). Of the selected set of sequences from the TickSialofam
database, only those eight-cysteine forms closely resembling the previously described
inhibitors contained even a small number of amino acid identities within the selected
sequence block. Few partial matches or weakly similar sequences were found in the set of
Ixodes transcripts suggesting that C5 inhibitors of this “type one” clade of the 8.9 kDa family
and are restricted to metastriate species. As anticipated, due to the high variability and low
degree of sequence identity within the groups described here, only orthologs of CirpT1
appear to have a C5 binding function. The structural diversity revealed by Alphafold2
modeling therefore suggests that the 8.9 kDa salivary protein family of the eight-cysteine
type can be expected to perform multiple functions.

2.21. The 8-kDa Family

The 8-kDa family occurs in metastriate hard ticks and contain a cysteine knot structure
characterized by a three- or four-stranded antiparallel β-sheet folded into an open sided
barrel stabilized by three disulfide bonds (Figures S45 and S46) [95]. The disulfides are
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clustered at the end of the β-sheet containing both the N- and C-termini. Two alternative
disulfide bonding patterns are seen, one with a pattern (based on relative cysteine positions)
of: 1–6, 2–4, 3–5, and the second having a pattern of 1–4, 2–5, 3–6, which is also seen in
the evasins. This family contains the RaCI complement inhibitors from R. appendiculatus
which target complement factor C5 (Figures S45 and S46) [96]. These bind at a surface of
C5 containing elements of the MG1, MG2 and C5d domains and prevent its cleavage by
the C5 convertase. RaCI proteins from R. appendiculatus, R. microplus (Canestrini, 1888) and
D. andersoni have been analyzed and found to act in a similar manner but have somewhat
variable sequences in regions interacting with C5. This is explained by the large number of
backbone interactions involved in C5 binding. RaCI peptides contain a lengthened loop
between β-strands 1 and 2 that inserts into a pocket lying between the MG1 and MG2
domains of C5. This loop is not extended in other members of the family suggesting that
these binding interactions cannot occur and that these proteins do not bind C5.

2.22. The 15-kDa Basic Family

The 15-kDa basic family found in Amblyomma sp. is a cysteine knot variant similar in
structure to the 8-kDa family [95]. It contains an antiparallel β-sheet domain with two or
three strands stabilized by three disulfide bonds in the pattern (based on relative cysteine
positions) 1–4, 2–5, 3–6. Some members contain two additional cysteine residues forming a
potential fourth disulfide bond as part of a disordered N-terminal coil (Figures S47 and S48).
C-terminal to the cysteine knot domain is a length of disordered coil, followed by one
or two helical segments containing greater than five turns which are then followed by a
second intrinsically disordered region.

2.23. Complement-Binding Family

Members of the complement binding family are large proteins containing lectin or von
Willebrand A (vWA) domains linked to strings of all β-sheet sushi-like domains, mostly
stabilized by one or two disulfide bonds, that are reminiscent of complement control
protein (CCP) domains. The lectin and vWA domains occur at the N-terminal end of
the protein with the CCP domains extending out from them. One member of the group
(JAR89651) from I. ricinus contains a fucose-binding lectin domain followed by a C-type
lectin domain leading to ten repeated sushi domains. A second protein (JAR90946), also
from I. ricinus, contains an N-terminal vWA domain followed by eight repeated modular
domains Figures S49–S51). The proteins contain large numbers of cysteine residues, and all
were predicted by AlphaFold2 to participate in disulfide bonds. These structures suggest
that in blood feeding, the N-terminal parts may bind to exposed carbohydrate or collagen
patches and the repeated domains may function as modulators of complement function
in the mode of factor H. Other members that can be categorized as belonging to this
group include JAB71472 from I. ricinus that contain only the repeated domains without the
apparent lectin or vWA “anchors”. Interestingly, these proteins (see alignments of JAR89651
and JAR90946, Figures S49–S51) show high degrees of similarity to the N-terminal parts
and complete conservation of cysteine residues of these large proteins from a wide variety
of arthropods such as mites, crustaceans and horseshoe crabs that do not feed on vertebrate
hosts suggesting that they have functions in endogenous systems not involving vertebrate
blood such as immune surveillance. They are related to the sushi, von Willebrand factor
type A, EGF, and pentraxin domain-containing (SVEP1) and CUB and sushi modular
domain proteins (CSMD1) of vertebrates. CSMD1 is known to inhibit complement by a
mechanism in which it serves as a cofactor to factor I in the degradation of C4b and C3b
from the classical and alternative pathways of complement, respectively [97].

2.24. Dae-2 Family

The Dae-2 (domesticate amidase effector 2) proteins are a group of cysteine pepti-
dases whose genes have been acquired by tick species by lateral transfer from bacterial
genomes [98,99]. These serve an antimicrobial function by proteolytically cleaving cell
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wall peptidoglycan. The tick salivary Dae-2 proteins have been shown to have broader
substrate specificity than microbial forms and are thought to act by controlling growth of
skin microbes at the site of feeding. The catalytic cysteine and histidine residues (Cys 23 and
His 73 in the bacterial Tae-2 numbering system) are conserved in all tick forms (Figure S52).
Differences in surface structure, particularly along the substrate binding groove, are con-
sidered to be determinants of selectivity for peptidoglycans from different bacterial forms.
Unlike the bacterial Tae-2 which contain no disulfide bonds, tick Dae-2 proteins contain a
conserved disulfide linking Cys 58 and Cys 89 (in JAC30591 numbering, Figure S53). There
is also a free cysteine at position 4 (JAC30591 numbering) and in most tick sequences this is
paired with a cysteine at position 31 to form a second disulfide (Compare JAC30591 and
AEO34830 in Supplementary Figures S52 and S53).

3. Methods
3.1. TSFam Database

From the TSFam database [5], 15,796 sequences obtained from tick salivary transcrip-
tomes were selected based on the presence of a signal peptide indicative of secretion, and
no transmembrane domains outside the signal peptide. The original database was clustered
by blastp and paired-joining the sequences to attain 25, 30... 90, 95% identity in at least 70%
of the longest sequence. Thus, for each degree of identity there are n clusters, sorted by
their decreasing abundance. Accordingly, each particular cluster can be determined by two
numbers, the first being the identity threshold and the second the cluster number for that
identity (Supplemental spreadsheet S1). The sequences from each cluster were used to con-
struct a psiblast generated PSSM, and these were combined, after proper annotation, within
the database where tick sequences can be searched using the rpsblast tool (Supplementary
TickSialoFam 2.0 database).

3.2. Alphafold2 Program

The Alphafold2 program [6] was run locally on the NIH Biowulf cluster in a Linux
environment using 8 cpu’s, one v100x GPU and 60 GB RAM, using the monomer or
multimer mode. Prediction of disulfide bonds were made by calculating the distances
between all sulfur atoms from cysteine residues, available from the pdb files, and assigning
a disulfide bond for those pairs that had a distance smaller than 3 Å.

3.3. Dali

The Dali program [7], available online: http://ekhidna2.biocenter.helsinki.fi/dali/
README.v5.html (accessed on 1 July 2022) was used to compare the Alphafold2 predictions
to the structures available in the PDB database. The program was run locally in the NIH
Biowulf cluster. The program generates statistical analyses of the comparisons. According
to the manual, a Z score above 20 indicates that two structures are homologous, between 8
and 20 that two structures are probably homologous, between 2 and 8 is a gray area, and a
Z-score below 2 is not significant.

3.4. Disintegrin Searches

We have previously scanned salivary proteins from blood sucking arthropods for disin-
tegrin motifs [19] after building prosite blocks (Supplementary File S1—Prosite disintegrin
motifs) which were used to search the tick salivary protein database
(Supplemental spreadsheet S1) using the program ps_can.pl [100] Available online: https:
//ftp.expasy.org/databases/prosite/.

4. Conclusions

The addition of structural fold prediction algorithms in the classification of secretory
salivary gland protein families adds a powerful dimension that allows confirmation and
validation of various protein families, groups or folds. It also allowed assignment of dis-
tantly related families or groups to well-known families or to predict novel folds not yet
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determined by conventional structural biological methodologies. The models provided by
Alphafold2 also allow identification of potential homodimers and insights into the qua-
ternary folds of proteins with multiple domains. In addition, the models provide insight
into the potential functions and mechanisms of various families and provide a basis for
assessment of structural integrity via disulphide bond predictions. Alphafold2-based clas-
sification as utilized for the TSFam2.0 database has already improved the original database,
while adding significant information that can be used in hypothesis driven research on
protein family function and evolution. The TSFam2.0 database is therefore a significant
improvement on the original TSFam database that will with subsequent refinement and
addition of more tick protein families and structures result in a comprehensive classification
of tick protein families.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms232415613/s1, (1) Supplemental Figures: PowerPoint file with
manuscript figures and movies. (2) Supplemental File S1-Disintegrin motifs in prosite format used to
scan tick salivary proteins using the program ps_scan.pl Available online: https://github.com/ebi-pf-
team/interproscan/blob/master/core/jms-implementation/support-mini-x86-32/bin/prosite/ps_
scan.pl. (3) Supplemental spreadsheet S1–Hyperlinked spreadsheet containing putative tick salivary
proteins linked to comparisons to several databases and AlphaFold predicted structures. Clusteri-
zation of the proteins allowed for extraction of reversed-position specific motifs collected into the
TSFam 2.0 database. The spreadsheet has links to pdb files, which need programs that are able to
open them. We suggest the use of ChimeraX Available online: (https://www.cgl.ucsf.edu/chimerax/
download.html) or Swiss-PDBViewer Available online: https://spdbv.unil.ch/. (4) Supplementary
TickSialoFam 2.0 database–Include RPS models and a formatted database which should be used to
query protein sequences by means of the rpsblast program from the NCBI Blast suite of programs
Available online: https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/.
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Abstract: Tick saliva is a rich source of antihemostatic, anti-inflammatory, and immunomodulatory
molecules that actively help the tick to finish its blood meal. Moreover, these molecules facilitate the
transmission of tick-borne pathogens. Here we present the functional and structural characterization
of Iripin-8, a salivary serpin from the tick Ixodes ricinus, a European vector of tick-borne encephalitis
and Lyme disease. Iripin-8 displayed blood-meal-induced mRNA expression that peaked in nymphs
and the salivary glands of adult females. Iripin-8 inhibited multiple proteases involved in blood
coagulation and blocked the intrinsic and common pathways of the coagulation cascade in vitro.
Moreover, Iripin-8 inhibited erythrocyte lysis by complement, and Iripin-8 knockdown by RNA
interference in tick nymphs delayed the feeding time. Finally, we resolved the crystal structure
of Iripin-8 at 1.89 Å resolution to reveal an unusually long and rigid reactive center loop that is
conserved in several tick species. The P1 Arg residue is held in place distant from the serpin body
by a conserved poly-Pro element on the P′ side. Several PEG molecules bind to Iripin-8, including
one in a deep cavity, perhaps indicating the presence of a small-molecule binding site. This is the
first crystal structure of a tick serpin in the native state, and Iripin-8 is a tick serpin with a conserved
reactive center loop that possesses antihemostatic activity that may mediate interference with host
innate immunity.

Keywords: blood coagulation; crystal structure; Ixodes ricinus; parasite; saliva; serpin; tick

1. Introduction

Ticks are blood-feeding ectoparasites and vectors of human pathogens, including
agents of Lyme disease and tick-borne encephalitis. Ixodes ricinus is a species of European
tick in the Ixodidae (hard tick) family found also in northern Africa and the Middle East [1].
I. ricinus ticks feed only once in each of their three developmental stages (larva, nymph,
imago), and their feeding course can last over a week in adult females [2]. In order to
stay attached to the host for such extended periods of time, ticks counteract host defense
mechanisms that would otherwise lead to tick rejection or death.

Insertion of tick mouthparts into host skin causes mechanical injury that immediately
triggers the hemostatic mechanisms of blood coagulation, vasoconstriction, and platelet
aggregation to prevent blood loss [3]. Consequently, innate immunity is activated as

57



Int. J. Mol. Sci. 2021, 22, 9480

noted by inflammation with edema formation, inflammatory cell infiltration, and itching
at tick feeding sites. Long-term feeding and/or repeated exposures of the host to ticks
also activate adaptive immunity [4]. As an adaptation to host defenses, ticks modulate
and suppress host immune responses and hemostasis by secreting a complex cocktail of
pharmacoactive substances via their saliva into the host. For further information on this
topic, we refer readers to several excellent reviews describing the impact of saliva and
salivary components on the host [4–8].

Blood coagulation is a cascade driven by serine proteases that leads to the production
of a fibrin clot. It can be initiated via the extrinsic or intrinsic pathway [9]. The extrinsic
pathway starts with blood vessel injury and complex formation between activated factor
VII (fVIIa) and tissue factor (TF). The TF/fVIIa complex then activates factor X (fX) either
directly or via activation of factor IX (fIX), which in turn activates fX. The intrinsic pathway
is triggered by the activation of factor XII (fXII) via kallikrein. Activated fXII (fXIIa) activates
factor XI (fXI), which next activates fIX and results in the activation of fX, followed by
a common pathway that terminates the coagulation process through the activation of
thrombin (fII) and the cleavage of fibrinogen to fibrin, the primary component of the
clot [9,10].

Similar to blood coagulation, the complement cascade is based on serine proteases.
Complement represents a fast and robust defense mechanism against bacterial pathogens,
which are lysed or opsonized by complement to facilitate their killing by other immune
mechanisms [11,12]. Complement can be activated via three pathways: the classical
pathway, responding to antigen–antibody complexes; the lectin pathway, which needs
a lectin to bind to specific carbohydrates on the pathogen surface; and the alternative
pathway, which is triggered by direct binding of C3b protein to a microbial surface [12]. All
three pathways result in the cleavage of C3 by C3 convertases to C3a and C3b fragments.
C3b then triggers a positive feedback loop to amplify the complement response and
opsonize pathogens for phagocytosis. Together with other complement components, C3b
forms C5 convertase, which cleaves C5 to C5a and C5b fragments. C5b initiates membrane
attack complex (MAC) formation, leading to lysis of a target cell. Small C3a and C5a
subunits promote inflammation by recruiting immune cells to the site of injury [11].

Both processes, coagulation and complement, are detrimental to feeding ticks, so
their saliva contains many anticoagulant and anticomplement molecules, often belonging
to the group of serine protease inhibitors (serpins) [13–16]. Serpins form the largest and
most ubiquitous family of protease inhibitors in nature and can be found in viruses,
prokaryotes, and eukaryotes [17,18]. Serpins are irreversible inhibitors with a unique
inhibitory mechanism and highly conserved tertiary structure [19,20] classified in the
I4 family of the MEROPS database [21]. Similar to other serine protease inhibitors, the
serpin structure contains a reactive center loop (RCL) that serves as bait for the protease.
The RCL amino acid sequence determines serpin’s inhibitory specificity [22].

Arthropod serpins have mostly homeostatic and immunological functions. They
regulate hemolymph coagulation or activation of the phenoloxidase system in insects [23].
Additionally, serpins from blood-feeding arthropods can modulate host immunity and host
hemostasis [23]. Indeed, over 20 tick salivary serpins have been functionally characterized
with described effects on coagulation or immunity [13]. However, according to numerous
transcriptomic studies, the total number of tick serpins is significantly higher [13,24–27]. In
I. ricinus, at least 36 serpins have been identified based on transcriptomic data, but only
3 of them have been characterized at the biochemical, immunomodulatory, anticoagulatory,
or antitick vaccine levels [13,28–32].

Interestingly, one serpin has a fully conserved RCL across various tick species [24].
Homologs of this serpin have been described in Amblyomma americanum as AAS19 [33],
Rhipicephalus haemaphysaloides as RHS8 [34], Rhipicephalus microplus as RmS-15 [35], and
I. ricinus as IRS-8 [30], and it can also be found among transcripts of other tick species in
which the serpins have not yet been functionally characterized.

58



Int. J. Mol. Sci. 2021, 22, 9480

Here we present the functional characterization of Iripin-8, the serpin from I. ricinus
previously referred to as IRS-8 [30,34], whose RCL is conserved among several tick species.
We demonstrate its inhibitory activity against serine proteases involved in coagulation and
direct the inhibition of the intrinsic coagulation pathway in vitro. Moreover, we report
for the first time the inhibition of complement by a tick serpin. Finally, we provide the
structure of Iripin-8 in its native, uncleaved form, revealing an unusual RCL conserved
among several tick serpins.

2. Results
2.1. Iripin-8 Is Predominantly a Salivary Protein with Increased Expression during Tick Feeding

Analysis of Iripin-8 mRNA expression levels revealed its highest abundance in tick
nymphs with a peak during the first day of feeding (Figure 1A). In salivary glands, in-
creased Iripin-8 transcription positively correlated with the length of tick feeding on its
host. A similar increasing trend was also observed in tick midguts; however, the total
number of Iripin-8 transcripts was lower than in the salivary glands. Iripin-8 transcript
levels were lowest in the ovaries of all the tested tissues/stages.
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 Figure 1. Iripin-8 expression in ticks and its presence in tick saliva. (A) Pools of I. ricinus salivary glands, midguts,
and ovaries from female ticks and whole bodies from nymphs were dissected under RNase-free conditions. cDNA was
subsequently prepared as a template for qRT-PCR. Iripin-8 expression was normalized to elongation factor 1α and compared
between all values with the highest expression set to 100% (y-axis). The data show an average of three biological replicates
for adult ticks and six replicates for nymphs (±SEM). SG = salivary glands; MG = midguts; OVA = ovaries; UF = unfed
ticks; 1 d, 2 d, 3 d, 4 d, 6 d, 8 d = ticks after 1, 2, 3, 4, 6, or 8 days of feeding. For nymphs, the last column represents fully fed
nymphs. All feeding points for each development stage/tissue are compared with the unfed ticks of the respective group.
(B) Iripin-8 can be detected in tick saliva by Western blotting. Saliva from ticks after 6 days of feeding and recombinant
Iripin-8 protein were visualized by Western blotting using serum from naïve and Iripin-8-immunized rabbits. Sal = tick
saliva; 1 ng, 10 ng = Iripin-8 recombinant protein at 1 ng and 10 ng load. N: native Iripin-8, C: cleaved Iripin-8.

Next, we performed Western blot analysis and confirmed the presence of Iripin-8
protein in tick saliva (Figure 1B). We detected two bands of the recombinant protein,
representing the full-length native serpin (N) and a molecule cleaved in its RCL near the
C-terminus, likely due to bacterial protease contamination (C). The proteolytic cleavage
of RCL has previously been documented for serpins from various organisms, including
ticks [36–38]. The ~5 kDa difference in molecular weight observed between native and
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recombinant Iripin-8 was probably due to glycosylation, since two N-glycosylation sites
are predicted to exist in this serpin. The signal at ~90 kDa in saliva was also detected when
using serum from a naïve rabbit (data not shown) and is probably caused by nonspecific
antibody binding.

Based on these results, we proceeded to test how Iripin-8 affects host defense mecha-
nisms as a component of tick saliva. Despite the highest expression being observed in the
salivary glands, activity in other tissues cannot be ruled out.

2.2. Sequence Analysis and Production of Recombinant Iripin-8

The full transcript encoding Iripin-8 was obtained using cDNA from tick salivary
glands. Following sequencing, we found a few amino acid mutations (K10 → E10,
L36 → F36, P290 → T290, and F318 → S318) compared with the sequence of Iripin-8
(IRS-8) published as a supplement in our previous work [30] (GenBank No. DQ915845.1;
ABI94058.1), probably as a result of intertick variability. The RCL was identical to other
homologous tick serpins [34], with arginine at the P1 position (Supplementary Figure S1A);
however, the remainder of the sequence had undergone evolution, separating species-
specific sequences in strongly supported groups (Supplementary Figure S1B). Iripin-8 has a
predicted MW of 43 kDa and a pI of 5.85, with two predicted N-linked glycosylation sites.

Iripin-8 was expressed in 2 L of medium with a yield of 45 mg of protein at >90%
purity, as analyzed by pixel density analysis in ImageJ software, where a majority was
formed from the native serpin and a fraction from a serpin cleaved at its RCL (Supplemen-
tary Figure S2). This mixed sample of native and cleaved serpin was used for all subsequent
analyses because the molecules were inseparable by common chromatographic techniques.
Proper folding of Iripin-8 was verified by CD spectroscopy (Supplementary Data) [39,40]
and subsequently by activity assays against serine proteases, as presented below. Recombi-
nant Iripin-8 protein solution was tested for the presence of LPS, which was detected at
0.038 endotoxin unit/mL, below the threshold for a pyrogenic effect [41,42].

2.3. Iripin-8 Inhibits Serine Proteases Involved in Coagulation

Based on sequence analysis of Iripin-8 and the presence of arginine in the RCL P1
position, we focused on analyzing its inhibitory specificity towards serine proteases related
to blood coagulation. Considering the covalent nature of the serpin mechanism of inhibi-
tion, we analyzed by SDS-PAGE whether Iripin-8 forms covalent complexes with selected
proteases. Figure 2 shows covalent inhibitory complex formation between Iripin-8 and 10
out of 11 tested proteases: thrombin, fVIIa, fIXa, fXa, fXIa, fXIIa, plasmin, APC, kallikrein,
and trypsin. We did not detect complexes between Iripin-8 and chymotrypsin. All inhibited
proteases could also partially cleave Iripin-8 as indicated by a C-terminal fragment and a
stronger signal of cleaved serpin molecule. Chymotrypsin cleaved Iripin-8 in its RCL com-
pletely. Inhibition rates of Iripin-8 against these proteases were subsequently determined
and are shown in Table 1. Among the tested proteases, plasmin was inhibited significantly
faster than other proteases, with a second-order rate constant (k2) of >200,000 M−1 s−1.
Trypsin, kallikrein, fXIa, and thrombin were inhibited with a k2 in the tens of thousands
range and the other proteases with lower k2 values.
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Figure 2. Formation of covalent complexes between Iripin-8 and serine proteases. Iripin-8 and selected serine proteases
were incubated for 1 h and subsequently analyzed for complex formation by reducing SDS-PAGE. Protein separation differs
between (A,B) due to the use of gels with different polyacrylamide contents. Gels show the profile of Iripin-8 serpin alone,
various serine proteases alone, and proteases incubated with Iripin-8. Complex formation between fVIIa and Iripin-8 was
tested in the presence of tissue factor (TF) at an equimolar concentration. Covalent complexes between Iripin-8 and protease
are marked with a red arrow. N: native Iripin-8, C: cleaved Iripin-8.

Table 1. Inhibition rate of Iripin-8 against selected serine proteases.

Protease k2 (M−1 s−1) ±SE

Plasmin 225,064 14,183

Trypsin 29,447 3508

Kallikrein 16,682 1119

fXIa 16,328 948

Thrombin 13,794 1040

fXIIa 3324 409

fXa 2088 115

APC 523 35

fVIIa + TF 456 35

fIXa N/A N/A

2.4. Iripin-8 Inhibits the Intrinsic and Common Pathways of Blood Coagulation

Given the in vitro inhibition of coagulation proteases by Iripin-8, we tested its activity
in three coagulation assays. The prothrombin time (PT) assay simulates the extrinsic
pathway of coagulation, the activated partial thromboplastin time (aPTT) represents the
intrinsic (contact) pathway, and thrombin time (TT) represents the final common stage of
coagulation. Iripin-8 had no significant effect on PT, which increased from 15.3 to 16.7 s
in the presence of 6 µM serpin (not shown). Iripin-8 extended aPTT in a dose-dependent
manner, with a statistically significant increase already apparent at 375 nM. With 6 µM
Iripin-8, the aPTT was delayed over five times from 31.8 ± 0.4 s to 167.9 ± 3.2 s (Figure 3A).
Iripin-8 also inhibited TT in a dose-dependent manner and blocked fibrin clot formation
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completely at concentrations of 800 nM and higher (Figure 3B). The other serpins presented
for comparison in Figure 3C did not have any effect on blood coagulation except the
inhibition of PT by Iripin-3, which we published elsewhere [32].
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Figure 3. Inhibition of complement and coagulation pathways by Iripin-8. (A) Iripin-8 inhibits the intrinsic coagulation
pathway. Human plasma was preincubated with increasing concentrations of Iripin-8 (94 nM–6 µM). Coagulation was
triggered by the addition of Dapttin® reagent and CaCl2, and clot formation time was measured. A sample without
Iripin-8 was used as a control for statistical purposes. (B) Iripin-8 delays fibrin clot formation in a thrombin time assay in
a dose-dependent manner. Coagulation of human plasma was initiated by thrombin reagent preincubated with various
concentrations of Iripin-8, and thrombin time was measured. Samples without Iripin-8 were used as a control for statistical
purposes. (C) Iripin-8 inhibits erythrocyte lysis by human complement. Human plasma was preincubated with increasing
concentrations of Iripin-3, 5, and 8 (312 nM–10 µM). After the addition of rabbit erythrocytes, their lysis time by complement
was measured. Values represent prolongation of time needed for erythrocyte lysis compared with the control group.
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

2.5. Anticomplement Activity of Iripin-8

The complement pathway readily lyses erythrocytes from various mammals, and
those from rabbits were found to be the best complement activators [43]. We used human
serum and rabbit erythrocytes to test the effect of tick protease inhibitors on the activity of
human complement in vitro. Since the complement cascade is driven by serine proteases,
we tested the potential effect of Iripin-8 as a complement regulator. There was a statistically
significant reduction in complement activity against erythrocytes when human plasma
was incubated with Iripin-8 at concentrations of 2.5 µM and higher (Figure 3C). We also
compared Iripin-8 with other two tick salivary serpins: Iripin-3 [32] showed very weak
anticomplement activity and was used as a control; compared with Iripin-5 [44], Iripin-8
had lower activity.

2.6. Iripin-8 Knockdown Influences Tick Feeding but Not Borrelia Transmission

Since Iripin-8 is predominantly expressed in tick nymphs (Figure 1A), we decided to
investigate its importance in tick feeding by RNA interference (RNAi) in the nymphal stage.
Knockdown efficiency was 87% for transcript downregulation. Ticks with downregulated
Iripin-8 expression showed a significantly lower feeding success rate and higher mortality,
with only 51.0% (25/49) finishing feeding compared with 94.1% (48/51) in the control
group. Moreover, in ticks that finished feeding, the feeding time was longer compared with
control nymphs (Figure 4A). Despite this promising phenotype, we did not observe any
effect of Iripin-8 RNAi on the weight of fully engorged nymphs (Figure 4B) or on B. afzelii
transmission from infected nymphs to mice in any of the tested mouse tissues (Figure 4C).
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Figure 4. Effect of RNAi on tick fitness and Borrelia transmission. (A) RNAi of Iripin-8 prolonged
the length of I. ricinus nymph feeding compared with the control group (GFP). (B) Weight of fully
engorged nymphs with Iripin-8 knockdown was not different from the control group (GFP). (C) Pres-
ence of B. afzelii spirochetes in mouse tissues after infestation with infected I. ricinus nymphs. There
were no significant differences between Iripin-8 knockdown and GFP control groups in any of the
tested tissues. *** p ≤ 0.001; n.s., not significant.

2.7. Role of Iripin-8 in Modulating Host Immunity

Next, we evaluated a possible role for Iripin-8 in the modulation of the host immune
response to tick feeding via two assays (OVA antigen-specific CD4+ T cell proliferation
model using splenocytes isolated from OT-II mice and neutrophil migration towards
the chemoattractant (fMLP), in which we previously observed effects with other I. ricinus
salivary protease inhibitors (the serpin Iripin-3 [32] and the cystatin Iristatin [45]). However,
there was no inhibition by Iripin-8 in either assay (Supplementary Figure S4).

2.8. Structural Features of Iripin-8

The crystallographic asymmetric unit contained a single molecule of native Iripin-8
(details in Supplementary Table S2). Electron density was of sufficient quality to model
all residues from Ser5 to the C-terminus, including the entire RCL. Iripin-8 has the typical
native serpin fold with a Cα RMSD (root-mean-square deviation) of 1.93 Å compared with
the archetypal serpin alpha-1-antitrypsin (A1AT, 342 of 352 residues, Figure 5A). The most
remarkable feature of Iripin-8 is its long RCL (11 residues longer on the P′ side), which
extends away from the body of the serpin, moving the P1 Arg364 17.8 Å further than
the P1 residue of A1AT. This extended conformation is not the result of a crystal contact;
rather it forms the basis of a crystal contact with the RCL of a symmetry-related molecule
(Supplementary Figure S5). The P′ extension contains a stretch of proline residues that
form a type II polyproline helix, conferring rigidity and extending the P1 residue away
from the body of Iripin-8 (Figure 5B). We can infer from this that the extended RCL is a
feature of native Iripin-8 in solution and that it has functional consequences in determining
protease specificity and/or inhibitory promiscuity.
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We also observed several molecules of PEG (polyethylene glycol) originating from
the crystallization buffer bound to Iripin-8. One of the binding sites was a deep 109 Å3

cavity in the core structure between helixes A, B, and C (Supplementary Figure S6). This
observation suggests that Iripin-8 can bind small molecules, which may have functional
implications. The coordinates and structure factors are deposited in the Protein Data Bank
under accession code XXX (note: will be submitted before publication).
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Figure 5. Crystal structure of native Iripin-8. (A) Stereo view of a ribbon diagram of Iripin-8 (gray
with yellow RCL and red beta sheet A) superimposed with alpha-1-antitrypsin (PDB code 3ne4). The
P1 side chains of both molecules are represented as sticks, and the distance between their Cα atoms
is shown. (B) Stereo view of a close-up of the P′ region with surrounding electron density (contoured
at 1 times the RMSD of the map), forming a rigid type II polyproline helix.
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3. Discussion

Similar to other characterized tick salivary serpins [13], we found that Iripin-8 can
modulate host complement and coagulation cascades to facilitate tick feeding [46].

Structurally, Iripin-8 has an unusually long, exposed, and rigid RCL, with an Arg in
its P1 position. This potentially enables it to inhibit a range of proteases, as the RCL can
interact independently from the body of the serpin molecule. We characterized Iripin-8 as
an in vitro inhibitor of at least 10 serine proteases. The interference with the coagulation
cascade through inhibition of kallikrein, thrombin, fVIIa, fIXa, fXa, fXIa, and fXIIa in vivo
would be beneficial for tick feeding [3,47].

Iripin-8 also inhibited trypsin and kallikrein. Trypsin has a role in meal digestion and
has also been linked to skin inflammation [48,49]. Potentially, trypsin inhibition in the host
skin could be another mechanism by which the tick impairs the host immune response.
Kallikrein has a role in the development of inflammation and pain. It is an activator of the
nociceptive mediator bradykinin in the kinin–kallikrein system [50]. Through its inhibition,
a deleterious inflammatory response could be altered to the tick’s advantage.

Iripin-8 showed the greatest inhibition of plasmin, a protease involved in fibrin degra-
dation and clot removal [51]. This was surprising, as clot removal should be beneficial
for ticks. On the other hand, it is not fully understood whether fibrin clot formation
occurs at a tick feeding site in the presence of tick anticoagulant molecules [52]. Apart
from fibrinolysis, plasmin also modulates several immunological processes, interacting
with leukocytes, endothelial cells, extracellular matrix components, and immune system
factors [51,53,54]. Excessive plasmin generation can even lead to pathophysiological in-
flammatory processes [54]. Considering the proinflammatory role of plasmin, its inhibition
by tick salivary serpin could be more relevant to the tick than unimpaired fibrinolysis.
Although we did not see any effect of Iripin-8 in two immune assays, we cannot exclude
the possibility that Iripin-8 exerts an immunomodulatory effect.

The anticomplement activity of tick saliva or its protein components has been known
for decades and is described in numerous publications [14,15,55–57]. Although the active
molecules originate from either unique tick protein families [58–62] or lipocalins [16],
anticomplement activity has only recently been reported for a tick salivary serpin [44]
as the only tick protease inhibitor with such activity. Since complement products might
directly damage the tick hypostome or initiate a stronger immune response [11], we
propose that the role of Iripin-8 is to attenuate these mechanisms. At the same time, an
impaired complement system cannot effectively fight pathogens entering the wound at the
same time as tick saliva [14]. In this context, we wanted to test a potential effect of Iripin-8
transcriptional downregulation on Borrelia transmission from ticks to the host. Although we
saw some effect of RNA interference (RNAi) on tick fitness, it had no effect on the amount
of Borrelia in host tissues. Such a result can be explained by a redundancy in tick salivary
molecules, as ticks secrete a variety of effectors against the same host defense mechanism
and knockdown of one molecule can be substituted by the activity of others [63].

The increased tick mortality after Iripin-8 knockdown might be due to a potential
role for Iripin-8 within the tick body. As an anticoagulant, Iripin-8 can help to keep in-
gested blood in the tick midgut in an unclotted state for later intracellular digestion [64–66].
A similar principle has previously been suggested for other midgut serpins in various
tick species [67]. Other potential functions of Iripin-8 include a role in hemolymph clot-
ting [68,69] or in reproduction and egg development [70,71].

The broad inhibitory specificity combined with a conserved, long, and rigid RCL
implies that Iripin-8′s role does not necessarily have to only be the modulation of host
defense mechanisms. The function of a protruded RCL can be adapted to fit the active site
of an unknown protease of tick origin, independently of the serpin body, thus regulating
physiological processes in the tick itself, such as melanization and immune processes,
which are also regulated by serpins in arthropods.

Interestingly, several PEG molecules from the crystallization buffer bind to Iripin-8,
including one in a deep cavity, perhaps indicating the presence of a small-molecule binding
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site. Considering that serpins can act as transport proteins independently of their inhibitory
properties [72,73], the binding properties of Iripin-8 could have physiological relevance in
ticks or their tick–host interactions.

By comparing Iripin-8 with other members of the tick serpin group with an identical
RCL, we confirmed that the anticoagulant features have also been reported for AAS19 [33]
and RmS-15 [35]. RNAi knockdown of Iripin-8 reduced feeding success, while RNAi of
AAS19 decreased the blood intake and morphological deformation of ticks [74], and RNAi
of RHS8 had an effect on body weight, feeding time, and vitellogenesis [34]. However,
these findings are difficult to correlate due to the use of different tick species and life stages.
Although Iripin-8 was detected in tick saliva and therefore most likely plays a role in the
regulation of host defense mechanisms, further experiments to define Iripin-8 functions
in tick tissues would be of interest. Similar to AAS19 [74], Iripin-8 might also regulate
hemolymph clotting in the tick body, which is naturally regulated by serpins [67]. Iripin-8
could also contribute to maintaining ingested blood in the tick midgut in an unclotted state
to preserve availability for intracellular digestion [64,66].

Although the concentration of Iripin-8 in tick saliva is not known, we can expect it
to be lower than most of the concentrations used in our assays. Tick saliva, as a com-
plex mixture, contains an abundance of bioactive molecules that are redundant in their
activities and contribute to the inhibition of host defense mechanisms [63]. Therefore,
despite the fact that the concentrations of Iripin-8 used in our experiments do not reflect a
physiological situation, they can reflect the overall concentration of functionally redundant
salivary proteins.

We conclude that the tick serpin Iripin-8 is secreted into the host as a component of
I. ricinus saliva. Based on its inhibitory activity, mainly of proteases of the coagulation
cascade [47], we suggest that its main role as a salivary protein is in the modulation of
host blood coagulation and complement activity, with possible function in regulating
the immune response. As such, Iripin-8 alters host defense mechanisms and most likely
facilitates tick feeding on hosts.

Nevertheless, a more detailed comparative study of tick serpins with conserved RCLs
might shed some light on the role of this particular subgroup in different tick species. The
conservation of Iripin-8 among tick species suggests a potential for targeting this serpin as
a tick control strategy.

4. Materials and Methods
4.1. Ticks and Laboratory Animals

All animal experiments were carried out in accordance with the Animal Protection Law
of the Czech Republic No. 246/1992 Coll., ethics approval No. MSMT-19085/2015-3, and
protocols approved by the responsible committee of the Institute of Parasitology, Biology
Center of the Czech Academy of Sciences (IP BC CAS). Male and female adult I. ricinus ticks
were collected by flagging in a forest near České Budějovice in the Czech Republic and kept
in 95% humidity chambers under a 12 h light/dark cycle at laboratory temperature. Tick
nymphs were obtained from the tick rearing facility of the IP BC CAS. C3H/HeN mice were
purchased from Velaz s.r.o. (Prague, Czech Republic). Mice were housed in individually
ventilated cages under a 12 h light/dark cycle and used at 6–12 weeks. Laboratory rabbits
were purchased from Velaz and housed individually in cages in the animal facility of the
Institute of Parasitology. Guinea pigs were bred and housed in cages in the animal facility
of the Institute of Parasitology. All mammals were fed a standard pellet diet and given
water ad libitum.

4.2. Gene Expression Profiling

I. ricinus nymphs were fed on C3H/HeN mice for 1 day, 2 days, and until full engorge-
ment (3–4 days); I. ricinus females were fed on guinea pigs for 1, 2, 3, 4, 6, and 8 days. Adult
salivary glands, midguts, and ovaries, as well as whole nymph bodies, were dissected
under RNase-free conditions, and total RNA was isolated using TRI Reagent solution
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(MRC, Cincinnati, OH, USA). cDNA was prepared using 1 µg of total RNA from pools of
ticks fed on three different guinea pigs using the Transcriptor First Strand cDNA Synthesis
kit (Roche, Basel, Switzerland) according to the manufacturer´s instructions. The cDNA
was subsequently used for the analysis of Iripin-8 expression by qPCR in a Rotor-Gene
6000 cycler (Qiagen, Hilden, Germany) using FastStart Universal SYBR® Green Master
Mix (Roche). Iripin-8 expression profiles were calculated using the Livak and Schmittgen
mathematical model [75] and normalized to I. ricinus elongation factor 1α (ef1; GenBank
No. GU074829.1) [76,77]. Primer sequences are shown in Supplementary Table S1.

4.3. RNA Silencing and Borrelia Transmission

Borrelia afzelii-infected I. ricinus nymphs were prepared as described previously [78,79].
A fragment of the Iripin-8 gene was amplified from I. ricinus cDNA using primers containing
restriction sites for ApaI and XbaI (Supplementary Table S1; Iripin-8 RNAi) and cloned into
the pll10 vector with two T7 promoters in reverse orientations [80]. Double-stranded RNA
(dsRNA) of Iripin-8 and dsRNA of green fluorescent protein (gfp) used for control were
synthesized using the MEGAscript T7 transcription kit (Ambion, Austin, TX, USA), as
described previously [81]. The dsRNA (32 nl; 3 µg/µL) was injected into the hemocoel of
sterile or infected nymphs using a Nanoject II instrument (Drummond Scientific, Broomall,
PA). After 3 days of rest in a humid chamber at laboratory temperature, ticks were fed on
C3H/HeN mice (15–20 nymphs per mouse) until full engorgement. Two weeks later, mice
were sacrificed, and the numbers of Borrelia spirochetes in the earlobe, urinary bladder,
heart tissue, and ankle joint were estimated by qPCR [82] and normalized to the number of
mouse genomes [83] (primer and probe sequences in Supplementary Table S1). The level
of gene knockdown was checked by qPCR in an independent experiment.

4.4. Cloning, Expression, and Purification of Iripin-8

The full cDNA sequence of the gene encoding Iripin-8 was amplified with the primers
presented in Supplementary Table S1 using cDNA prepared from the salivary glands of
female I. ricinus ticks fed for 3 and 6 days on rabbits as a template. The Iripin-8 gene
without a signal peptide was cloned into a linearized Champion™ pET SUMO expression
vector (Life Technologies, Carlsbad, CA, USA) using NEBuilder® HiFi DNA Assembly
Master Mix (New England Biolabs, Ipswich, MA, USA) and transformed into Escherichia coli
strain Rosetta 2(DE3)pLysS (Novagen, Merck Life Science, Darmstadt, Germany) for ex-
pression. Bacterial cultures were fermented in autoinduction TB medium supplemented
with 50 mg/L kanamycin at 25 ◦C for 24 h.

SUMO-tagged Iripin-8 was purified from clarified cell lysate using a HisTrap FF col-
umn (GE Healthcare, Chicago, IL, USA) and eluted with 200 mM imidazole. After the
first purification, His and SUMO tags were cleaved using a SUMO protease (1:100 w/w)
overnight at laboratory temperature. Samples were then reapplied to the HisTrap col-
umn to separate tags from the native serpin. This step was followed by ion exchange
chromatography using a HiTrap Q HP column (GE Healthcare) and by size exclusion
chromatography using a HiLoad 16/60 Superdex 75 column (GE Healthcare) to ensure
sufficient protein purity.

4.5. SDS-PAGE of Complex Formation

Iripin-8 and proteases were incubated at 1 µM final concentrations in a buffer cor-
responding to each protease (please see below) for 1 h at laboratory temperature. For
the assay with fVIIa, we added 1 µM tissue factor (TF). Covalent complex formation was
then analyzed in a reducing SDS-PAGE using 4–12% and 12% NuPAGE gels, followed by
silver staining.

4.6. Determination of Inhibition Constants

Second-order rate constants of protease inhibition were measured by a discontinuous
method under pseudo first-order conditions, using at least a 20-fold molar excess of serpin
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over protease. Reactions were incubated at laboratory temperature and were stopped at
each time point by the addition of the chromogenic/fluorogenic substrate appropriate for
the protease used. The slope of the linear part of absorbance/fluorescence increase over
time gave the residual protease activity at each time point. The apparent (observed) first-
order rate constant kobs was calculated from the slope of a plot of the natural log of residual
protease activity over time. kobs was measured for 5–6 different serpin concentrations, each
of them consisting of 8 different time points and plotted against serpin concentration. The
slope of this linear plot gave the second-order rate constant k2. For each determination, the
standard error of the mean is given.

The assay buffer was 20 mM Tris, 150 mM NaCl, 5 mM CaCl2, 0.2% BSA, 0.1% PEG
8000, pH 7.4 for thrombin, fXa, and fXIa; 20 mM Tris, 150 mM NaCl, 5 mM CaCl2, 0.1% PEG
6000, 0.01% Triton X-100, pH 7.5 for activated protein C (APC), fVIIa, fIXa, fXIIa, plasmin,
and chymotrypsin; 20 mM Tris, 150 mM NaCl, 0.02% Triton X-100, pH 8.5 for kallikrein
and trypsin.

Substrates were: 400 µM S-2238 (Diapharma, Chester, OH, USA) for thrombin; 400 µM
S-2222 for fXa (Diapharma); 400 µM S-2366 (Diapharma) for fXIa; 250 µM Boc-QAR-AMC
for fVIIa; 250 µM D-CHA-GR-AMC for fXIIa; 250 µM Boc-VPR-AMC for kallikrein, trypsin,
and APC; 250 µM D-VLK-AMC for plasmin; and 250 µM Boc-G(OBzl)GR-AMC for fIXa.

Final concentrations and origin of human proteases were as follows: 2 nM thrombin
(Haematologic Technologies, Essex Junction, VT, USA), 20 nM fVIIa (Haematologic Tech-
nologies), 20 nM TF (BioLegend), 200 nM fIXa (Haematologic Technologies), 5 nM fXa
(Haematologic Technologies), 2 nM fXIa (Haematologic Technologies), 10 nM fXIIa (Molec-
ular Innovations, Novi, MI), 8 nM plasma kallikrein (Sigma-Aldrich, St Louis, MO, USA),
1.25 nM plasmin (Haematologic Technologies), 15 nM APC (Haematologic Technologies),
20 pM trypsin (RnD); 10 nM chymotrypsin (Merck).

4.7. Anti-Iripin-8 Serum Production and Western Blotting

Serum with antibodies against Iripin-8 was produced by immunization of a rabbit
with pure recombinant protein as described previously [84]. Tick saliva was collected from
ticks fed for 6 days on guinea pigs by pilocarpine induction as described previously [85].
Tick saliva was separated by reducing electrophoresis using NuPAGE™ 4–12% Bis-Tris
gels. Proteins were either visualized using Coomassie staining or transferred onto PVDF
membranes (Thermo Fisher Scientific). Subsequently, membranes were blocked in 5%
skimmed milk in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBS T) for 1 h at laboratory
temperature. Membranes were then incubated with rabbit anti-Iripin-8 serum diluted in 5%
skimmed milk in TBS-T (1:100) overnight at 4 ◦C. After washing in TBS-T, the membranes
were incubated with secondary antibody (goat anti-rabbit) conjugated with horseradish per-
oxidase (Cell Signaling Technology; Danvers, MA, USA; 1:2000). Proteins were visualized
using the enhanced chemiluminescent substrate WesternBrightTM Quantum (Advansta,
San Jose, CA, USA) and detected using a CCD imaging system (Uvitec, Cambridge, UK).

4.8. Coagulation Assays

All assays were performed at 37 ◦C using preheated reagents (Technoclone, Vienna,
Austria). Normal human plasma (Coagulation Control N) was preincubated with Iripin-8
for 10 min prior to coagulation initiation. All assays were analyzed using the Ceveron four
coagulometer (Technoclone).

For prothrombin time (PT) estimation, 100 µL plasma was preincubated with 6 µM
Iripin-8, followed by the addition of 200 µL Technoplastin® HIS solution and estimation of
fibrin clot formation time. For activated partial thromboplastin time (aPTT), 100 µL plasma
was preincubated with various concentrations of Iripin-8 (94 nM–6 µM), followed by the
addition of 100 µL of Dapttin® TC and incubation for 2 min. Coagulation was triggered by
the addition of 100 µL 25 mM CaCl2 solution. For thrombin time (TT), 200 µL of thrombin
reagent was incubated with various concentrations of Iripin-8 for 10 min and subsequently
added to 200 µL of plasma to initiate clot formation.
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4.9. Crystal Structure Determination

Iripin-8 was concentrated to 6.5 mg/mL and dialyzed into 20 mM Tris pH 7.4, 20 mM
NaCl. Crystals were obtained from the PGA screen [86] (Molecular Dimensions, Maumee,
OH) in 0.1 M Tris pH 7.8, 5% PGA-LM, 30% v/v PEG 550 MME. Crystals were flash-frozen
in liquid nitrogen straight from the well condition without additional cryoprotection. Data
were collected at the Diamond Light Source (Didcot) on a beamline I04-1 and processed
using the CCP4 suite [87] as follows: integration by Mosflm [88] and scaling and merging
with Aimless [89]. The structure was solved by molecular replacement with Phaser [90].
The template for molecular replacement was generated from the structure of conserpin
(PDB ID 5CDX [91]), which was truncated to remove flexible regions and mutated using
Chainsaw [92] based on a sequence alignment to Iripin-8 using Expresso [93]. The structure
was refined with Refmac [94]. Model quality was assessed by MolProbity [95,96], and
figures were generated using PyMOL [97].

4.10. Complement Assay

Fresh rabbit erythrocytes were collected in Alsever’s solution from the rabbit marginal
ear artery, washed three times in excess PBS buffer, and finally diluted to a 2% suspension
(v/v). Fresh human serum was obtained from three healthy individuals. The assay was
performed in a 96-well round-bottomed microtiter plate (Nunc, Thermo Fisher Scientific).
Each well contained 100 µL 50% human serum in PBS premixed with different concentra-
tions of Iripin-8 (315 nM–10 µM). After 10 min incubation at laboratory temperature, 100 µL
of erythrocyte suspension was added (i.e., 25% final serum concentration after the addition
of erythrocyte suspension to a final 1%). Reaction wells were observed individually under
a stereomicroscope using oblique illumination and an aluminum pad, and the time needed
for erythrocyte lysis was measured. When full lysis was achieved, the reaction mixture
turned from opaque to transparent. Negative controls did not contain either Iripin-8 or
human serum. Additional controls were performed with heat-inactivated serum (56 ◦C,
30 min). The assay was evaluated in technical and biological triplicates.

4.11. Immunological Assays

Both the CD4+ T cell proliferation assay and neutrophil migration assay were per-
formed following the protocols described by Kotál et al. [45]. Briefly, for the CD4+ T
cell proliferation assay, splenocytes were isolated from OT-II mice, fluorescently labeled,
pre-incubated with serpin for 2 h, and their proliferation stimulated by the addition of
OVA peptide. After 72 h, cells were labelled with anti-CD4 antibody and analyzed by flow
cytometry. For the migration assay, neutrophils were isolated from mouse bone marrow
by immunomagnetic separation and preincubated with serpin for 1 h. Cells were then
seeded in the inserts of 5 µm pore Corning® Transwell® chambers (Corning, Corning, NY,
USA) and were allowed to migrate towards an fMLP (Sigma-Aldrich) gradient for 1 h. The
migration rate was determined by cell counting using the Neubauer chamber.

4.12. Statistical Analysis

All experiments were performed as three biological replicates. Data are presented as
mean ± standard error of mean (SEM) in all graphs. Student’s t-test or one-way ANOVA
was used to calculate statistical differences between two or more groups, respectively. For
RT-PCR, data for nymphs, salivary glands, midgut, and ovaries were analyzed separately
using one-way ANOVA, followed by Dunnett’s post hoc test. Statistically significant results
are marked: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; n.s., not significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22179480/s1: Supplementary Table S1: List of primers; Supplementary Table S2: Data
processing, refinement, and model; phylogenetic analysis of Iripin-8 group between tick species;
Supplementary Figure S1: Alignment and phylogenetic analysis of Iripin-8; Supplementary Figure S2:
Analysis of Iripin-8 purity by SDS-PAGE; circular dichroism (CD) spectroscopy; Supplementary Fig-
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ure S3: CD spectrogram of Iripin-8; Supplementary Figure S4: Effect of Iripin-8 on T cell proliferation
and neutrophil migration; Supplementary Figure S5: A ribbon diagram of two Iripin-8 symmetry-
related molecules; Supplementary Figure S6: Ribbon diagram of Iripin-8 with highlighted molecules
of PEG; Supplementary methods: Evolutionary analysis by the maximum likelihood method.
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Abstract: The hard tick Ixodes ricinus is a vector of Lyme disease and tick-borne encephalitis. Host
blood protein digestion, essential for tick development and reproduction, occurs in tick midgut
digestive cells driven by cathepsin proteases. Little is known about the regulation of the digestive
proteolytic machinery of I. ricinus. Here we characterize a novel cystatin-type protease inhibitor,
mialostatin, from the I. ricinus midgut. Blood feeding rapidly induced mialostatin expression in the
gut, which continued after tick detachment. Recombinant mialostatin inhibited a number of I. ricinus
digestive cysteine cathepsins, with the greatest potency observed against cathepsin L isoforms, with
which it co-localized in midgut digestive cells. The crystal structure of mialostatin was determined
at 1.55 Å to explain its unique inhibitory specificity. Finally, mialostatin effectively blocked in vitro
proteolysis of blood proteins by midgut cysteine cathepsins. Mialostatin is likely to be involved in
the regulation of gut-associated proteolytic pathways, making midgut cystatins promising targets for
tick control strategies.

Keywords: cathepsin; crystal structure; cysteine protease; digestion; Ixodes ricinus; midgut; parasite

1. Introduction

Ticks are globally distributed ectoparasitic arthropods that strictly feed on host blood.
While soft ticks (family Argasidae) feed only for a few hours, hard ticks (family Ixodidae)
usually attach to their hosts for several days to fully engorge and proceed to their next
developmental stage. The hard tick Ixodes ricinus is found mainly in Europe but also in
neighboring parts of Africa and the Middle East, where it is a major vector of pathogens
such as Lyme disease spirochetes (Borrelia burgdorferi sensu lato), tick-borne encephalitis
virus [1] or Babesia spp. [2]. Adult I. ricinus females feed for 6–9 days on a vertebrate host
to enlarge over 100 times in weight [3].

Since blood is a highly specific and sole source of nutrients for these ticks, they have
adapted to efficiently process large amounts of host blood. Blood degrades in the acidic
endolysosomes of digestive cells of the tick midgut. Gut lumen uptake of the two main
blood constituents, albumin and hemoglobin, is facilitated by two different mechanisms [4]:
albumin is taken up non-specifically by fluid-phase endocytosis, while hemoglobin is
recognized by specific receptor-mediated endocytosis. Subsequently, albumin is directed to
small acidic vesicles and hemoglobin to a population of large digestive vesicles [4]. Despite

77



Int. J. Mol. Sci. 2021, 22, 5371

these differences, both albumin and hemoglobin are cleaved and processed to single amino
acids and short peptides by the same proteolytic system [5,6]. The degradation pathway
for hemoglobin is described in detail elsewhere [4]. Briefly, the initial phase is catalyzed by
three I. ricinus digestive endopeptidases at low pH (3.5 to 4.5) including a cysteine protease
legumain (IrAE) [7] and aspartic protease cathepsin D (IrCD1) [8]. Two cysteine protease
cathepsin L isoforms, IrCL1 [9] (GenBank: EF428205) and IrCL3 (GenBank: QBK51063),
complement the initial phase: IrCL1 expression in tick gut cells peaks at the end of tick
feeding [9], while its ortholog, IrCL3, is present in the tick midgut predominantly after
feeding, where it complements the activity of IrCL1 (D. Sojka, personal communication,
December 2020). Cysteine proteases with exopeptidase activity, cathepsins B and C (IrCB
and IrCC), continue hemoglobin degradation to dipeptides at an optimal pH of 5.5–6.0 in
digestive cells [6,10,11]. Digestion to single amino acids is facilitated by carboxypeptidase
and leucine aminopeptidase [6]. Blood processing by ticks and the roles of individual
proteases are reviewed in detail elsewhere [12,13].

Under physiological conditions, cysteine protease activity is regulated by proteina-
ceous inhibitors, including those in the cystatin family [14,15]. Cystatins are tight binding,
reversible inhibitors of legumain and papain-like cysteine proteases [16]. According to
MEROPS nomenclature, cystatins are subdivided into three subfamilies: I25A (type 1,
stefins), I25B (type 2 and type 3, kininogens), and I25C (type 4, fetuins) [17]. Only type 1
and 2 cystatins have so far been identified in ticks [18]. Cystatins are mostly associated
with the regulation of proteases involved in blood digestion and heme detoxification in the
tick midgut [18] and with the modulation of the host immune system as components of
tick saliva [19,20], although they have also been detected in other tick tissues [21,22].

In soft ticks, only two midgut cystatins have been functionally characterized:
Om-cystatins 1 and 2 from Ornithodoros moubata [23]. While Om-cystatin 1 is exclusively
expressed in the midgut, Om-cystatin 2 can be found in all tissues and has immunomodu-
latory properties when secreted into the host [24,25]. Both inhibit cathepsins B, C, and H
and are involved in blood processing [23]. Gut-associated cystatins from only two Ixodes
species have been reported to date: a gut-secreted cystatin JpIocys2a from Ixodes ovatus was
shown to inhibit cathepsins B, C, and L [26], while the expression of three Ixodes persulcatus
cystatins, JpIpcys2a, b, and c, was demonstrated in almost all tissues and instars [27].

Despite the relatively good characterization of the digestive proteases present in the
I. ricinus midgut [13], there has been little functional characterization of their inhibitors
and regulatory mechanisms. Here we report a novel cystatin from the I. ricinus midgut,
mialostatin, and present its crystal structure, inhibitory specificity, tissue localization, and
role in the regulation of blood digestion.

2. Results
2.1. Mialostatin Transcript Predominantly Accumulates in the Tick Midgut

In order to clone mialostatin, we used primers based on available cystatin sequences
identified in Ixodes scapularis tick genome. To obtain the longest possible reads, we also
focused on the 5’ UTRs and 3’ UTRs regions. In the course of our study, an I. ricinus
transcriptome was published with a transcript of an identical sequence to mialostatin
(Genbank accession number GFVZ01041806.1) [28]. However, since this particular tran-
script was obtained from whole body tick sequencing, we used BLAST to search for highly
similar sequences in other transcriptomic studies to specifically localize its expression
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 20 May 2021). As a result we found
a highly similar transcript SigP-158801 upregulated mainly in the tick midgut [29]; similarly
to another transcript GCJO01026918.1 identified in a study focusing on the tick gut [30]. To
verify the localization of mialostatin, we examined its expression in different tick tissues
and feeding stages and confirmed its predominantly midgut expression.

Increased transcription of mialostatin over the feeding course implies an important
role in tick metabolism [18]. Figure 1 shows the expression of mialostatin in the tick midgut,
ovaries, and salivary glands before, during, and after feeding. Mialostatin transcript was
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predominantly present in the tick midgut, where expression oscillated throughout feeding
and after detachment but at consistently higher expression than the other examined tissues.
The presence and upregulation of mialostatin transcript in tick salivary glands and ovaries
were low, peaking in fully fed ticks and at the early phase of detachment at maximum
levels of only 10–20% of midgut expression (Figure 1).

Figure 1. Mialostatin is predominantly produced in the tick midgut and its expression is upregulated
by tick feeding. Expression maxima are prior to rapid engorgement, in fully fed females, and at two
weeks post tick detachment from the host. Mialostatin expression was determined by quantitative
PCR using cDNA templates prepared from a pool of three tissues from female ticks (MG—midgut,
OVA—ovaries, SG—salivary glands). The qPCR output was normalized to the I. ricinus elongation
factor 1 gene and compared across all values with the highest expression set to 100%. Data show an
average of three biological replicates ± SEM. Categories: UF—unfed ticks; 1d, 3d, 5d—ticks after 1, 3,
or 5 days of feeding; FF—fully fed ticks after 7–8 days of feeding; 3AD, 6AD, 12AD—ticks 3, 6, or
12 days after detachment.

2.2. Mialostatin Is a Broad-Spectrum Inhibitor of Cysteine Cathepsins and Is Highly Effective
against Cathepsin L

Purified recombinant mialostatin was screened in vitro for its inhibitory potential
against major endogenous digestive proteases present in the I. ricinus gut [6]. These
proteases were tested in the form of recombinant enzymes or proteolytic activities in the
gut tissue extract (Table 1, left and middle panels). The strongest inhibition was found
for recombinant I. ricinus cathepsins L1 and L3 (IC50s of 0.071 and 0.39 nM, respectively),
which are papain-type cysteine proteases and consistent with sub-nanomolar inhibition of
cathepsin L-like activity by the extract (IC50 of 0.18 nM). The cathepsin B-like and cathepsin
C-like activities of the extract were inhibited with lower potency, with IC50 values in the
double-digit nanomolar range (12.1 and 91.7 nM, respectively). Mialostatin did not inhibit
I. ricinus digestive proteases out of the papain family, including the aspartic protease
cathepsin D1 and the clan CD cysteine protease legumain (asparaginyl endopeptidase).

We next expanded a spectrum of papain-type cysteine proteases and screened mi-
alostatin against a representative panel of human cathepsins selected to cover a wide
range of endo- and exopeptidase activities (Table 1, right panel) including endopeptidases
cathepsins L, K, and S and exopeptidases cathepsin B (a peptidyl dipeptidase and en-
dopeptidase), cathepsin C (a dipeptidyl peptidase), and cathepsin H (an aminopeptidase).
Human cathepsin L was inhibited at subnanomolar concentrations (IC50 0.38 nM), similar
to its I. ricinus homologs, and all other human cysteine cathepsins were inhibited with
IC50 values in a narrow range from 2.2 to 24 nM.

In conclusion, mialostatin displays an unusually broad inhibitory specificity against
cysteine cathepsins, with a particularly strong interaction with cathepsin L isoforms. The
high affinity for cysteine cathepsins with endopeptidase and exopeptidase activities clearly
distinguishes mialostatin from other described Ixodes cystatins, which display weak or no
inhibition of these exopeptidases (see below).
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Table 1. Inhibitory effect of mialostatin on the activity of tick and human proteases. The inhibitory potency of mialostatin
was determined against: (i) native cysteine cathepsins present in I. ricinus gut tissue extract using protease-specific assays
(left panel); (ii) selected digestive proteases of I. ricinus prepared as recombinant proteins (middle panel); and (iii) a
representative set of human cysteine cathepsins (right panel). The IC50 values (mean values ± SE) were measured by kinetic
activity assays using specific fluorogenic peptide substrates (for details, see Methods).

Inhibition of I. ricinus
Midgut Homogenate

Inhibition of Recombinant
Digestive I. ricinus Proteases

Inhibition of Human
Cysteine Cathepsins

Targeted Activity IC50 (nM) Proteases IC50 (nM) Protease IC50 (nM)

Cathepsin L 0.18 ± 0.02 Ir-cathepsin L1 (IrCL1) 0.071 ± 0.01 Hs-cathepsin L 0.38 ± 0.03
Cathepsins L and B 3.1 ± 0.4 Ir-cathepsin L3 (IrCL3) 0.39 ± 0.18 Hs-cathepsin C 2.1 ± 0.8

Cathepsin B 12.1 ± 1.5 Ir-legumain (IrAE) n.i. Hs-cathepsin S 2.2 ± 0.4
Cathepsin C 91.7 ± 5.5 Ir-cathepsin D1 (IrCD1) n.i. Hs-cathepsin B 9.0 ± 0.3

Hs-cathepsin K 9.7 ± 1.3
Hs-cathepsin H 24.0 ± 3.5

Abbreviation: n.i.—no significant inhibition at 10 µM mialostatin concentration.

2.3. Mialostatin Is Present in the Tick Gut Wall and Lumen

We further investigated mialostatin’s distribution within the tick midgut. Gut epithelia
and lumina were collected from fully fed I. ricinus adult females and subjected to proteomic
analysis to directly determine the presence or absence of mialostatin. The LC-MS/MS
strategy was based on the enzymatic digestion of a complex protein mixture and MS/MS
peptide sequencing. This analysis provided 11–71% peptide coverage of the mialostatin
sequence and a mass accuracy of <5 p.p.m. (Table S1), allowing us to conclude that
mialostatin is present in both the gut tissue and luminal contents of I. ricinus ticks.

Immunolabeling was used to evaluate the potential biological selectivity of mialostatin
towards different papain-like enzymes present in tick gut tissue. Localization of mialo-
statin with IrCB, IrCL1, and IrCL3 was examined using multicolor immunohistochemistry
(Figure 2), with the sample collection and section preparation time points selected based
on qPCR-determined dynamic expression profiles of individual proteases (sixth day of
feeding for IrCLB and IrCL1; eleventh day post feeding for IrCL3) to establish the availabil-
ity of these proteases for co-localization with mialostatin at these timepoints. IrCL3 was
the most probable target protease for mialostatin, as co-localization signals at the surface
of large vesicles in tick gut cells (specific ring patterns) was nearly complete. However,
there was also some co-localization of mialostatin with IrCL1 but not the cysteine protease
cathepsin B (IrCB).

Immunoblot analyses of tick gut tissue were performed to (i) confirm mialostatin
selectivity for IrCL3 and further evaluate potential interactions with IrCL1; and (ii) evaluate
potential secretion of mialostatin and the cathepsin-L-like tick proteases into the gut
lumen. The latter could not be observed by immunohistochemical labeling due to the rapid
dilution of gut epithelial cell secretions with the large amount of imbibed host blood in
the lumen. However, mialostatin was detected in the gut wall (Figure 3A) at all collected
time-points during feeding. Gut tissue originating from ticks membrane-fed on pure
bovine blood serum (without erythrocytes) [31] was used to avoid interference between
mialostatin-specific signals and host hemoglobin proteins of identical molecular weight.
IrCL1 and IrCL3 signals were also detected in both the gut epithelium (cell wall) and the
gut lumen (Figure 3B). The multiple IrCL1 bands corresponded to the proenzyme and
mature enzyme forms [9].

2.4. Mialostatin Inhibits Blood-Protein Digestion Catalyzed by Tick Gut Cysteine Cathepsins

In tick gut tissue, cysteine cathepsins play a critical role in the acidic degradation of
the two most abundant host blood proteins, hemoglobin and serum albumin. In particular,
cathepsin L is involved in the initial phase of the degradation pathway, which is continued
by the action of cathepsins B and C [5,6]. We evaluated the effect of mialostatin on the
in vitro degradation of hemoglobin and serum albumin by the proteolytically active extract
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of I. ricinus gut tissue (limited to cysteine proteases by treatment with inhibitors of other
protease classes). Both blood proteins were digested at optimal acidic pH, and SDS-
PAGE analysis demonstrated highly efficient degradation of these substrates (Figure 4A,B).
These processes were effectively blocked by mialostatin in a dose-dependent manner, with
complete inhibition at a low nanomolar concentration of mialostatin. A similar effect was
achieved by adding E-64, a small molecule general inhibitor of cysteine cathepsins. Further,
we tested the stability of mialostatin exposed to the complex proteolytic environment of
the gut tissue extract (Figure 4C), which revealed that mialostatin was generally stable
and showed only partial degradation over long-term treatment. In summary, the blood
protein digestion catalyzed by cysteine cathepsins of I. ricinus can be effectively controlled
by mialostatin under native-like conditions.

Figure 2. Mialostatin co-localizes with IrCL3 inside gut digestive cells of female I. ricinus ticks.
Multicolored confocal immunofluorescence indicates variable colocalization of mialostatin (green
signal) with the cathepsin-type proteases IrCB, IrCL1, and IrCL3 (red signal) in female tick gut
sections at the sixth day of feeding (6d) and eleventh day post detachment from the host (11AD).
Mialostatin and IrCL3 show the greatest co-localization (yellow signal in merged images), thus IrCL3
represents the most probable target protease. DAPI counterstaining is shown in cyan. DC—digestive
cells; Nu—nucleus; Hg—hemoglobin crystals in gut lumen, scale bar-10 µm.

Figure 3. Cont.
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Figure 3. Western blot analysis of mialostatin, IrCL1, and IrCL3 in the tick midgut. (A) Tick
midgut wall tissue extracts from various stages of tick feeding and midgut lumina from fully fed
ticks were analyzed by SDS-PAGE and Western blotting. Mialostatin was labeled with a mouse
monoclonal antibody and its signal detected using a fluorescently labeled secondary antibody.
(B) Tick midgut wall and midgut lumen homogenates from fully fed ticks were analyzed by SDS-
PAGE and immunoblotting with α-IrCL1 and α-IrCL3 rabbit polyclonal antibodies. Goat α-rabbit
IgG Alexa 488 fluorescent secondary antibody was used to visualize protein bands using ChemiDoc
MP imager. 6d—sixth day of feeding; FF—fully fed; 6, 7, 13, 15 AD—days post detachment from the
host. Lum. serum—luminal fluid from ticks fed on erythrocyte-free serum; rMista—recombinant
mialostatin. Full view of presented Western blots can be found in the Supplementary Materials,
Figures S2–S4.

Figure 4. Blood protein digestion with tick gut proteases is inhibited by mialostatin. Hemoglobin (A)
and serum albumin (B) were digested in vitro with I. ricinus gut tissue extracts in the presence and
absence of mialostatin. Blood protein substrate (5 µg of hemoglobin or 10 µg of serum albumin) was
incubated with 0.4 µg gut tissue extract of cysteine proteases at pH 3.6 for 16 h. The extract was
pre-incubated with mialostatin (MiSta) or the general cysteine protease inhibitor E-64 at the indicated
concentrations prior to initiation of digestion. The digests were subjected to Tricine-SDS-PAGE (A) or
Laemmli-SDS-PAGE (B) and visualized by protein staining. The hemoglobin (Hb) and serum
albumin (SA) substrates are marked; the non-digested control is indicated. (C) Proteolytic stability of
mialostatin in the gut tissue extract. Mialostatin (5 µg) was incubated with 0.4 µg gut extract protein
under the same conditions as in (A,B), subjected to Tricine-SDS-PAGE, and visualized by protein
staining. Mialostatin (MiSta) is marked; the non-digested control is indicated.

2.5. Phylogenetic Analysis and Three-Dimensional Structure of Mialostatin and Its Reactive Site

Phylogenetic analysis clearly demonstrated that mialostatin belongs to the cystatin
superfamily. According to the maximum likelihood method, the tick cystatin phylogenetic
tree contained three separate prostriate clades (Figure 5A and Figure S1). As shown in
the simplified tree in Figure 5A, mialostatin fell into a strongly supported group with
four other cystatins from the genus Ixodes. This clade was distant from other clades,
including the recently described iristatin [32] and previously characterized sialostatins L
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and L2 [33,34]. In general, tick cystatins cluster into several clades specific for either
prostriate, metastriate, or argasid tick species, suggesting fast evolution of cystatin genes in
ticks. The full phylogenetic tree presented in Figure S1 shows strong bootstrap support for
smaller clades, but the topology is less clear closer to the root of the tree. The analysis shows
mialostatin as a new distinct Ixodes cystatin consistent with its presumed major role in the
midgut, as most previously characterized cystatins from Ixodes spp. are of salivary origin.

Figure 5. Crystal structure of mialostatin and its comparison with other family 2 cystatins.
(A) Molecular phylogenetic analysis (maximum likelihood model) of secreted tick cystatins. Simpli-
fied consensus tree based on the maximum likelihood method with 1000-repeat bootstrap support.
All clades except the one with mialostatin (highlighted in red) are condensed. Cystatin from the mite
Platynothrus peltifer was used as an outgroup. The tree with the highest log-likelihood (−4870, 9711)
is shown. Branches corresponding to partitions reproduced in less than 20% bootstrap replicates
are collapsed. Numbers next to branches represent percentage of trees, in which the associated taxa
clustered together during bootstrap analysis. For full tree see Figure S1. (B) The three-dimensional
structure of mialostatin (PDB code 6ZTK) is shown as a cartoon representation colored by secondary
structural elements (α1—cyan; β1-5—magenta). The N- and C-termini and two disulfide bridges,
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Cys69–Cys82 and Cys93–Cys113 (yellow sticks), are indicated. The hairpin loops L1 and L2
and the N-terminus of cystatins are involved in the binding of papain-type cysteine proteases.
(C) Superposition of Cα traces of the mialostatin structure with five other cystatin structures in-
cluding OmC2 from the soft tick O. moubata (PDB code 3L0R), iristatin from the hard tick I. ricinus
(5O46), sialostatin L2 from the hard tick I. scapularis (3LH4), and representative vertebrate members
of family 2 cystatins: chicken egg white (CEW) cystatin (1CEW) and human cystatin D (1RN7). The
orientation of mialostatin is as in (B). Color coding of the structures and positions of the binding sites
for papain-type cysteine proteases and legumains are indicated. (D) Structure-based sequence align-
ment of mialostatin with OmC2, iristatin, sialostatins L1 and L2, CEW cystatin, and human cystatin
D. Residues identical to those of mialostatin are shaded grey. The secondary structural elements of
mialostatin are depicted in magenta for β-strands and cyan for α-helices. The conserved disulfide
bridges are indicated by the connecting black lines. Three regions involved in the interaction between
cystatins and papain-type cysteine proteases are boxed in green and labeled (the region size was se-
lected based on the predominant binding residues in the available complex structures); the consensus
core residues are highlighted in red. The legumain binding site in CEW cystatin is highlighted in blue.
Mature protein sequences were used in the alignment; residue numbering is according to mialostatin.
(E) A comparison of the inhibitory potency of mialostatin with the other family 2 cystatins (shown
in D) against various cysteine proteases including human papain-type cathepsins L to B (hCatL to
hCatB) and mammalian legumains. IC50 values are presented [23,32,33,35–37] and displayed as a
heat map (green scale); n.i.—not inhibited; x—no literature data are available.

The crystal structure of mialostatin was determined by molecular replacement using
the structure of the tick cystatin OmC2 as a search model and refined using data to 1.55 Å
resolution (Table S2). The hexagonal prism crystal form contained two molecules in the
asymmetric unit with a solvent content of about 57%. All protein residues could be modeled
into a well-defined electron density map with the exception of the first nine residues, which
formed a flexible N-terminus (Ser1 to Gly9), and the last two C-terminal residues (Asn118,
Val119) of chain A. The final model consisted of two mialostatin molecules, chains A and B,
containing 108 and 110 residues, respectively. The root-mean-square deviation (RMSD) for
superposition of the Cα atoms of the two chains was 0.14 Å, a low value within the range
observed for different crystal structures of identical proteins.

Figure 5B shows the overall structure of mialostatin. The molecule adopts a typical
cystatin fold (so called ‘hot dog’ fold [38]) characterized by a five-stranded twisted an-
tiparallel β-sheet wrapped around a central α-helix. Mialostatin contains two conserved
disulfide bridges connecting Cys69 with Cys82 and Cys93 with Cys113. Structural compar-
ison and sequence alignment with other known cystatin structures clearly demonstrated
that mialostatin belongs to family 2 of the cystatin superfamily (Figure 5C,D). The clos-
est structural homolog of mialostatin was the salivary/gut cystatin OmC2 from the soft
tick O. moubata [24] with the highest sequence identity (53%) and lowest RMSD for Cα

(0.86 Å), followed by salivary homologs iristatin (41% identity, 1.56 Å RMSD) from the
hard tick I. ricinus and sialostatins L1 (42%, 2.09 Å) and L2 (40%, 2.50 Å) from the hard
tick I. scapularis [32,33]. Lower structural similarity was found with vertebrate members,
namely human cystatin D (35%, 4.80 Å) and chicken egg white (CEW) cystatin (23%, 3.80 Å)
(Figure 5D) [39,40].

The interaction between family 2 cystatins and papain-type cysteine proteases is
mediated by three regions, the N-terminal segment and two hairpin loops L1 and L2,
which form a tripartite wedge-shaped edge that binds to the enzyme active site cleft
(Figure 5B,C) [40–42]. In mialostatin, the first part of the binding site is formed by the
N-terminal segment around Gly10, which is the first visible residue in the electron density
map. The conserved pair of glycines (Gly9, Gly10) provide conformational flexibility to
the N-terminal segment to adopt an optimal conformation for target binding. The L1 loop
(between β1 and β2) of mialostatin exposes the segment Gln51-Ile52-Val53-Ala54-Gly55
corresponding to the critical binding motif Gln-Xaa-Val-Xaa-Gly conserved in cystatins
(Figure 5B). The L2 loop (between β3 and β4) is characterized in mialostatin and other
cystatins, except sialostatins, by the presence of a conservative Pro101-Trp102 segment. To
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conclude, the structural analysis of mialostatin demonstrated a functionally competent
reactive site against papain-type cysteine proteases. The binding motif for legumain-type
cysteine proteases, which has been characterized in several cystatins (e.g., CEW cystatin),
was absent in mialostatin (Figure 5C,D), consistent with the fact that mialostatin and other
tick cystatins do not suppress legumain activity (Table 1, Figure 5E).

The inhibitory selectivity of the structurally analyzed cystatins is illustrated in Figure 5E.
Mialostatin and OmC2 represent broad-spectrum inhibitors of papain-type cathepsins and
are the most versatile in terms of their interactions of the analyzed tick cystatins. However,
the other tick homologs displayed a distinct selectivity profile limited to effective inhibition
of only some cathepsins. This may reflect structural changes in the conserved motifs
on the L1 and L2 loops of iristatin and sialostatins, respectively, and in their N-terminal
sequence potentially clashing with the partially occluded active sites of exopeptidases such
as cathepsins B or H. Conversely, binding events to, for example, cathepsins B and C, can
be supported by the electrostatic interactions formed by a positively charged basic patch
(residues 12, 20, 106, 107) located at the reactive site of mialostatin and OmC2.

3. Discussion

Ixodes ricinus has previously been used as a model tick species to investigate and de-
scribe the complex intestinal digestive proteolytic mechanisms occurring in hematophagous
arthropods. Blood proteins have been shown to be processed intracellularly by a mul-
tienzyme network of cysteine and aspartic proteases, with major involvement of cysteine
cathepsin-type proteases from the CA clan [6]. However, previous studies have not investi-
gated the regulation of digestive proteolysis, including the control mechanisms that protect
the gut epithelium from excessive proteolysis and potential cell damage. Cystatins, natu-
rally occurring cysteine protease inhibitors, are among the primary molecules of interest
in the I. ricinus anti-proteolytic system, as they have been previously proposed to interact
with digestive proteases in several other tick species [26,43,44].

In this study, we identified mialostatin as the first gut-associated cystatin to be identi-
fied in I. ricinus and present its comprehensive functional and structural characterization.
Mialostatin was a potent inhibitor of I. ricinus digestive cysteine proteases of clan CA,
covering both exopeptidases cathepsins B and C and endopeptidases cathepsins L1 and L3
(named IrCB, IrCC, IrCL1, and IrCL3, respectively). Its broad inhibitory selectivity is in
clear contrast with Ixodes salivary cystatins such as sialostatins L1, L2, and iristatin, which
have much narrower selectivity and mainly target endopeptidases [32–34]. On the other
hand, similar broad anti-protease activity has been reported for OmC2 and partially also
for OmC1 [23], cystatins present in the midgut of O. moubata soft ticks, or rBrBmcys2b
from Rhipicephalus microplus [26] hard ticks. The 3D structural analysis identified mialo-
statin as a close homolog of OmC2 and provided a structural explanation for its binding
selectivity through comparison of the architecture of the reactive site of mialostatin with
other publicly available tick cystatin structures. Specifically, we highlight a combination of
structural changes in three segments forming a tripartite wedge on mialostatin and OmC2
that slots into the cathepsin active site cleft. Based on structure-activity relationships and
phylogenetic data, we propose that well-characterized mialostatin and OmC2 represent
a new evolutionary subgroup of tick gut-associated cystatins that differ from salivary
cystatins modulating host immune responses. Functional diversification of the cystatin
superfamily is described in vertebrates [45]. It is likely that similar process occurs in ticks
due to fast evolution of secreted proteins, therefore the phylogenetic tree reflects both
localization and function of the cystatins. It is interesting to note that OmC2 also exhibits
immunomodulatory properties, which correlate with its dual expression pattern in both
the salivary glands and gut of O. moubata ticks, while OmC1 and mialostatin are expressed
predominantly in tick midguts [23].

The biological role(s) of mialostatin in the tick gut can be inferred in the context of
tick feeding behavior and associated physiological processes. Adult I. ricinus females
engorge an enormous amount of host blood that exceeds the weight of the unfed tick
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more than a hundred-fold. The current model of the multienzyme digestive protease
network responsible for blood protein processing is based mainly on investigations of the
well-developed digestive midgut cells occurring in partially engorged I. ricinus females
at the end of the slow feeding period at day 6–7 [13]. This period is followed by a rapid
engorgement phase lasting 12–24 h, which accounts for about two-thirds of the total
blood volume ingested before detachment from the host. Most blood proteins are used
for vitellogenesis and massive egg production during several weeks off-host [5,46]. The
molecular mechanisms underlying the associated protein turnover and long-term blood
meal storage in the tick gut lumen remain unexplored, mainly due to technical limitations
in studying fully fed females. Nevertheless, advances in the field and initial results led
to the hypothesis that off-host digestion may include extracellular proteolysis of blood
proteins in the gut lumen, which supports or replaces intracellular digestive proteolysis
in the gut epithelium [47]. Despite the broad biochemical selectivity of mialostatin, its
biological selectivity is limited due to compartmentalization in tick midgut cells. Our
immunohistochemistry results demonstrated that mialostatin is localized to the same
population of intracellular vesicles as IrCL3 on the 11th day post detachment, suggesting
that mialostatin predominantly targets IrCL3. Mialostatin is stored in these vesicles in some
cells even during tick feeding. Forming an inhibitory complex between mialostatin and
IrCL3 might be relevant for intracellular trafficking of enzymatically inactive IrCL3 in tick
gut cells. The localization of the mialostatin-IrCL3 complex to the surface of the large dense
granules two weeks post detachment is probably associated with an excretion/secretion
mechanism allowing translocation of the complex to the gut lumen. We hypothesize
that IrCL3 might partially restore its proteolytic activity in the diluted contents of the gut
lumen, where mialostatin can competitively interact with other secreted cysteine cathepsins
including IrCL1 as the strongest mialostatin binder. This would enable cathepsin-mediated
luminal proteolysis of blood proteins or the generation of antimicrobial peptides under
general mialostatin control [48]. Luminal IrCL3 might also act as an anti-coagulation factor,
as recently reported for a related R. microplus cathepsin L [49].

In conclusion, mialostatin is the first gut-associated cystatin characterized from
I. ricinus at the functional and structural levels. Mialostatin localized to both digestive
cells and the gut lumen, where it targets cathepsin L isoforms and regulates their activity
during trafficking and processing of host blood proteins. As components of gut-associated
proteolytic pathways, mialostatin and homologous cystatins in other tick species represent
potential vaccination antigens for novel anti-tick interventions targeting tick reproduction.
The vaccination efficacy of proteins derived from the tick gut (“concealed” antigens) in
controlling tick infestations has already been successfully demonstrated [50], and new
candidate antigens are increasingly in demand to combat tick infestations and to limit the
global spread of tick-borne diseases.

4. Materials and Methods
4.1. Ticks and Laboratory Animals

All animal experiments were carried out in accordance with the Animal Protection
Law of the Czech Republic No. 246/1992 Sb., ethics approval No. 34/2018, and protocols
approved by the responsible committee of the Institute of Parasitology, Biology Centre
of the Czech Academy of Sciences. Male and female adult I. ricinus ticks were collected
by flagging in a forest near České Budějovice in the Czech Republic and then kept in
95% humidity chambers under a 12 h light/dark cycle at room temperature. Female
BALB/c mice were purchased from Velaz (Prague, Czech Republic). Mice were housed in
individually ventilated cages maintained under a 12 h light/dark cycle. Mice were used
at 8–12 weeks of age. Laboratory rabbits were purchased from RABBIT CZ a. s. (Trhový
Štěpánov, Czech Republic) and housed individually in cages in the animal facility of the
Institute of Parasitology. Guinea pigs were bred and housed in cages in the animal facility
of the Institute of Parasitology. All mammals were fed a standard pellet diet and provided
with water ad libitum.
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4.2. Quantitative Real-Time PCR

Female I. ricinus ticks were fed on rabbits and allowed to mate with male ticks. Salivary
glands, midguts, and ovaries from five ticks per time point were dissected on a petri dish
under a drop of ice-cold DEPC-treated PBS. Total RNA was isolated from dissected tissue
using the NucleoSpin RNA kit (Macherey-Nagel, Düren, Germany) and its quality checked
by agarose gel electrophoresis before storing the RNA at −80 ◦C. cDNA was prepared
from 500 ng of total RNA from independent biological triplicates using the Transcriptor
High-Fidelity cDNA Synthesis Kit (Roche Applied Science, Penzberg, Germany). The
cDNAs served as templates for subsequent quantitative expression analyses of mialostatin
transcription by qRT-PCR. Samples were analysed with a LightCycler 480 (Roche Applied
Science, Penzberg, Germany) using FastStart Universal SYBR Green Master Mix (Roche
Applied Science, Penzberg, Germany). Reaction conditions over 50 cycles were as follows:
denaturation, 95 ◦C/10 s; annealing, 60 ◦C/10 s; extension, 72 ◦C/10 s. Relative expression
values were standardized to a reference gene, I. ricinus elongation factor 1 (ef1; GenBank:
GU074828) [51–53], and normalized to the sample with the highest level of expression. The
primers sequences for mialostatin and ef1 RT-PCR are shown in Table S3.

4.3. Mialostatin Cloning, Expression, Refolding, and Purification and Antibody Production

The full cDNA sequence of the gene encoding mialostatin was amplified using primers
designed based on the GFVZ01041806.1 [28] transcript from NCBI GenBank. The primer
sequences used for the final cloning of mialostatin are presented in Table S3. A pool
of I. ricinus cDNA prepared from the salivary glands of female ticks fed for three and
six days on rabbits was used as a template. The 372 base pair DNA fragment encoding
mialostatin without a signal peptide and with an inserted ATG codon was cloned into a
pET-17b vector (Novagen, Darmstadt, Germany) and transformed into Escherichia coli strain
BL21(DE3)pLysS (Novagen) for expression. Bacterial cultures were grown in LB medium
with 100 µg/mL ampicillin and 34 µg/mL chloramphenicol to an OD600 of 0.8, when
protein expression was induced by the addition of isopropyl 1-thio-β-D-galactopyranoside
to a final concentration of 1 mM. Cultures were harvested after 2 h of incubation at 37 ◦C
at 200 rpm shaking speed. Isolated inclusion bodies were dissolved in 6 M guanidine
hydrochloride, 20 mM Tris, and 10 mM DTT, pH 8 for 1 h followed by centrifugation
(10 min, 10,000× g) to remove undissolved impurities. Refolding was performed by
rapid dilution in 160 × excess of 20 mM Tris and 300 mM NaCl, pH 8.5. The resulting
refolded protein was purified by HiLoad Superdex 200 26/60 gel filtration chromatography
and HiPrep Q FF 16/10 ion exchange chromatography. Endotoxin was removed using
a detergent-based method. Purified recombinant mialostatin was used to raise antibodies
in a mouse and rabbit as described previously [54,55]. The immunoglobulin (Ig) fraction of
rabbit serum was obtained by caprylic acid precipitation of serum proteins as described
previously [56]. Hybridoma cells were raised by fusing splenocytes from immunized mice
and mouse myeloma SP 2/0-Ag14 cells. Monoclonal antibodies were produced in cell
culture following the previously described protocol [55].

4.4. Preparation of Tick Gut Samples

I. ricinus midguts were dissected from female I. ricinus fed on laboratory guinea
pigs (samples for proteolysis analysis and Western blotting) or from females’ membrane
fed on erythrocyte-depleted blood serum (samples for mass spectrometry analysis) [5].
The gut contents were carefully removed without disrupting the epithelium, and the gut
tissue was washed in phosphate buffered saline (PBS). For mass spectrometry analysis,
the gut contents were processed as described previously [6]. Gut tissue extract (150 mg
protein/mL) was prepared by homogenization of the pooled gut tissue in 0.1 M Na acetate
pH 4.5, 1% CHAPS on ice. The extract was cleared by centrifugation (16,000× g, 10 min,
4 ◦C), filtered through Ultrafree MC 0.22 µm (Millipore, Bedford, MA, USA), and stored
at −80 ◦C.
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4.5. Protease Inhibition Assays

Inhibition measurements were performed in triplicate in 96-well microplates (100 µL
assay volume) at 37 ◦C. Recombinant mialostatin was preincubated with protease for
10 min followed by the addition of specific fluorogenic substrate (see Sections 4.5.1–4.5.3).
The kinetics of product release were continuously monitored using an Infinite M1000
(Tecan, Männedorf, Switzerland) microplate fluorescence reader at 360 nm excitation and
465 nm emission wavelengths (for AMC-containing substrates) or at 320 nm excitation and
420 nm emission wavelengths (for Abz-containing substrate). IC50 values were determined
from residual velocities using dose-response plots; nonlinear regression was fitted using
GraFit software (Erithacus, East Grinstead, UK).

4.5.1. Inhibition of Proteases in Tick Gut Homogenates

To prevent interference of non-target proteases, homogenates (80 ng) were treated
with specific low molecular weight inhibitors (final assay concentrations are indicated)
including 1 µM pepstatin and 1 mM EDTA (against aspartic proteases and metallo-
proteases; all assays), 1 µM E-64 (against cathepsins L/B; cathepsin C assay), 1 µM
CA-074 (against cathepsin B; cathepsin L assay), and 1 µM Z–Phe–Phe–DMK (against
cathepsin L; cathepsin B assay) [6]. The assay substrates and buffers were as follows:
20 µM Z–Phe–Arg–AMC substrate and 0.1 M Na acetate pH 4.5 or 5.0 in the cathepsin L
and L/B assays, respectively; 20 µM Z–Arg–Arg–AMC substrate and 0.1 M MES pH 6.5 in
the cathepsin B assay; 20 µM Gly–Arg–AMC substrate in 0.1 M Na acetate pH 5.5, 25 mM
NaCl in the cathepsin C assay; all assay buffers contained 2.5 mM DTT and 0.1% PEG 1500.

4.5.2. Inhibition Assays of Recombinant Tick Proteases

The assay conditions for individual proteases were as follows: 1.2 nM IrCD1 and
20 µM Abz–Lys–Pro–Ala–Glu–Phe–Nph–Ala–Leu substrate in 0.1 M Na acetate pH 4.0;
1.25 nM IrAE and 20 µM Z–Ala–Ala–Asn–AMC substrate in 0.1 M MES pH 5.0, 2.5 mM
DTT, 1 µM E-64; 0.1 nM IrCL1 or 20 pM IrCL3 and 20 µM Z–Phe–Arg–AMC substrate in
0.1 M Na acetate pH 4.5, 2.5 mM DTT; all assay buffers contained 0.1% PEG 1500. The tick
proteases were prepared as described elsewhere [7,9,10,57,58].

4.5.3. Inhibition Assays of Human Proteases

Inhibition assays were performed following the same protocol used in our previous
publications [24,32]. The assay conditions for individual proteases were as follows: 35 pM
cathepsin B or 33 pM cathepsin L or 5 nM cathepsin K and 250 µM Z–Leu–Arg–AMC
substrate in 0.1 M Na acetate pH 5.5, 0.1 M NaCl; 350 pM cathepsin S and 250 µM
Z–Val–Val–Arg–AMC substrate in the same buffer; 0.5 nM cathepsin C and 250 µM
Gly-Arg-AMC substrate in the same buffer; 20 nM cathepsin H and 40 µM Z–Leu–Arg–AMC
substrate in 0.1 M Na/K phosphate pH 6.8; all assay buffers contained 1 mM EDTA, 2.5 mM
DTT, and 0.01% Triton X-100. The human proteases were purchased from Merck (Kenil-
worth, NJ, USA) and Biomol (Hamburg, Germany).

4.6. Protein Digestion Assay

Digestion of 10 µg human serum albumin (Sigma Aldrich, St Louis, MO, USA), 5 µg
bovine hemoglobin (Sigma Aldrich, St Louis, MO, USA), and 5 µg of mialostatin was
performed with the tick gut tissue homogenate (0.4 µg protein) in 50 mM Na citrate pH 3.6,
2.5 mM DTT, in a total volume of 100 µL for 16 h at 26 ◦C. In the albumin and hemoglobin
digestion assays, the homogenate was preincubated (15 min) in the same buffer with
non-cysteine protease inhibitors: 1 µM pepstatin, 100 µM Pefablock, and 1 mM EDTA. The
albumin digest was resolved with Laemmli SDS-PAGE gels (15%) and the hemoglobin
and mialostatin digests by Tricine-SDS-PAGE gels (16% T/6% C) containing 6 M urea [59].
Electrophoresis was performed under reducing conditions, and protein was stained with
Coomassie Blue G250.
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4.7. Reducing SDS-PAGE and Western Blotting

Tick tissue homogenates were separated by reducing SDS-PAGE using 4–20% Mini-
PROTEAN® TGX™ Precast Protein Gels (Bio-Rad Laboratories, Hercules, CA, USA). Sepa-
rated protein loads were visualized using TGX stain-free chemistry in the ChemiDoc MP
imager (Bio-Rad, Hercules, CA, USA). After protein load documentation, separated pro-
teins were electro-transferred from the gel onto an Immun-Blot® LF PVDF membrane using
the Trans-Blot Turbo system (Bio-Rad, Hercules, CA, USA). Prior to Western blot analyses,
membranes were blocked with 3% non-fat milk in PBS with 0.05% Tween 20 (PBS-Tween)
for 1 h at room temperature. Blocked membranes were incubated with the rabbit Ig fraction
of α-IrCL1 or α-IrCL3 polyclonal sera diluted 1:1000 in PBS-Tween containing 1% milk.
Goat anti-rabbit IgG Alexa 488-labeled antibody (1:1000, Thermo Fisher Scientific, Waltham,
MA, USA) was used as a secondary antibody. For mialostatin detection, α-mialostatin
monoclonal antibody (1:30) diluted in in PBS-Tween containing 1% milk and the goat anti-
mouse Alexa 546-labeled antibody (1:1000, Thermo Fisher Scientific, Waltham, MA, USA)
were used. In between individual steps of the whole procedure, membranes were washed
3 × 5 min in PBS-Tween on a rotating shaker platform at room temperature. Labeling
with primary antibodies was performed on a rotating shaker platform at 4 ◦C overnight.
Labeling with secondary antibodies was performed on a rotating shaker platform at room
temperature for 1 h. Fluorescent signals were again visualized using the ChemiDoc MP
imager and analyzed using Image Lab Software (Bio-Rad, Hercules, CA, USA).

4.8. Immunohistochemistry

Samples of I. ricinus gut tissues were prepared as described previously [11]. Briefly,
the gut was dissected from adult females at specific days of feeding on the host and
days post-attachment and fixed in 4% formaldehyde and 0.1% glutaraldehyde solution,
washed with PBS, dehydrated using ascending ethanol dilutions, then infiltrated with
LR White resin (London Resin Company, Stansted, UK) and polymerized. Semi-thin
sections (0.5 µm) were blocked with 1% BSA and 1% milk in PBS-Tween (0.3% (v/v)
Tween 20) for 45 min. Immunohistochemical double-staining was performed gradually,
with the initial antibody labeling of the respective intestinal protease (I. ricinus cathepsin
L1 IrCL1 [9]; cathepsin L3 IrCL3; cathepsin B IrCB [11]) subsequently followed with
immunolabeling of mialostatin. First, semi-thin tick gut tissue sections were blocked
with blocking solution (1% BSA, 1% milk solution in PBS-Tween) for 45 min at room
temperature. For protease immunostaining, sections were first labeled (4 ◦C overnight)
with primary antibodies: (i) rabbit α-IrCL1 affinity-purified polyclonal serum diluted 1:5 in
PBS-Tween; (ii) rabbit α-IrCB affinity-purified polyclonal serum diluted 1:5 in PBS-Tween;
(iii) isolated Ig fraction of α-IrCL3 polyclonal serum diluted 1:5 (IrCL1) in PBS-Tween. After
washing 3 × 5 min in PBS-Tween, sections were subsequently labeled with Alexa Fluor®

647 goat α-rabbit secondary antibody (diluted 1:500 in PBS-Tween; Thermo Fisher Scientific,
Waltham, MA, USA). Sections were subsequently used for mialostatin immunolabeling:
sections were once again washed 3 × 5 min in PBS-Tween and incubated with mouse
α-mialostatin monoclonal antibody diluted 1:50 in PBS-Tween. Incubation was performed
in a humid chamber at room temperature for 90 min. Sections were once again washed
(3 × 5 min in PBS-Tween) and incubated with secondary goat α-mouse Alexa Fluor® 488
(Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:500 in PBS-Tween for 1 h at room
temperature. Finally, all sections were washed in PBS-Tween and counterstained with
DAPI (4′,6′-diamidino-2-phenylindole; 2.5 µg/mL; Sigma Aldrich, St Louis, MO, USA) for
7 min, washed again with PBS-Tween, mounted in Fluoromount medium (Sigma Aldrich,
St Louis, MO, USA), and examined with the IX83 confocal microscope (Olympus, Tokyo,
Japan). Images were processed with FluoView FV3000 software (Olympus, Tokyo, Japan).

4.9. Evolutionary Analysis by the Maximum Likelihood Method

The evolutionary history was inferred using the maximum likelihood method and
JTT matrix-based model [60]. The bootstrap consensus tree inferred from 1000 replicates
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was taken to represent the evolutionary history of the taxa analyzed [61]. Branches corre-
sponding to partitions reproduced in less than 20% bootstrap replicates were collapsed.
The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches [61]. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algo-
rithms to a matrix of pairwise distances estimated using the JTT model and then selecting
the topology with the superior log-likelihood value. This analysis involved 71 amino
acid sequences. There were 108 positions in the final dataset. Evolutionary analyses were
conducted in MEGA X [62].

4.10. Crystallization and Data Collection

Screening for crystallization conditions was performed using the JCSG-plus kit (Molec-
ular Dimensions, Sheffield, UK) by the sitting drop vapor diffusion technique. Preliminary
crystals of mialostatin were obtained in 0.1 M citric acid pH 3.5, 0.8 M ammonium sulfate.
Optimal crystals were prepared at 18 ◦C using the hanging drop vapor diffusion technique
in 15-well NeXtal plates (Qiagen, Hilden, Germany). The crystallization drop consisted of
2 µL of the mialostatin protein solution (12.5 mg/mL in 10 mM Tris buffer, pH 8.0) and
1 µL of the precipitant solution equilibrated over a reservoir containing 300 µL precipitant
solution (0.1 M citric acid pH 4.0, 0.8 M ammonium sulfate). Crystals shaped as hexagonal
prisms reached their final size of 0.6 × 0.3 × 0.3 mm within 1 month. For data collection,
crystals were soaked in reservoir solution supplemented with 20% glycerol and flash
cooled in liquid nitrogen. Diffraction data at 100 K were collected using a BL14.1 beamline
operated by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron storage ring
(Berlin-Adlershof, Germany) [63] and processed using the XDS suite of programs [64].
Crystals exhibited the symmetry of space group P6222 and contained two molecules in the
asymmetric unit. Crystal parameters and data collection statistics are shown in Table S2.

4.11. Structure Determination

The phase problem was solved by molecular replacement using Molrep [65] from
the CCP4 package [66]. The search model was derived from the structure of cystatin
OmC2 (PDB code 3L0R) [24] sharing 53% sequence identity with mialostatin. Model
refinement was carried out using REFMAC 5.8 [66] from the CCP4 package with 5%
of the reflections reserved for cross-validation. Manual building and addition of water
molecules was performed using Coot [67]. The quality of the final model was validated with
Molprobity [68]. Final refinement statistics are given in Supporting Information Table S2.
Figures showing structural representations were prepared with the PyMOL Molecular
Graphics System (Schrödinger, New York, NY, USA). Atomic coordinates and structure
factors were deposited in the PDB under accession code 6ZTK.

4.12. Statistical Analysis

All experiments were performed in biological triplicate. Data are presented as
mean ± standard error of mean (SEM) in all graphs. Student’s t-test or one-way ANOVA
were used to calculate statistical differences between two or more groups, respectively. Sta-
tistically significant results are marked: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22105371/s1, Figure S1: The phylogenetic tree of 71 cystatins from both Ixodidae and
Argasidae tick species, Figure S2: Detection of mialostatin in midgut of blood fed ticks, Figure S3:
Detection of mialostatin in midgut of serum fed ticks, Figure S4: Detection of I. ricinus cathepsins L
in midgut of blood fed ticks, Table S1: Identification of mialostatin by mass spectrometry, Table S2:
X-ray data collection and refinement statistics, Table S3: Primer sequences.
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6. Horn, M.; Nussbaumerová, M.; Šanda, M.; Kovářová, Z.; Srba, J.; Franta, Z.; Sojka, D.; Bogyo, M.; Caffrey, C.R.; Kopáček, P.; et al.
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during blood feeding of the hard tick Ixodes ricinus. Parasites Vectors 2010, 3, 119. [CrossRef]

12. Sojka, D.; Francischetti, I.M.B.; Calvo, E.; Kotsyfakis, M. Cysteine Proteases from Bloodfeeding Arthropod Ectoparasites. Adv.
Exp. Med. Biol. 2011, 712, 177–191. [CrossRef]

91



Int. J. Mol. Sci. 2021, 22, 5371

13. Sojka, D.; Franta, Z.; Horn, M.; Caffrey, C.R.; Mareš, M.; Kopáček, P. New insights into the machinery of blood digestion by ticks.
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Abstract: Arthropod-borne viruses, referred to collectively as arboviruses, infect millions of people
worldwide each year and have the potential to cause severe disease. They are predominately
transmitted to humans through blood-feeding behavior of three main groups of biting arthropods:
ticks, mosquitoes, and sandflies. The pathogens harbored by these blood-feeding arthropods (BFA)
are transferred to animal hosts through deposition of virus-rich saliva into the skin. Sometimes these
infections become systemic and can lead to neuro-invasion and life-threatening viral encephalitis.
Factors intrinsic to the arboviral vectors can greatly influence the pathogenicity and virulence of
infections, with mounting evidence that BFA saliva and salivary proteins can shift the trajectory of
viral infection in the host. This review provides an overview of arbovirus infection and ways in
which vectors influence viral pathogenesis. In particular, we focus on how saliva and salivary gland
extracts from the three dominant arbovirus vectors impact the trajectory of the cellular immune
response to arbovirus infection in the skin.

Keywords: viral infection; skin; immune enhancement; mosquito

1. Introduction

Arbovirus infection involves complex interactions between the virus, the vector, and
the host. In extracting a blood meal, the vector induces skin damage at the bite site,
initiating a tissue repair response from the host. Simultaneous deposition of an arbovirus
into the bite site sets off a battle of viral immune evasion and host immune defense.
Blood-feeding arthropods (BFAs) further complicate these interactions because their saliva
contains highly bioactive salivary proteins that can block, enhance, or alter each of these
interactions. This review will examine these relationships (virus, vector, and host) with a
focus on BFA saliva and salivary proteins.

2. Arboviruses

Arthropod-borne viruses (arboviruses) can be found in multiple virus families, al-
though the majority cluster within three: Bunyaviridae, Flaviviridae, and Togaviridae
(Figure 1). Arboviruses within the Bunyaviridae family have extensive genus and vector
diversity, with viruses from this family transmitted to humans by sandflies, mosquitoes,
and ticks [1]. The severity of bunyavirus-induced disease in humans also fluctuates from
asymptomatic to severe disease, including seizures, coma, and in rare cases, death. The
Flaviviridae family contains one genus of arboviruses, all of which are transmitted to
human hosts by mosquitoes or ticks [2]. As a genus, flaviviruses are the most prevalent and
widely studied arboviruses, with extensive recent focus placed on Dengue virus (DENV)
and Zika Virus (ZIKV). ZIKV is capable of vertical and sexual transmission in addition
to being vector-borne, although these are not the dominant transmission mechanisms [3].
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Flaviviruses are globally distributed and can cause widespread morbidity and mortality.
Togaviridae contains a single genus, alphaviruses, which are exclusively mosquito-borne,
with Aedes and Culex mosquitoes serving as important vectors [4,5]. These alphaviruses
have less world-wide distribution and cause fewer cases of human disease overall than
flaviviruses [3,6]. However, a recent increase in cases of severe febrile illness has been ob-
served with the alphavirus, Chikungunya virus (CHIKV), as mosquito vector populations
have shifted due to changing climates and infection of different mosquito species [7,8].
Additional arboviruses have been identified outside of these families and include both tick-
and sandfly-borne viruses (Figure 1). Overwhelmingly, individual arboviruses are trans-
mitted by a single type of vector (i.e., mosquitoes, ticks, or sandflies), with the exception of
Vesicular Stomatitis virus (VSV; Rhabdoviridae), which is carried and transmitted readily
by both sandflies and mosquitoes [9,10]. It is unclear why most viruses are not carried by
multiple vectors simultaneously, but this may be related to host biology or a function of
geographical location. Indeed, some viruses are vector-restricted even within an arthropod
family. La Crosse virus (LACV; Bunyaviridae), for example, can infect both Aedes triseriatus
and Aedes hendersoni mosquitoes and is passed transovarially to mosquito offspring by
both, but is only readily saliva-transmitted to hosts by A. triseriatus [11]. Despite being
part of diverse virus families, arboviruses share many functional similarities in how they
interact with the mammalian host and arthropod vector.
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Arbovirus Infection of Vectors

Successful transfer of arboviruses to mammalian hosts begins first with infection of the
arthropod vector. After taking a bloodmeal from an infected host, the virus replicates within
the arthropod midgut and eventually reaches the salivary glands where it is transferred
to the host during feeding. Although most research focus is placed on host pathology
during mammalian infection, arboviruses can also impact the vector in both beneficial
and harmful ways. Flaviviruses like DENV and WNV (Flaviviridae) reach the mosquito
central nervous system (CNS), resulting in altered feeding behaviors that negatively impact
successful bloodmeal acquisition [12–15]. Rift Valley Fever virus (RVFV; Bunyaviridae)
similarly alters feeding behavior, but also reduces egg output and is ultimately lethal to
mosquitoes [16]. Conversely, Sindbis virus (SINV; Togaviridae) is neuroinvasive within
the mosquito, resulting in mosquitoes gaining resistance to the insect repellent compound
DEET, reducing options available for preventing mosquito bites in humans [17,18]. Not
all mosquito arboviruses alter feeding behaviors, however. Feeding disruption is only
transiently observed with La Crosse virus (LACV; Bunyaviridae), a mosquito-borne virus
in the same family as RVFV [16,19]. The virus’ ability to induce pathology in the vector
species may be a unique feature to mosquitoes. There are no currently reported benefits or
detriments to ticks or sandflies from virus infection, although many of these questions are
just beginning to be explored.

3. Arbovirus Infection of the Host

During feeding, BFAs inject protein-rich saliva as an aid in blood extraction, carrying
arboviruses that are deposited into host skin. Vector saliva intercepts important coagu-
lation pathways in the host but also can enhance viral dissemination and may increase
pathogenesis of virus infections [20,21]. For example, neurological disease is more severe
in experimental mouse models of Semliki Forest virus (SFV; Togaviridae) and West Nile
virus (WNV; Flaviviridae) infection when salivary gland extract (SGE) is co-injected with
the virus [22,23]. Dengue virus (DENV; Flaviviridae) replicates to higher viral titers in the
skin in mice injected with A. aegypti SGE compared to DENV infection alone [24]. Similarly,
Zika virus (ZIKV; Flaviviridae) titers are higher in many peripheral organs and the brain
when inoculated into mice alongside isolated A. aegypti salivary protein LTRIN [25]. In
some cases, salivary enhancement occurs even if virus and saliva are not injected at the
same time. For WNV, mosquito saliva enhances viral titers even if injected 12 h after the
virus, so long as it is spatially close to the initial virus injection site [26]. Interestingly,
there appears to be a vector species-specific enhancement in some cases, with higher viral
titers and more rapid death when RVFV (Bunyaviridae) is administered with A. aegypti
SGE but not C. pipens SGE despite both being competent vectors for transmission [27–30].
Notably, salivary enhancement is also observed with tick-borne Powassan virus (POWV;
Flaviviridae) and tick-borne encephalitis virus (TBEV; Flaviviridae), revealing that this is
not a unique feature reserved solely to mosquitoes [31,32].

In addition to heightened viral pathology and titer, SGE has the potential to increase
viral spread to new hosts. Naïve ticks fed on guinea pigs infected with Thogoto virus
(THOGV; Orthomyxoviridae) become virus-positive more often when the host guinea-pigs
are injected with tick SGE than virus injection alone [33]. Naïve ticks can become infected
with THOGV after feeding on a naïve mouse if they co-feed alongside infected ticks—even
in the absence of host seroconversion [33]. This spread in the absence of viremia in the host
is of particular interest as ticks are frequently found in tightly-spaced clusters when feeding
on natural virus reservoir species, suggesting localized transmission between ticks [34].
This is not a vector-specific observation as it also occurs in mouse models of WNV. If
naïve mosquitoes feed on mice within 40 mm of an infected mosquito feeding site and no
more than 45 min after the infected mosquito, naïve mosquitoes can become infected with
virus [35,36].

Many theories have been put forth to explain why saliva and SGE increase local viral
titer, including enhancing viral fusion to certain cell types, as has been shown with DENV
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in vitro [37]. Tick salivary proteins also prevent upregulation of interferon (IFN) β by
infected dendritic cells (DCs), which leads to unchecked TBEV replication in vitro [38].
Evidence suggests viral dissemination in mammalian hosts may also be enhanced through
immune modulation, positively influencing the mobilization and motility of immune cells
from the skin to the lymph node (LN) and promoting viral spread [24,37]. Increased
motility of infected immune cells may explain the spread of THOGV between co-feeding
ticks despite a lack of detectable host viremia [33].

3.1. Feeding Differences of Vectors

Hematophagous arthropods rely on acquisition of blood meals as a rich source of
proteins and heme for producing eggs and, in ticks, for progressing to the next stage of
development [39]. In general, biting arthropods obtain blood from hosts by the same
general mechanism, making use of sharp mouthparts to penetrate the host skin to reach
blood vessels. During this process, protein-rich saliva is injected into the skin, facilitating
blood extraction by intercepting the normal processes of hemostasis that prevent blood loss.
Mosquitoes, ticks, and sandflies have therefore evolved mechanisms to prevent coagulation,
limit vasoconstriction, and suppress pain receptors to facilitate feeding off mammalian
hosts. The specific mechanisms used are, in part, tailored by the unique feeding style
employed by each BFA.

3.1.1. Mosquitoes

The three largest mosquito genera, Culex, Aedes, and Anopheles, all serve as competent
vectors for viral diseases. Mosquitoes have substantial genetic diversity between genera
as well as the viruses they carry. Aedes mosquitoes are the dominant vector for mosquito-
borne diseases, although Culex and Anopheles also carry pathogens that cause disease in
humans [40,41]. Divergence within the mosquito genera has led to strains with substantially
different feeding timetables and behaviors; however, all mosquitoes feed using the same
physical mechanisms. Two thin serrated cutting projections called maxillae are used to
penetrate through the thinner outer epidermis into the dermis layer below [42]. Sandwiched
between the maxillae is a structure of two attached tubes, one for extracting blood and one
which passes saliva into the host (Figure 2). The labrum resembles a needle with a beveled
tip that has sensors for detecting blood vessels and ultimately for extracting blood once a
vessel is located [42–44]. Laying on top of the labrum is the hypopharynx through which
saliva is continually secreted [43]. The process of locating a vessel sometimes requires
multiple penetrations into the skin for successful feeding to begin, but the penetration of
such a small microneedle structure often elicits little pain [45]. Once a vessel is located and
cannulated, most mosquitoes feed to repletion within 1–2 min [46]. Both male and female
mosquitoes feed on plant juices for most of their nutrients, but female mosquitoes feed
on mammals and birds when ready to produce eggs. The composition of the sialome (i.e.,
salivary proteome) changes to match this shift in food source [47]. Proteomic comparisons
between sugar and blood-feeding female Aedes aegypti mosquitoes revealed increased
expression of proteins intercepting host responses to biting, including vasoconstriction,
pain sensation, and cytokine production, when females were fed on blood [47]. This
represents the intensely dynamic nature of vector saliva, including the ability to tailor the
composition to match shifting needs so that essential proteins are only expressed when
most needed.
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3.1.2. Ticks

Disease-transmitting ticks are subdivided into two main families based on their body
composition—hard-bodied (Ixodidae) and soft-bodied (Argasidae). Members of both
families are obligate blood-feeders, although Ixodidae ticks actively search out hosts for
extended feedings (days to weeks) while Argasidae reside within host nests, allowing for
repeated brief feedings (hours) from developing rodents and birds. As a result, Ixodidae
have increased potential to transmit bacterial pathogens to hosts as pathogen transfer
increases with longer duration of skin attachment [48]. Long duration feeding is not
required for transfer of POWV, which reach hosts within the first 15 min of attachment
to mouse skin [49]. Both sexes of ticks ingest blood to progress between developmental
stages, after first emerging from eggs through nymph stages to adults [50]. Adult females
require a blood meal as a rich source of heme for producing viable eggs, and many adult
males require a blood meal to produce viable sperm [39,51]. In at least two tick species,
males and females have different salivary protein profiles [52–54], although it has not been
investigated if this impacts viral transmission.

Both hard and soft-bodied ticks have large cutting mouth parts called chelicerae to saw
through the epidermis and deep into the dermis to access blood [55]. The back and forth
sawing motion of the chelicerae forms a wound and results in the formation of a blood pool
into which the barbed single-channel hypostome feeding tube is inserted [55] (Figure 2).
Histology of mouse skin performed during active tick feeding revealed that the hypostome
can even reach the skin fat cells on the border of the hypodermis [56]. Remarkably, ticks
are able to attain the same depth of penetration across the nymph and adult stages, despite
having vastly different body sizes [57]. However, the wound size and the amount of blood
pooling into it is proportional to the size of the tick as well as the tick developmental stage,
with adult ticks able to extract more whole blood than smaller nymphs [57]. Although
nymphs have a smaller feeding volume, they are still able to acquire viral and bacterial
infections from infected hosts so long as the feeding duration is sufficiently long for a given
pathogen [48].

Often, a single skin penetration is sufficient to establish feeding for the duration of
the attachment to the host—a period of a few hours (soft-bodied ticks) to weeks (hard-

99



Int. J. Mol. Sci. 2021, 22, 9173

bodied ticks), depending on the species [58]. To enhance long-term attachment to the host,
some species secrete a thick cement-like substance to surround the entire surface between
their body and the host to prevent detachment [59]. This firm attachment facilitates tick
engorgement, where female hard-bodied ticks may swell 30–100x their pre-attachment
body weight in a feeding session [50]. During pauses in blood extraction, saliva is secreted
back into the host, with the longer feeding hard-bodied ticks returning up to 74% of the
water extracted from the total blood meal volume [60]. This saliva exchange uses the
salivary glands to concentrate the removal of the most essential blood components, while
also providing a mechanism for direct host manipulation through injection of salivary
proteins that aid in feeding [60]. Tick-derived components in the saliva also help maintain
the fluidity and integrity of the blood pool by interrupting clotting and vasoconstriction
while also preventing immune cell repair to the wound area and suppressing pain [61]. As
with mosquitoes, tick saliva is highly dynamic, but a shift in the sialome content occurs
not because the food source changes, but instead by the duration of host attachment. In
addition, compared to mosquitoes who feed only briefly, tick saliva is more complex,
containing many more secreted proteins of uncharacterized function [62]. This is suggested
to result from the need to interfere with numerous extensive processes involved with
being long-term feeders, including interrupting tissue repair programs designed to close
the wound [62]. Simo et al. have compiled a nice in-depth review of vasoactive and
functionally active proteins identified to date in tick saliva [61].

3.1.3. Sandflies

Around 1000 species of sandflies have been identified with the arbovirus-relevant
species found within two genera: Phlebotomus and Lutzomyia [63]. Although more com-
monly vectors for parasitic diseases like Leishmaniasis, infected female sandflies can trans-
mit phleboviruses during blood feeding, and cases are often found clustered geographically
during an outbreak [64]. The sandfly proboscis is structurally and functionally similar to
the mosquito, with a two-channeled extraction—secretion mechanism surrounded by sharp
maxillae [65]. However, the feeding style employed is much more similar to ticks. Female
sandflies use the extensive sharp barbs on their maxillae and mandibles to cut a wound
in the skin, creating a blood pool at the very surface of the dermis [65,66]. This wound
formation is essential given that the labrum is too short to extend deeply into the dermis.
This results in a comparatively shallow blood pool formed primarily in the epidermis,
although saliva penetrates down into the dermis, inducing vascular leakage to supply the
blood pool (Figure 2) [67]. In contrast to ticks, however, the blood meal is rapidly extracted
over a period of minutes in a timescale similar to mosquitoes. This short duration makes
maintenance of the blood pool less critical, although efficient interruption of hemostasis
is still continuous and essential. Hematophagous female sandflies have saliva with 20x
the protein concentration of non-blood feeding males, and work is ongoing to characterize
the sialome of different sandfly species [68]. The very small body size of sandflies (<3 mm)
reduces the likelihood of host detection during feeding, which is an important quality as
the laceration formed by the bite does cause sharp pain in the host which is not inhibited
by sandfly saliva [69].

3.2. Secretion of Saliva by Vectors

Despite differences in penetration depth and style of feeding, the injection of enzyme-
rich, bioactive saliva into host skin is an essential component of arthropod blood feeding.
For all three vectors, saliva injection begins from the moment of skin penetration and
continues until the blood meal is finished [21,61,67,70,71]. Importantly, saliva is deposited
differentially based on biting style—mosquitoes inject saliva both into the epidermis and
dermis during initial skin penetration as well as adjacent to the blood stream once a vessel
is successfully cannulated as feeding begins (Figure 2) [70,71]. Sandflies deposit saliva
primarily into the epidermis due to their short mouthparts, but they are able to seep deeper
into the epidermis and dermis as hyaluronidase enzymes and salivary proteins liquify the
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surrounding environment (Figure 2) [72–77]. Ticks, by sawing directly into the dermis
through the epidermis, secrete saliva through both dermal layers and continue saliva
injection for the entire long duration of feeding, resulting in substantial saliva coverage of
the bite area (Figure 2) [21,71]. This contrast in saliva injection location has the potential to
differentially influence the local immune response, given the carefully arranged cellular
immune organization in different skin layers.

4. Vector Transmission Impacts on the Anti-Virus Host Response
4.1. The Skin Immune Environment

The skin serves as the first line of defense against insect-borne viruses, with specialized
cells primed to react to both the cellular damage caused by the arthropod bite and to any
infectious organism the bite delivers. The skin is divided into three structural layers—the
thin epidermis is at the top, bridging the distance between the air interface and blood-
vessel rich dermis below [78]. In the absence of infection, the epidermis contains only
keratinocytes and Langerhans cells (LCs), both of which perform surveillance functions
reminiscent of myeloid cells [78]. The highly vascularized dermis contains a much wider
repertoire of immune cells including dermal macrophages, T and B cells, dendritic cells
(DCs), and additional LCs [79,80]. The hypodermis is populated almost exclusively with
adipose cells, although there are resident immune cells at low levels in the absence of
inflammation [81].

During infection or injury, epidermal cells initiate the first reaction to foreign material
through detection by pattern-recognition receptors (PRRs) expressed on host cells. These
initiate cytokine production and the release of anti-microbial peptides [82,83]. Dermal
innate and adaptive immune cells, along with DCs and resident macrophages, amplify
inflammation during infection or wounding [80,84,85]. Chemokines recruit neutrophils,
monocytes, and other peripheral immune cells to infiltrate into the highly vascularized der-
mis, followed by migration into the epidermis or hypodermis as necessary [83–85]. These
processes work to reduce viral load and facilitate clearance of the infection. Epidermal
and dermal LCs perform hybrid functions often ascribed to both macrophages and DCs,
including migrating to the LN to present antigens to initiate adaptive immunity [83,86].
As the innate immune phase wanes and gives way to the adaptive response, T and B cells
work to target virus-infected cells and produce antibodies specifically developed against
the virus [79,80]. These processes all work together to resolve the infection and promote
healing of the bite site.

4.2. Arboviruses Hijack Skin Immune Mechanisms

Arboviruses have evolved means of interrupting the development of a normal skin
immune response by directly infecting and hijacking skin immune cells. Focusing first on
the epidermis, Keratinocytes are permissive to infection with mosquito-borne flaviviruses,
including DENV and WNV, both in vitro and in vivo, potentiating them as a replicative
niche in the skin [87,88]. In addition, epidermal Langerhans cells are readily infected by
mosquito-borne DENV, WNV, and CHIKV as well as tick-borne TBEV [20,89,90]. Because
LCs are migratory, moving from the epidermis through the dermis and even to the draining
LN, they may not only serve to amplify viral load, but also as a transport mechanism for
the virus to the rest of the body. Indeed, infected migratory LCs are thought to contribute
directly to the transfer of TBEV from infected ticks to naïve ones feeding on the same naive
host through their migration [32].

Ticks and mosquitoes, by virtue of their longer mouthparts, are capable of also deposit-
ing virions below the epidermis and deep into the dermis. Here, virus particles encounter
a more diverse repertoire of immune cells, increasing the diversity of cells available for
viral invasion. Tick-borne POWV is deposited deeply into the skin by infected ticks, and
the virus is detectable, flanking the bite site in the dermis and hypodermis, co-localized
with myeloid and T cell markers, suggesting these cells are actively infected [91].
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Depending on the cells infected, virus deposited in the dermis is not restricted to
remain there. DENV, Crimean—Congo Hemorrhagic Fever virus (CCHFV), and TBEV
replicate readily within dermal DCs, which are capable of migration, potentiating their
transport to the descending LN [90,92]. As the infection progresses, immune cells become
activated and cytokine production recruits additional hematopoietic-origin monocytes
from the blood. Monocytes are permissive to TBEV infection and are shown to shuttle virus
to peripheral tissues and even into the CNS [93–95]. ZIKV preferentially targets monocytes
in both adult and fetal infection, modulating adhesion molecule expression that may assist
with viral dissemination [96–99]. Similarly, DENV targets monocytes for infection and may
participate in inducing endothelial damage, precipitating vascular permeability [100]. Thus,
arboviruses take advantage of the dermal immune mechanisms essential for anti-viral
defense to facilitate their access to the rest of the host.

4.3. Salivary Gland Protein Suppression of Skin Host Immune Responses

Intrinsic viral mechanisms can influence immune cell activation and function in the
skin, but with vector-borne viruses, this is only one part of the overall infection picture. In
addition to alterations in viral load and dissemination, vector saliva and SGE also exhibit
immunomodulatory properties that can influence the trajectory and pathogenesis of viral
infections [101]. This is particularly true early in infection where the innate immune system
is the primary response to viral infection [102]. This is accomplished in three main ways:
(1) modulation of cellular activation at the infection site in the skin, leading to (2) alterations
of cytokine production, both related to propagation of inflammatory signaling or cellular
recruitment, and (3) manipulation of immune cell motility, both to the skin and away to
the skin-draining LN. These three processes are intertwined, and disentangling which
event occurs first is often challenging. Despite profound evolutionary divergence between
ticks, sandflies, and mosquitoes, their saliva retains remarkable functional conservation
in how it interacts with the mammalian immune system, discussed below. While a nice
body of literature has been generated characterizing SGE with mosquito and tick viruses,
there is a relative lack of studies on sandfly saliva during viral infection. Sandflies, while
the primary vectors for several phleboviruses, are much more commonly studied for
their dissemination of Leishmania sp., an intracellular parasite and cause of leishmaniasis
worldwide. Although parasitic infections are largely beyond the scope of this review, there
are potentially important parallels to be drawn by discussing a few aspects of sandfly
saliva during Leishmania infection.

4.3.1. Modulation of Innate Immune Activation

Across the three arthropod families, SGE widely suppress the initial post-bite innate
immune response. This is accomplished at multiple levels, by dampening activation of
skin-resident macrophages and DCs and by suppressing immune cell recruitment to the
skin. Both maturation and activation of DCs by standard immune stimulants, such as
poly I:C, CpG, or LPS, in the absence of infection are suppressed by tick SGE [103,104]. At
least a portion of this suppressive function is due to salivary Prostaglandin E2, including
suppressed cytokine production and reduced ability to stimulate T cells [105]. Aedes aegypti
saliva also induces diminished DC—T cell stimulation but is the result of murine T-cell
apoptosis in the absence of any alteration of DC maturation [106]. Macrophages in culture
exposed to sandfly saliva have a blunted response to IFN-γ, producing less nitric oxide
(NO), and leading to reduced ability to kill L. major parasites [107]. Tick SGE also lowers the
capacity for re-activation with antigen when DCs are exposed to saliva during maturation,
making them deficient at responding to additional exposures [103]. Finally, macrophages
cultured with either WNV or SINV and treated with SGE from A. aegypti produced less
IFN-β and iNOS compared to untreated infected cells [108], demonstrating that vector
salivary components are capable of widespread immune suppression.
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4.3.2. Alterations of Cytokine Production

SGE-mediated suppression of myeloid cell activation might help to explain how
salivary proteins induce differential cytokine profiles during virus infection. Tick saliva
reduces pro-inflammatory cytokine production in mice both if given alongside Borrelia
spirochetes and if used to prime in advance of infection [109]. Mosquito SGE reduced
viral spread in mice infected with Semliki Forest virus (SFV) by suppressing neutrophil-
produced CCL2 responsible for recruiting pro-inflammatory monocytes [22]. One potent
inhibitor of cytokines in mosquitoes is the salivary protein LTRIN, which acts by blocking
of downstream activation of the lymphotoxin B receptor [25]. This inhibition prevents
cytokine production downstream of NFκB activation, resulting in reduced neutrophil and
macrophage recruitment to the blood during mouse models of ZIKV infection [25]. The
reduction in chemokine expression also corresponds with decreased cellular recruitment to
mouse skin and LN observed during viral infection in the presence of SGE [25].

Endothelial cells are sensitive to many pathogens and inflammatory environments [110].
Their activation during the early immune response can induce substantial cytokine produc-
tion essential for facilitating immune cell recruitment and infiltration to sites of inflamma-
tion [110,111]. Isolated tick salivary protein Longistatin binds to an endothelial cell receptor
used to detect foreign glycans, effectively preventing activation and cytokine produced by
endothelial cells in the skin [112]. In contrast, however, sandfly salivary proteins LuloHya
and Lundep enhance chemokine production from endothelial cells, contributing to vascular
leakage and immune cell recruitment [73].

4.3.3. Prevention of Complement Activation

Activation of the complement cascade contributes to mobilization of many arms of the
innate immune response, including increasing cytokine production, enhancing chemotaxis,
and destroying viruses and infected cells for opsonization [113]. In arboviral infections,
complement can be either protective against virus infection or contribute to viral pathology.
Complement activation helps curb the spread of SINV and WNV by assembly of the
membrane attack complex (MAC) that initiates lysis of viral particles or virus-infected
cells [113–116]. Complement activation also results in enhanced antibody production in
WNV and YFV, resulting in viral clearance [113,116–118]. However, in DENV infection,
excessive cleavage of early complement proteins contributes to the development of vascular
leakage and pathology in both animal models and patient samples [119–122].

BFA saliva contains proteins that can directly antagonize complement activation. At
least three separate sandfly proteins have been identified that interfere with deposition
of complement factors in both the alternative and classical pathways [123–125]. Similarly,
Anopheles sp. mosquito saliva contains albicin, a protein directly antagonizing C3 cleavage
and preventing full activation of the alternative pathway [53,126]. Perhaps most extensively
studied, tick saliva contains nearly a dozen identified proteins that inhibit the classical or
alternative complement pathways or block initial recognition by the lectin pathway [127].
Prevention of complement activation is thought to aid in BFA feeding by preventing
inflammation and anaphylaxis that would be otherwise induced at the bite site. Whether
these factors in BFA saliva enhance arbovirus transmission or augment host pathology is
still under investigation and may vary depending on both host and vector.

4.3.4. Inhibition of Immune Cell Recruitment

Saliva and SGE may also be able to directly inhibit macrophage and monocyte motility.
Rodriguez et al. noted decreased migration of human monocyte-derived DCs during
recruitment by CCL19 when H. marginatum tick SGE was added to the cultures [92].
Similarly, mouse peritoneal exudate cells are prevented from migrating in transwell plates
when cells are exposed to isolated tick salivary protein Longistatin [112]. RNAi-mediated
blockade of Longistatin in ticks just before feeding on mice results in much higher immune
cell recruitment to the bite site than in non-treated ticks [112]. Loss of Longistatin in tick
saliva also reduces blood pool formation in mouse skin and prevents successful feeding,
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further emphasizing the importance of proper immune suppression to allow effective
vector blood extraction [112]. Isolated tick salivary proteins directly inhibit recruitment
of neutrophils during mouse skin infection while also dampening their effective use of
reactive oxygen [128,129]. Tick saliva also contains a homologous protein to mammalian
macrophage inhibitory factor (MIF), which blocks human macrophages and monocytes
from being recruited to an inflammatory stimulus [130–133]. This is similar to reduction in
mouse footpad swelling by injection of tick-derived Amregulin [134]. This direct motility
inhibition has not been extensively discussed in the literature for mosquito or sandfly saliva
but may represent a unique feature of tick feeding.

4.4. Sandfly SGE Enhances Chemotaxis to the Bite Site

In contrast to the above studies showing inhibition of innate immune responses, SGE
from sandflies may instead promote activation of certain components of the immune re-
sponse. For example, SGE from sandflies is chemotactic to mouse monocytes, influencing
their motility towards the site of saliva injection through induced local expression of mono-
cyte chemokine CCL2 [135,136]. This was suggested to increase the potential spread of the
human parasite Leishmania, as the parasite preferentially replicates within macrophages,
which can differentiate from infiltrating monocytes [135,136]. Indeed, injection of salivary
gland lysates along with parasites results in mouse skin lesions that are larger and have
higher parasite burdens than parasite injection alone [137]. Saliva exposure also induces
more monocytes and NK cells to remain at the bite site up to a week post infection [138].
This represents an example of saliva-induced enhancement of host immunity not observed
in the other two vector groups but suggests that sandfly evolution may be influenced in
part by the needs of the predominant infection they carry. Additionally, mice are pro-
tected from infection by L. major by being bitten by uninfected P. duboscqi sandflies [138].
This protection is due to saliva exposure creating a primed environment for NK and T
cell recruitment, including substantially greater activation and cytokine production [138].
Much of this function appears to be due to the protein Maxadilan, shown to be an effective
vaccination strategy against L. major in vivo [139]. These results provide an interesting
contrast to tick and mosquito phenotypes, but it remains to be established if these hold
during viral infection in sandflies. Currently, there are no studies of sandfly sialomes
during phlebovirus infection, but that work would provide an interesting potential for
comparison with other viral vectors.

4.5. Modulations of Adaptive Immunity

Arthropod saliva can also affect the adaptive immune response. Tick saliva reduces T
cell proliferation when co-incubated with DCs, thus preventing normal T cell mediated
immune responses from developing [109]. This was mirrored by treatment with SGE from
A. aegypti, with reduced mouse T cell proliferation and cytokine production observed
with Concanavalin A activation [140]. This effect is mosquito-species-specific and not
observed with Culex sp. SGE, which is toxic to murine T cells [140]. T cell recruitment is
suppressed when mosquitoes are allowed to feed on mice near sites of WNV injection in the
skin, reducing the effectiveness of skin-local adaptive immunity [108]. Finally, SGE from
sandflies, mosquitoes, and ticks skews the development of naïve T cells from a normal anti-
viral Th1 response to Th2 both in vitro and in vivo, reducing their effectiveness in targeting
pathogens [141,142]. Mosquito SGE alters cytokine production (including IL-4, IL-10, and
IFN-g) from re-stimulated T cells ex vivo [143]. In vivo, both tick and sandfly salivary
gland lysate injected into the skin upregulate IL-4 mRNA in the skin-draining LN [141].
Furthermore, tick cystatin proteins Iristatin and Sialostatin suppress normal cytokine
production from T cells, resulting in reduced cellular recruitment and inflammation in mice
in vivo [144,145]. Iristatin also prevents T cell activation during antigen recognition and
blocks efficient T cell recruitment in mice [144]. This T cell phenomenon is not only observed
in rodent models, as human cells also experience suppressed Th1 cytokines in favor of
Th2 when exposed to sandfly SGE and isolated sandfly salivary protein Maxadilan [146].
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The interruption of normal adaptive immunity by SGE and BFA saliva has the potential to
widely influence arbovirus pathogenesis and resolution of infection.

5. Comparing Vectors—Overall Lessons to Be Learned and Looking Ahead

The three vectors discussed in this review employ different feeding styles to extract
blood, harbor different viruses across different virus families, and are only distantly re-
lated. Despite this, there is profound functional conservation in anti-immune mechanisms
employed by these vectors through their saliva. All three vectors withdraw blood after pen-
etrating the skin but do so with varying degrees of tissue damage and from different places
in the skin. Because the skin contains functionally distinct layers, this placement difference
means biologically active salivary molecules and arboviruses will contact different resident
and immune cells post deposition. The upper epidermis is full of innate immune sentinels
poised to detect damage and pathogens while the lower dermis contains semi-resident
populations of both innate and adaptive immune cells. Ticks, mosquitoes, and sandflies
all inhibit T cell proliferation and production of key inflammatory cytokines using their
saliva and salivary protein repertoire. It is essential for ticks to interrupt immune cell
recruitment and tissue repair which would prevent their long-term feeding; however,
short-duration feeding mosquitos and sandflies also alter cell chemotaxis and activation
with their saliva. These immune-modulation functions result in similar viral outcomes—an
overall enhancement of arboviral disease. In some cases, as with mosquito saliva and
dengue virus, this occurs because of a direct interaction between salivary proteins and
virus particles, resulting in improved cell entry and replication [24]. In other instances, it
is indirect, resulting instead because of poor immune control at the site of virus deposi-
tion because saliva or salivary proteins have prevented immune activation. This work is
still ongoing, and indeed, research on phleboviruses and sandflies is just beginning to be
expanded. There is an expansion in research of the skin stages of arbovirus infection that
precede the development of symptoms, which will further inform mechanisms that may
be intercepted by salivary proteins.

Remarkably, the sialome among BFA shows remarkable functional similarity between
species, despite a relative lack of structural or sequence homology. While it would be
ill-advised to assume that all salivary enhancement functions found in one vector are
mirrored in another, it may be worth looking more broadly at different mechanisms found
amongst hematophagous arthropods to provide insights into viral enhancement shared
between arboviral diseases.
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Abstract: As part of our surveys of the invasive malaria vector Anopheles stephensi in four Sudanese
states, including North and South Kordofan, Sennar, and White Nile, we collected 166 larvae. Our
morphological identification confirmed that 30% of the collected mosquito samples were Anopheles
species, namely An. gambiae s.l. and An. stephensi, while the 117 Aedes specimens were Ae. luteocephalus
(39%), Ae. aegypti (32%), Ae. vexans (9%), Ae. vittatus (9%), Ae. africanus (6%), Ae. metalicus (3%), and
Ae. albopictus (3%). Considering the serious threat of Ae. albopictus emergence for the public health in
the area and our limited resources, we prioritized Ae. albopictus samples for further genomic analysis.
We extracted the DNA from the three specimens and subsequently sequenced the cytochrome oxidase
1 (CO1) gene and confirmed their identity as Aedes albopictus and their potential origin by phylogenetic
and haplotype analyses. Aedes albopictus, originating from Southeast Asia, is an invasive key vector
of chikungunya and dengue. This is the first report and molecular characterization of Ae. albopictus
from Sudan. Our sequences cluster with populations from the Central African Republic and La
Réunion. Worryingly, this finding associates with a major increase in chikungunya and dengue
outbreaks in rural areas of the study region and might be linked to the mosquito’s spread across the
region. The emergence of Ae. albopictus in Sudan is of serious public health concern and urges for
the improvement of the vector surveillance and control system through the implementation of an
integrated molecular xenosurveillance. The threat of major arboviral diseases in the region underlines
the need for the institutionalization of the One Health strategy for the prevention and control of
future pandemics.

Keywords: invasive diseases vectors; Aedes aegypti; Aedes vexans; Aedes vittatus; Aedes africanus;
Aedes metalicus; Aedes luteocephalus; Anopheles stephensi; arboviruses; haplotype analysis; phylogenetic
analysis; One Health; Sudan

1. Introduction

The global disease burden and distribution of arthropod-borne viruses (arboviruses)
is rapidly growing. This growth is driven primarily by the spread of the two key invasive
disease vectors, Aedes aegypti and Ae. albopictus, and by the spread of new and re-emerging
viruses through international travel [1]. Arboviruses are infecting a wide range of hosts,
including humans and other vertebrates, and arthropod disease vectors [2]. Some of the
arboviruses are posing a serious global health threat, such as, chikungunya (CHIKV),
Crimean–Congo hemorrhagic fever (CCHF), dengue (DENV), yellow fever (YFV), and Zika
(ZIKV) virus infections [3,4]. Other arboviruses, such as Rift Valley fever (RVF), African
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swine fever, bluetongue, as well as Marburg (MBGV) and Schmallenberg viruses, are
having devastating economic impacts because of their high morbidity and mortality among
domestic animals, including cattle, sheep, and goats [5–7]. While some arboviruses, such
as the Shuni virus, Wesselsbron virus, and West Nile virus (WNV), severely affect domestic
and wildlife animals [8,9].

Aedes albopictus is a more recent species to Africa that only emerged in the area during
the recent three decades [1,10]. Aedes albopictus is deemed to be the most invasive insect
species and it is estimated that it will be present in 197 countries by 2080 [1]. Interestingly,
the presence, spread, and abundance of these invasive disease vectors are mostly associ-
ated with socioeconomically disadvantaged communities [11,12]. In Europe, where Ae.
albopictus is already widely spread, surveillance and control programmes were designed
and implemented to slow down its spread and minimise the public health risk of diseases
transmission [13–16]. Unfortunately, such a programme does not yet exist in low and
middle-income countries due to resources limitations and the fact that health systems are
heavily burdened by malaria, particularly in Africa [17]. Therefore, invasive vectors of
diseases are spreading undetected until they are established locally and disease outbreaks
occur [18–20].

During recent years, the distribution and burden of arboviruses in Sudan increased re-
markably, with several annual outbreaks reported from across the country [21]. The emerg-
ing and re-emerging arboviral diseases in Sudan include chikungunya, CCHF, dengue, RVF,
and WNV [4,5,17,22–26]. However, the surveillance system of arboviral disease vectors
in the country is outdated, with only one comprehensive survey of the species vector
composition and distribution of Aedes mosquitoes dating back to 1955 [27].

As part of our surveys of the invasive malaria vector Anopheles stephensi, we also
identified, for the first time, the presence of Ae. albopictus in Sudan. Additionally, we
confirmed the presence of other Aedes arbovirus vectors.

2. Results

We collected 166 larvae from human-made water containers in four Sudanese states,
including North and South Kordofan, Sennar, and White Nile between 3 October and
29 December 2021. Thirty percent were Anopheles and 70% were Aedes mosquitoes. We
morphologically identified the Anopheles species as An. gambiae s.l. and An. stephensi, while
the 117 Aedes species were Ae. luteocephalus (39%), Ae. aegypti (32%), Ae. vexans (9%), Ae.
vittatus (9%), Ae. africanus (6%), Ae. metalicus (3%), and—more importantly—3% were
identified as Ae. albopictus. Figure 1 shows their geographical distribution per the states.

Considering its public health significance and our limited resources, following the
morphological identification of emerged adult mosquitoes, we prioritised specimens that
morphologically identified as Ae. albopictus for further sequence analysis. We sequenced an
about 450 bp long PCR amplicon of the mitochondrial cytochrome oxidase 1 (CO1) gene
and searched for similar sequences in the GenBank database at NCBI (https://blast.ncbi.
nlm.nih.gov/nucleotide, accessed on 13 April 2022) using BLAST [28]. This confirmed the
identity of the three morphologically identified Ae. albopictus samples, and we deposited
the sequences in NCBI (accession numbers: ON248551-ON248553).
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Figure 1. Map of Sudan showing the geographical distribution of identified Aedes mosquitoes in the
study area.

2.1. Phylogenetic Analysis

We constructed a phylogenetic tree and found that our three sequences are mainly
clustered with sequences originating from the Central African Republic and La Réunion
(Figure 2).
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Figure 2. Maximum likelihood phylogenetic tree showing the relation between the Sudanese Ae.
albopictus sequences and 103 African reference sequences. The Sudan Ae. albopictus sequences are
highlighted in bold. The reference sequences along with their accession numbers and origin of the
isolate are shown for each. DRC: Demogratic Republic of Congo, CAR: Central African Republic,
R Congo: Republic of Congo. An. stephensi (Accession No. NC_028223.1) was used as an outgroup
taxon. The branch to the outgroup was shortened by 0.020 substitutions per site. The bootstrap
consensus tree inferred from 1000 replicates.
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2.2. Haplotype Analysis and Global Network

The results of the haplotype numbers and haplotype diversity show the presence of
20 haplotypes among Ae. albopictus in Africa with a haplotype diversity of 0.83 ± 0.02
(mean ± sd), indicating a low diversity between the haplotypes. Tajima’s D is −2.64,
while Fu and Li’s D statistic is −8.66 and Fu and Li’s F statistic is −7.35. All tests were
statistically significant, with the p value < 0.05. The distribution of haplotypes according to
each country showed that H02 was reported from seven regions, followed by H03 in four
regions (Figure 3).
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Figure 3. Aedes albopictus haplotype distribution among African countries. Countries or regions
where a haplotype is present are indicated by (+), whereas, the absence of the haplotype is indicated
by (−).

According to the haplotype diversity (Hd), Hd was high in Algeria and low in other
counties, such as Madagascar, Mayotte, and La Réunion. Additionally, several counties
presented very low haplotype diversity, such as Cameroon, the Central African Repub-
lic, Mauritius, and the Republic of the Congo. Although Sudan is presented with three
sequences, all three sequences are one haplotype. Evolutionary analysis using Tajima
D and Fu’s statistics suggests different scenarios of a population bottleneck event and
population expansion in the Democratic Republic of the Congo. The evolutionary analysis
was not applicable for Sudan mainly because of the limited sample size; the three sequences
constituted one haplotype (Table 1). However, analyzing the haplotypes of Ae. albopictus in
other African countries indicates that Ae. albopictus populations are having a wide diversity
and evolutionary dynamic.

Table 1. Diversity and neutrality indices for Ae. albopictus populations in Africa calculated from the
nucleotide datasets of the sequences available in the GenBank database at NCBI.

Populations * N S H Hd ± VarHd Pi Tajima’s D Fu Li’s D Fu Li’s F

MadagasCAR 12 6 7 0.864 ± 0.00618 0.00321 −1.0217 −1.1084 −1.2312
Algeria 7 1 2 0.286 ± 0.03856 0.00063 −1.0062 −1.0488 −1.1015
CAR 2 2 2 1.0 ± 0.25 0.00442 n.d. n.d. n.d.
DRC 45 2 3 0.457 ± 0.00562 0.00129 0.5144 0.7583 0.7967
Mauritius 2 2 2 1.0 ± 0.25 0.00442 n.d. n.d. n.d.
Mayotte 3 2 2 0.667 ± 0.09877 0.00294 n.d. n.d. n.d.
Cameroon 9 5 6 0.917 ± 0.00526 0.00343 −0.6542 −0.5973 −0.6796
Morocco 2 0 1 0.0 ± 0.00 0.0 n.d. n.d. n.d.
R Congo 3 2 3 1.0 ± 0.07407 0.00294 n.d. n.d. n.d.
La Réunion 14 3 4 0.648 ± 0.1353 0.0017 −0.5651 0.0168 −0.1524
Sudan 3 0 1 0.0 ± 0.00 0.0 n.d. n.d. n.d.
Nigeria 1 0 n.a. 0.0 ± 0.00 0.0 n.d. n.d. n.d.
Seychelles 1 0 n.a. 0.0 ± 0.00 0.0 n.d. n.d. n.d.
Benin 1 0 n.a. 0.0 ± 0.00 0.0 n.d. n.d. n.d.

* CAR: Central African Republic, DRC: Democratic Republic of the Congo, R Congo: Republic of the Congo. N:
number of sequences, S: number of segregating sites, H: number of haplotypes, Hd ± VarHd: haplotype diversity
± variance of haplotype diversity, Pi: nucleotide diversity per site. n.a.: not applicable, and n.d.: not determined.
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2.3. Population Diversity and Evolutionary Characteristics

Further investigation of the population diversity showed that the calculated Fst values
confirm the wide genetic variation among the African Ae. albopictus populations (Table 2).

Table 2. Pairwise fixation index (Fst test values) between the African populations of Ae. albopictus
calculated from the nucleotide datasets available in the GenBank.

DRC Madagascar Mauritius Mayotte Morocco R Congo Sudan Cameroon Reunion CAR

DRC - - - - - - - - - -
Madagascar 0.613 - - - - - - - - -
Mauritius 0.538 0.058 - - - - - - - -
Mayotte 0.657 0.004 0.167 - - - - - - -
Morocco 0.837 0.127 0.000 0.333 - - - - - -
R Congo 0.028 0.442 0.375 0.500 0.600 - - - - -
Sudan 0.787 0.603 0.500 0.667 1.000 0.667 - - - -
Cameroon 0.051 0.062 0.021 0.178 0.842 0.054 0.662 - - -
Reunion 0.648 0.047 0.020 0.151 0.103 0.462 0.615 0.0721 - -
CAR 0.456 0.390 0.333 0.444 0.500 0.444 0.000 0.493 0.308 -
Algeria 0.776 0.098 0.000 0.292 0.000 0.553 0.875 0.943 0.077 0.467

CAR: Central African Republic, DRC: Democratic Republic of Congo, and R Congo: Republic of the Congo.
Populations where small genetic differentiation is reported were written in bold. Population consisted of only one
sequence were excluded: Nigeria, Benin, and Seychelles.

The constructed haplotypes network reveals the expansion of H02 in a star-like net-
work, suggesting that H02 is the main haplotype from which the other haplotypes evolu-
tionary expanded (Figure 4).
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2.4. Recent Increase in the Burden and Spread of CHIKV in Sudan and the Neighboring Countries

Reviewing the national outbreak reports, the literature and online records indicate that
before 2020, no case of CHIKV was reported from any states in West Sudan (i.e., Central,
East, North, and West Darfur and West Kordofan) [21]. However, between 2020 and 2022,
outbreaks of CHIKV were reported in these states (Figure 5). This underscores the rapid
expansion of the geographical distribution of this virus in the country. Additionally, we
identified several outbreaks of CHIKV that occurred during the recent two years in the
region. These outbreaks include 45 cases in Kenya in 2018; 48,734 cases in Sudan in 2018–
2019; 40,340 and 11,230 cases in Ethiopia and the Republic of Congo in 2019, respectively,
and 30,220 cases in Chad in 2020.
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before (blue) and after (red) 2020 throughout the country. Up to now, no transmission is reported in
the two states without color: White Nile and Blue Nile states. The number of cases reported during
two outbreaks in the neighboring countries, Chad and Ethiopia, are included in the textboxes.

3. Discussion

This study offers the first molecular confirmation about the presence of the invasive
arbovirus vector Ae. albopictus in Sudan. However, there were epidemiological indicators
about the spread of this invasive vector in the area. Some of these indicators are regional,
such as the recent substantial growth of chikungunya outbreaks in East Africa, including
Chad, Ethiopia, Kenya, Republic of Congo, and Sudan [17,29–32]. Additionally, local
indicators include the geographical expansion of arboviral disease distributions in the
country indicated by the emergence and re-emergence of several Aedes-borne arboviral
diseases and development of outbreaks in rural areas throughout the country [5,17,21–25].
This is further underscored by the emergence of chikungunya and dengue fever outbreaks
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in several states in Western Sudan, including the study area for the first time during the
last five years [5,17,21–25,33].

The role of the other species of Aedes mosquitoes, the presence of which was confirmed
in this study, in the outbreaks of arboviral diseases that recently developed throughout the
country should not be ignored because they are known vectors of several arboviruses. For
instance, Ae. aegypti is an endemic vector in Africa that transmits major human viruses,
such as CHIKV, DENV, YFV, and ZIKV [21]. However, it is a globally known invasive
vector for important viruses including CHIKV, DENV, MBGV, RVF, and WNV, African horse
sickness virus (AHSV), Epizootic hemorrhagic disease virus (EHDV), and Mayaro virus
(MAYV), as well as Eastern Equine Encephalitis virus (EEEV), Japanese Encephalitis virus
(JBEV), Murray Valley Encephalitis virus (MVEV), and Venezuelan Equine Encephalitis
virus (VEEV) [34]. Interestingly, Ae. africanus is an African native vector of arboviruses
that is also associated with the transmission of CHIKV, DENV, RVF, YFV, and ZIKV [35].
Furthermore, Ae. luteocephalus is involved in the transmission of chikungunya, dengue,
yellow fever, and Zika viruses [36]. Moreover, Ae. vittatus is another African vector of
arboviruses that is mainly involved in the transmission of CHIKV, DENV, JBEV, WNV,
YFV, and ZIKV [37]. In addition to transmitting the EEEV, JBEV, St. Louis Encephalitis
virus (SLEV), VEEV, WEEV, WNV, and ZIKV [38], while Ae. vexans is known as the initial
vector for RVF outbreaks because RVF virus can be maintained vital in the mosquitoes
eggs that can withstand desiccation in dry land for years [39]. This is the reason behind
the inter-epizootic and inter-epidemic periods between RVF outbreaks, because Ae. vexans
act as an alternative host [39–41]. However, a main limitation of this study is that we
did not have enough resources to collect the adult mosquitoes of these confirmed species
of Aedes vectors to incriminate them and investigate their role in the local transmission
of arboviruses. Unfortunately, the current surveillance and control systems for human
and animal diseases, as well as their vectors in the country, are separate and inadequate,
limiting their ability to detect and report diseases in a timely manner in order to take
effective control measures [21,42,43]. Furthermore, in addition to the heavy burden of
malaria that overwhelmingly occupies the healthcare system, the country suffers from
armed conflict and climate change, as evidenced by the recent frequency of extreme weather
events across the country [33,44,45]. These factors together favor the spread and increased
abundance of disease vectors, particularly the invasive vectors, such as Ae. albopictus
and An. stephensi [46–50]. Nonetheless, the delay in detecting the emergence of these
vectors of arboviral diseases that we report here could be attributed to the partial freeze
in environmental and public health services due to the global COVID-19 pandemic [51].
Therefore, the need for a One Health-integrated surveillance and response system for
diseases and their vectors is extreme and urgent [50,52–54].

The phylogenetic analyses show that the Sudanese specimens of Ae. albopictus closely
cluster with sequences from La Réunion and the Central African Republic. Considering the
open borders and high dynamics of human and animal populations between the Central
African Republic and Sudan, and that all the current three samples were collected relatively
close to these borders, it is likely that it was introduced into Sudan from the Central African
Republic. In addition, the western borders of Sudan had suffered from an armed-conflict
that persisted since 2003, and several diseases and disease vectors emerged in the area. The
emergence and spread of several zoonotic diseases, such as CCHF, dengue, hepatitis E virus,
RVF, YF, and WNV in Sudan, were associated with the environmental and socioeconomic
changes due to the war-induced humanitarian crisis [4,5,21–25,33,55–57]. Climate change
is also playing a major role in the spread of infectious diseases and their vectors in the
country and globally [17,33,58–60]. Our haplotype analysis identified a single haplotype
in the country, mainly because of the small sample size; therefore, we cannot exclude the
presence of other haplotypes in the country, particularly since at least around 20 haplotypes
exist among the African populations of Ae. albopictus (Figure 4) [61–66]. Our haplotype
network analysis suggested that H02 is the central haplotype from which other haplotypes
were driven. Interestingly, this is further supported by the fact that H02 is exclusively
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reported from islands and coastal countries where the initial introduction of this invasive
vector is highly likely (Figure 4).

Unlike Ae. aegypti, the other identified species of Aedes mosquitoes are zoophilic,
which means they prefer to feed on a non-human host, yet readily feed on humans ac-
cording to host availability, making them of high risk for the transmission of zoonoses.
Particularly, nearly a third of the 545 suspected arboviruses are zoonotic in nature, readily
infecting humans, domestic, and wildlife animals [3]. Some of these arboviruses have
a wide range of hosts and vectors, making them challenging to prevent and control [2].
However, due to their evolution, high rate of mutations, and capacity to spillover and
spill back, the host range and competency of different arthropods to transmit the differ-
ent arboviruses is persistently expanding [67,68]. Considering the climate change, rapid
unplanned urbanization, globalization, conflicts, and increased size of population lives in
humanitarian crisis with limited services, now more than ever, there is a severe need for a
countrywide One Health-integrated surveillance and response system to prevent future
pandemics [52,54,69]. Particularly, the geographical location of Sudan, its size spanning
over different ecological zones, including coastal, desert, poor and rich Savanah, and forest,
its wide open international borders with many neighboring countries, and the high variety
and size of domestic and wildlife animal populations in the country make it very prone
for the emergence of pandemics of viral hemorrhagic fevers [70]. Additionally, molecu-
lar xenosurveillance is a robust tool for the surveillance of emerging infectious diseases
and their vectors that leverages the blood-fed vectors as collectors of blood samples from
both humans and animals [71–73]. Therefore, public health authorities, particularly in
poor resource settings, should utilize this approach to reduce the cost of sampling human
and animal populations. Particularly, samples of the same species of vectors with similar
meta-data (place and date of collection) could be pooled together to further reduce the
molecular testing cost. Furthermore, through the implementation of the integrated One
Health, molecular xenosurveillance, and response system, there is less delay between
identifying diseases circulating in the area and the implementation of control measures to
prevent potential epidemics, outbreaks, and pandemics [52,54,72,73]. The added value of
this approach, which includes but is not limited to, less morbidity and mortality among
humans, less social disturbance, as well as less economic and environmental loss, makes it
worth the investment [52,74].

4. Materials and Methods
4.1. Exploratory Surveys

In response to the emergence and further spread of the invasive malaria vector, Anophe-
les stephensi in Sudan [20,60], we initiated exploratory surveys targeting to delineate the
distribution of An. stephensi that co-breed with Aedes mosquitoes in human-made water
containers [50,75]. Household container surveys confirmed the presence of An. stephensi in
the eastern, western, and northern international borders; therefore, we focused our second
survey on the southern borders of the country, namely North and South Kordofan, Sennar,
and White Nile states (Figure 6) [59,75].

4.2. Mosquito Samples Collection and Morphological Identification

During the household surveys, we used disposable dippers for the collection of aquatic
stages (larvae and pupae) of mosquitoes from the human-made water containers. Then, we
transferred the collected larvae to the laboratory at Sirius Training and Research Centre
in Khartoum for morphological identification and molecular investigations. We reared
the larvae to adults and morphologically identified the adults Aedes mosquitoes using
standard morphological keys and consulted the online available database of the Walter
Reed Biosystematics Unit (WRBU) for further confirmation (https://www.wrbu.si.edu/
index.php/) [27,76]. Anopheles mosquitoes were identified using the recently published
standard key for the morphological identification of Afrotropical Anopheles [76].
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4.3. DNA Extraction from Mosquito and Polymerase Chain Reaction

The genomic DNA was extracted from the mosquito samples following the manu-
facturer instructions using QiaAmp tissue extraction kits (QIAGEN Diagnostics GmbH,
Hilden, Germany). Extracted DNA quality was checked using a nanodrop spectrophotome-
ter (Implen, München, Germany), then preserved at −20 ◦C until molecular examination.

To amplify the cytochrome oxidase 1 (CO1) region of the mitochondrial DNA of the
mosquito genome, the Folmer primers (LCO1490 and HCO2198) were used [77]. PCR
reaction mixture containing 2 µL of the extracted DNA was added to a 4 µL PCR master
mix (Solis Biodyne, Tartu, Estonia) containing 1 U DNA polymerase, 12.5 mM MgCl2,
and 4 mM dNTPs. PCR thermal conditions were as follows: initial denaturation at 95 ◦C
for 5 min, followed by 35 cycles of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C
for 30 s, and extension at 72 ◦C for 30 s, and a final extension step at 72 ◦C for 10 min.
Thermal conditions were performed using the 2721 Thermocycler (Applied Biosystems,
ThermoFisher Scientific, Budapest, Hungary). Following PCR, amplicons were visualized
using 2% gel electrophoresis (Major Science Co., Ltd, Taoyuan City, Taiwan).

4.4. PCR Amplicons Sequencing and Sequences’ Identity Confirmation

The amplified PCR amplicons were sequenced in duplicates based on both directions’
primers (LCO1490 and HCO2198) by the Sanger Deoxyribonucleic acid sequencing method
using the 3730XL DNA analyzer (Life Technologies Corporation, California, United States)
through Macrogen (Macrogen Inc., Amsterdam, The Netherlands). Prior to checking
sequences’ identities, sequences of each mosquito sample were aligned on GENtel software
to check for any base calling errors during the sequencing process. Following peaks
correction, a consensus sequence was constructed from each duplicate. Then, we used
the online BLAST nucleotide algorithm to compare our sequences with the previously
published Aedes species consensus sequences available in the NCBI GenBank database
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(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 13 April 2022) [28]. The obtained
DNA sequences during this study were deposited into the GenBank database at NCBI.

4.5. Bioinformatics and Phylogenetic Analysis

Phylogenetic analysis was conducted using the maximum likelihood method to deter-
mine the close relatedness of sequences to the previously published sequences available
at the NCBI GenBank database [28]. To construct the phylogenetic tree, all sequences
available for the Ae. albopictus species were downloaded and each of the data that were
related to each sequence were sorted based on country of isolation (Supplementary Ma-
terials Table S1). A total of 103 sequences representing African countries were selected
for constructing a maximum likelihood phylogenetic tree. The selected sequences and the
study sequences were aligned and trimmed to produce similar sequences in length prior
to constructing the phylogenetic tree using MEGA7 software. The nucleotide substitution
model with the lowest Bayesian Information Criterion (BIC) scores was considered as
the best-fit model. The non-uniformity of evolutionary rates among sites was modelled
using a discrete Gamma distribution with 1000 bootstraps during the phylogenetic tree
construction [78].

Bioinformatics analysis was conducted for all sequences included in the study, includ-
ing the previously published sequences to obtain sequence diversity parameters, including
numbers of haplotypes (H) and haplotypes diversity (Hd) according to each country using
the DnaSP v5.10 software [79]. Additionally, a haplotype network was constructed using
the median-joining network using popART software (v4.8) (http://popart.otago.ac.nz,
accessed on 29 April 2022). Further, to investigate the estimated genetic differentiation
between the study sequences and the African countries’ sequences, the pairwise fixation
index (Fst) value was calculated using DnaSP [79]. Fst values were interpreted, according
to [79], as follows: 0.00–0.05, indicating a small genetic differentiation between the pop-
ulations; 0.05–0.15, indicating a moderate genetic differentiation among the populations;
0.15–0.25, indicating a large genetic differentiation; and Fst more than 0.25 was indicative
of a great genetic differentiation between the populations [79].

4.6. Exploring the Potential Health Impacts of the Emergence of This Invasive Vector in the Area

To investigate the potential role of this invasive vector, Aedes albopictus and other vec-
tors on the mergence and geographical spread of arboviral disease outbreaks, particularly
CHIK in the region, we reviewed the publicly available records about CHIKV outbreaks,
particularly rural areas. We compared our findings about outbreaks of relevant Aedes-borne
arboviruses in the country with the previously mapped distribution of arboviral diseases
in Sudan up to 2020 [21].

5. Conclusions

Here we provide the first molecular evidence about the emergence of the rural invasive
arboviral diseases vector, Aedes albopictus in Sudan. This finding was made accidentally;
however, this indicates that this vector might be very prevalent in the country. Records
about recent outbreaks of chikungunya in the region of East Africa are very alarming due
to their massive magnitude and rapid development, and this could be attributed to the
contribution of this undetected invasive vector, which is very competent in transmitting
several arboviruses, and its adaptive nature to rural areas. An integrated One Health
approach is urgently needed in the country to prevent a dire situation in the future, partic-
ularly that the country health system is overwhelmingly challenged by the burden of other
infectious diseases such as malaria. It would be strategic, less resource-demanding, and
less invasive to humans and animals to incorporate molecular xenosurveillance as a proxy
for monitoring the dynamics of zoonotic diseases and their vectors in the area.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231911802/s1.
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Abstract: Cysteine-rich trypsin inhibitor-like domain (TIL)-harboring proteins are broadly distributed
in nature but remain understudied in vector mosquitoes. Here we have explored the biology of a
TIL domain-containing protein of the arbovirus vector Aedes aegypti, cysteine-rich venom protein 379
(CRVP379). CRVP379 was previously shown to be essential for dengue virus infection in Ae. aegypti
mosquitoes. Gene expression analysis showed CRVP379 to be highly expressed in pupal stages, male
testes, and female ovaries. CRVP379 expression is also increased in the ovaries at 48 h post-blood
feeding. We used CRISPR-Cas9 genome editing to generate two mutant lines of CRVP379 with
mutations inside or outside the TIL domain. Female mosquitoes from both mutant lines showed
severe defects in their reproductive capability; mutant females also showed differences in their
follicular cell morphology. However, the CRVP379 line with a mutation outside the TIL domain did
not affect male reproductive performance, suggesting that some CRVP379 residues may have sexually
dimorphic functions. In contrast to previous reports, we did not observe a noticeable difference
in dengue virus infection between the wild-type and any of the mutant lines. The importance of
CRVP379 in Ae. aegypti reproductive biology makes it an interesting candidate for the development
of Ae. aegypti population control methods.

Keywords: Aedes aegypti; reproduction; trypsin inhibitor; mosquitoes; CRISPR-Cas9; dengue

1. Introduction

The anthropophilic yellow fever mosquito Aedes aegypti is considered as the principal
vector of multiple arboviruses, being responsible for the transmission of yellow fever virus
(YFV), dengue virus (DENV), Zika virus (ZIKV), Chikungunya virus (CHIKV), and a newly
emerging pathogen, Mayaro virus (MAYV). Dengue fever is the most widespread mosquito-
borne viral disease, reported in at least 130 countries. In the last 20 years, the prevalence
of dengue fever has increased eightfold. In 2019 alone, approximately 5.2 million cases of
dengue were reported globally [1]. Cases are mainly reported from tropical and subtropical
countries in Asia and South America. The staggering number of dengue fever cases
adds a significant burden to the medical and economic infrastructure of many developing
countries [2,3]. The lack of effective medical interventions such as vaccines and drugs make
the control of dengue fever challenging [4,5].

Mosquito control with chemical insecticides remains the primary method for control-
ling Ae. aegypti mosquitoes. However, in recent years, multiple mechanisms of insecticide
resistance against a majority of insecticides have been reported in Ae. aegypti mosquitoes
around the globe [6–9]. Given the limited arsenal of insecticides and increased resistance,
there is a dire need to develop novel control strategies against Ae. aegypti.
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Aedes aegypti are primarily anautogenous, requiring a blood meal for every gonotrophic
cycle. This dependence on blood meals makes them an ideal vector for multiple viral
pathogens, including the dengue virus (DENV). The dengue transmission cycle begins
when a female Ae. aegypti mosquito takes a blood meal from an infected host. The virus first
infects and replicates in the mosquito midgut, eventually being released in the hemocoel.
From this stage, the virus causes systemic infection in multiple mosquito tissues including
the salivary gland. At this stage, the mosquito becomes infectious and can transmit DENV
to a new human host when the mosquito takes another blood meal. The virus encounters
multiple tissue barriers at each stage of the infection [10]. During the infection cycle in the
vector, DENV interacts with multiple proteins that either positively or negatively affect the
outcome of the infection [11,12]. One such reported protein is the Ae. aegypti cysteine-rich
venom protein 379 (CRVP379, AAEL000379), which has been shown to interact with DENV
and to be important for the establishment of infection [13].

The name cysteine-rich venom protein 379 was derived from similar cysteine-rich
secreted proteins that were initially characterized from reptilian venoms. These proteins.
broadly known as CRISPs, act as ion channel inhibitors and anticoagulants in reptile
venoms [14]. CRISPs also play important roles in reproduction and immune systems in
various organisms of the animal kingdom [15–17]. Despite being rich in cysteine residues,
Ae. aegypti CRVP379 belongs to a broad group of proteins known as the cysteine-rich
trypsin inhibitor-like proteins (TIL; PF01826.) since they contain a conserved cysteine-rich
trypsin-like inhibitor domain (TIL). Apart from the conserved TIL domain, the proteins
have diverged significantly. Even though these proteins possess a conserved TIL domain,
very few have been experimentally shown to possess protease inhibitor activity. These
proteins are widely distributed in the animal and plant kingdoms and play indispensable
roles in multiple biological processes [18–20].

TIL domain-containing proteins remain understudied in vector mosquitoes. CRVP379
is a TIL domain-containing protein that has been studied in Ae. aegypti in the context
of DENV infection. This protein was shown to be upregulated upon DENV infection,
and RNA interference (RNAi)-mediated silencing of CRVP379 reduces DENV titers in
Ae. aegypti [13].

In recent years, CRISPR-Cas9-based advances in genome editing have helped ex-
pand our understanding of the biological roles of many mosquito proteins. For example,
CRISPR-Cas9-mediated knockout of both Ae. aegypti and Anopheles gambiae genes has more
convincingly revealed their functions in mosquito biology than did RNAi-mediated gene
silencing, which often resulted in a partial hylomorphic phenotype because of insufficient
protein depletion [21–23].

In the present study we have analyzed the gene expression and effects of the CRVP379
protein in various tissues and life stages of Ae. aegypti. We also generated two lines of
Ae. aegypti with different mutations in CRVP379, utilizing CRISPR-Cas9-mediated gene
knockout to decipher the biological role of CRVP379 in Ae. aegypti.

2. Results

As a first step towards understanding the role of CRVP379, we analyzed its DNA and
protein sequences and compared them to other similar sequences available in the NCBI
and VectorBase datasets. CRVP379 is located on chromosome 2 in the Ae. aegypti genome
and has one intron and two exons. The gene encodes a 128-aa protein (13.7 kDa). BLAST
results for CRVP379 showed multiple similar proteins present in Ae. aegypti, Ae. albopictus,
and Anopheles and Culex genomes. CRVP379 showed sequence similarity to a wide variety
of proteins, ranging from a small 82-aa protein from Anopheles epiroticus (AEPI007239) to a
larger protein of 669 aa from Culex quinquefasciatus (CQUJHB008149.R12566). A phyloge-
netic analysis revealed that CRVP379 is closely related to the Aedes albopictus hypothetical
protein (KXJ80742.1). Interestingly, in addition to mosquitoes, closely related proteins were
also found in multiple spider species (Supplementary Figure S1A).
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CRVP379 contains a predicted signal peptide (1–19 aa) and a predicted TIL domain
(23–79 aa), which consists of ten cysteine residues that form five disulfide bonds (1–7, 2–6,
3–5, 4–10 and 8–9, Supplementary Figure S1B). This arrangement is conserved in most of
the proteins belonging to the TIL protein superfamily. All of the proteins with sequence
similarity to CRVP379 (from the BLAST results) showed the presence of this conserved
TIL domain.

2.1. CRVP379 mRNA Abundance

To gain insight into the possible functions of CRVP379 in Ae. aegypti biology, we first
analyzed its mRNA abundance at various life stages and in various tissues under a range
of conditions.

CRVP379 was expressed at low levels during the first three larval instars. Larval
instar L3 had the lowest comparative CRVP379 mRNA abundance among the assayed
life stages, having a relative gene expression (RGE) of 0.7166 ± 0.1046 (an RGE of 1.0
being the average RGE across all the life stages) (Figure 1A). CRVP379 mRNA abundance
increased in the fourth instar, with a statistically significant increase in the RGE to between
L3 and L4 (Figure 1A). When compared to the larval stages, the pupal stage in both males
and females showed an elevated abundance of CRVP379 mRNA, with mean RGE values
of 1.363 ± 0.1994 and 1.696 ± 0.3665, respectively (Figure 1A). There was a statistically
significant increase in the CRVP379 RGE between the pupal stage and the first three larval
instars in females. In adult mosquitoes, both adult males and females showed reduced gene
CRVP379 expression as compared to their respective pupal stages. Male adults showed a
lower CRVP379 RGE (0.9195 ± 0.07066) than did female adults (1.244 ± 0.04201, Figure 1A).

Next, we analyzed the CRVP379 mRNA abundance in various tissues of male and
female adults. CRVP379 was expressed at very low levels in the female midgut, fat
body, and Malpighian tubules, with RGEs of 0.7267 ± 0.09050, 0.7007 ± 0.03540, and
0.7166 ± 0.1046, respectively. Male testes showed the second highest RGE, 1.316 ± 0.1933.
Female ovaries showed a significantly higher abundance of CRVP379 mRNA than did all
the other assayed tissues (RGE 2.572 ± 0.6676, Figure 1B).

CRVP379 was previously reported to play an important role in the midgut during
DENV infection [13]. Therefore, we investigated the abundance of CRVP379 mRNA in
the midgut at 24 and 48 h post-DENV infection. There was no significant difference in
the CRVP379 mRNA abundance before blood feeding and 24 h after blood feeding in the
midgut, regardless of infection status. CRVP379 mRNA abundance was significantly higher
at 48 h after blood feeding than either before blood feeding or 24 h afterwards. However,
this increase was seen in both the control and DENV-infected mosquitoes, with a significant
difference between them (Figure 1C). These results indicate that CRVP379 transcription is
regulated by blood feeding and not DENV infection.

Since our expression analyses showed that CRVP379 was highly expressed in Ae. aegypti
female ovaries, we sought to investigate the influence of blood feeding on the transcriptional
regulation of ovarian CRVP379 by blood feeding. We saw no difference in the CRVP379
mRNA abundance between unfed and blood-fed (6 h post-blood feeding) females, with
RGEs of 0.9399 ± 0.02709 and 0.9459 ± 0.04592, respectively. CRVP379 mRNA abundance
decreased slightly at 24 h after blood feeding in the ovaries, with an RGE of 0.7922 ± 0.1814.
However, this decrease was not statistically significantly different from the values for unfed
females or at 6 h after blood feeding. Interestingly, at 48 h after blood feeding, the CRVP379
mRNA abundance levels increased significantly (RGE 2.003 ± 0.7814) in the ovaries when
compared to the pre-feeding and the 6- and 24-h post-feeding time points (Figure 1D).
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(A) CRVP379 relative gene expression in the whole bodies of larval (L1–L4) and both male and fe-
male pupal and adult stages. (B) CRVP379 relative gene expression in various tissues of adult mos-
quitoes. (C) CRVP379 relative gene expression in the midgut before blood feeding and at 24 and 48 
h after DENV infection. (D) CRVP379 relative gene expression in the ovaries before blood feeding 
and at 24 and 48 h after blood feeding. Means were compared with Tukey’s multiple comparisons 
test; * = p < 0.05, ** = p < 0.01, *** = p < 0.005, **** = p < 0.0001. Relative gene expression (RGE) was 
calculated by dividing the delta ct for an individual life stage or condition by the average delta ct 
for that experiment. ns—non-significant. 

2.2. CRVP379 Is Present in Ae. aegypti Ovaries but Not Secreted in the Hemolymph 
We further analyzed CRVP379 protein abundance in Ae. aegypti mosquitoes with 

western blotting, utilizing a polyclonal antibody against CRVP379 protein. CRVP379 is a 
128-aa, 13.7-kDa protein, and whole-body western blot analysis showed that CRVP379 is 
more abundant in adult female mosquitoes than in males (Figure 2A). The CRVP379 pol-
yclonal antibody was not highly specific and also recognized other putative proteins, as 
indicated by the observance of multiple bands. Our mRNA abundance analysis showed 
that CRVP379 is highly expressed in the ovaries. Western blotting with proteins from fe-
male ovaries showed a high enrichment of CRVP379. The protein also has a predicted 
signal peptide, and we therefore investigated whether CRVP379 is secreted into the he-
molymph. We did not detect CRVP379 in either the hemolymph or female bodies lacking 

Figure 1. Relative gene expression of CRVP379 in different life stages and tissues of Aedes aegypti.
(A) CRVP379 relative gene expression in the whole bodies of larval (L1–L4) and both male and female
pupal and adult stages. (B) CRVP379 relative gene expression in various tissues of adult mosquitoes.
(C) CRVP379 relative gene expression in the midgut before blood feeding and at 24 and 48 h after
DENV infection. (D) CRVP379 relative gene expression in the ovaries before blood feeding and at
24 and 48 h after blood feeding. Means were compared with Tukey’s multiple comparisons test;
* = p < 0.05, ** = p < 0.01, *** = p < 0.005, **** = p < 0.0001. Relative gene expression (RGE) was
calculated by dividing the delta ct for an individual life stage or condition by the average delta ct for
that experiment. ns—non-significant.

2.2. CRVP379 Is Present in Ae. aegypti Ovaries but Not Secreted in the Hemolymph

We further analyzed CRVP379 protein abundance in Ae. aegypti mosquitoes with
western blotting, utilizing a polyclonal antibody against CRVP379 protein. CRVP379 is
a 128-aa, 13.7-kDa protein, and whole-body western blot analysis showed that CRVP379
is more abundant in adult female mosquitoes than in males (Figure 2A). The CRVP379
polyclonal antibody was not highly specific and also recognized other putative proteins, as
indicated by the observance of multiple bands. Our mRNA abundance analysis showed
that CRVP379 is highly expressed in the ovaries. Western blotting with proteins from female
ovaries showed a high enrichment of CRVP379. The protein also has a predicted signal
peptide, and we therefore investigated whether CRVP379 is secreted into the hemolymph.
We did not detect CRVP379 in either the hemolymph or female bodies lacking ovaries,
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suggesting that CRVP379 is not secreted from the ovaries (Figure 2B). We also did not
detect the presence of CRVP379 in female midguts (Supplementary Figure S2). Upon
analyzing protein extracts from male testes, we observed non-specific binding to multiple
proteins and one intense band at about 10 kDa, which was lower than the molecular size of
CRVP379 (Supplementary Figure S2). This band may represent CRVP379 without its native
signal peptide; however, the results of these western blots of the testes must be considered
inconclusive because of the lack of specificity of the antibody available (Supplementary
Figure S2).
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Figure 2. Western blot of CRVP379: the left panel shows protein staining with Ponceau red; the right
panel shows western blotting with the CRVP379 antibody. In (A) M: male whole body; F: female
whole body, MW: molecular weight marker. (B) Hm: female hemolymph; Ov: female ovaries; Bd:
remaining female body without ovaries or hemolymph. Arrowhead—CRVP379.

2.3. CRVP379 Gene Silencing Does Not Influence DENV Infection in the Midgut

A previous study reported that silencing CRVP379 decreased DENV titers in the Ae.
aegypti midgut [13]. Since we observed low CRVP379 mRNA and protein abundance in
the midgut, we decided to retest the effect of CRVP379 silencing on DENV infection in
the midgut. Three days after CRVP379 dsRNA injection, CRVP739 mRNA abundance
was reduced by 50.71% to 70.53% when compared to the GFP dsRNA-injected controls.
Our results showed that at seven days post-infection, the mean log DENV titer in the
midgut of control mosquitoes injected with GFP dsRNA was 3.107 pfu/midgut (n = 72),
and for CRVP379-silenced mosquitoes it was 2.966 pfu/midgut (n = 78). Even though this
difference represented a slight reduction in DENV titers in the midgut upon silencing of
the CRVP379 gene, this reduction was not statistically significant (Mann-Whitney test, p
= 0.3484, Figure 3). There was also a slight reduction in DENV prevalence in CRVP379-
silenced mosquitoes (59.40%) as compared to the GFP controls (65.49 %), although it also
was not statistically significant (Fisher’s exact test, p = 0.3572).

In the previous study the Ae. aegypti Rockefeller strain was used in gene silencing
experiments, whereas here we used the Liverpool strain. Therefore, we also performed
gene silencing experiments in the Ae. aegypti Rockefeller strain after DENV infection.
As we observed for the Liverpool strain, we did not see any significant difference in
the DENV titers in the midgut at four- or seven-days post-infection when the CRVP379
gene was silenced (Mann-Whitney test, p = 0.2645 for day four, p = 0.1239 for day seven;
Supplementary Figure S3).
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the mosquitoes tested showed two distinct bands on agarose gels, which proved to repre-
sent a deleted region of the gene (Figure 4B). From embryo injection experiment 2, we 
recovered 12 males and 12 females that were analyzed for CRVP379 mutations. A total of 
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the mutations in G1, we maintained and outcrossed two independent lines with Ae. aegypti 
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predicted TIL domain intact, with only one cysteine and 5 aa missing from it (Figure 4B,C).  
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Figure 3. Effect of CRVP379 gene silencing on DENV titers in Ae. aegypti Liverpool midguts seven
days after infection. Control mosquitoes injected with GFP dsRNA (n = 72), CRVP379 dsRNA injected
misquotes (n = 78). ns—non-significant.

2.4. Generation of CRVP379 Knockout Lines Using the CRISPR-Cas9 System

To gain further insight into the role of CRVP379 in the biology of Ae. aegypti, we
generated knockout lines utilizing our previously established CRISPR-Cas9 gene-editing
method [21]. We used the Ae. aegypti Exu-Cas9 line, which expresses Cas9 driven by
an embryo-specific promoter [24]. We performed two independent rounds of embryo
injections with two separate mixes of guide RNAs (gRNAs, Figure 4A). The first embryo
injection experiment involved a gRNA mix of gRNA 8, 4, and 1, and the injection of a total
of 427 eggs, yielding a hatching rate of 59.25%. The second experiment involved injection of
a gRNA mix comprising gRNA 8 and gRNA 4. For the second experiment we injected 245
eggs and obtained a hatching rate of 33.87%. Mutations in the surviving G0 were assessed
by PCR and Sanger sequencing. From embryo injection experiment 1 we recovered 24
males and 24 females from G0 that were analyzed for CRVP379 mutations by PCR. All
of the mosquitoes tested showed two distinct bands on agarose gels, which proved to
represent a deleted region of the gene (Figure 4B). From embryo injection experiment 2, we
recovered 12 males and 12 females that were analyzed for CRVP379 mutations. A total of
14 mosquitoes (six males, eight females) showed two distinct PCR bands on agarose gels,
which were shown to indicate insertions in the gene (Figure 4B). Putative mutants from
G0 were outcrossed with virgin Ae. aegypti Liverpool mosquitoes, and after confirming the
mutations in G1, we maintained and outcrossed two independent lines with Ae. aegypti
Liverpool mosquitoes for five generations. After five generations, a loss of the Exu-cas9
cassette was confirmed by screening the larvae under red fluorescent light. Sequencing of
CRVP379 fragments from these mosquitoes confirmed a 105-bp deletion between gRNA 1
and gRNA 4 in one line. This deletion was in-frame with the coding sequence toward the
end of the TIL domain, so this line was therefore designated as a CRVP379-partial knockout
(CRVP379-pKO). CRVP379-pKO was predicted to produce a mutant protein with a missing
35-aa region towards the C-terminus. This CRVP-pKO line had most of its predicted TIL
domain intact, with only one cysteine and 5 aa missing from it (Figure 4B,C).

134



Int. J. Mol. Sci. 2022, 23, 7736

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 19 
 

 

minimal similarity to wild-type CRVP379 and no intact TIL domain. The CRVP-cKO line 
did not yield hatchable eggs in its homozygous state, so this line was maintained in a 
heterozygous state. The predicted mutant protein sequences from the CRVP-pKO and 
cKO lines are provided in Supplementary file S1.  

 
Figure 4. Schematic representation of CRISPR-Cas9-mediated knockout of CRVP379. (A) Guide 
RNAs used for embryo injection; guide RNAs highlighted with a dashed blue line were used to-
gether for injection 1; guide RNAs highlighted with a solid black line were used together for injec-
tion 2. (B) Agarose gel electrophoresis of PCR products of the CRVP379 gene with the CRVP Seq 
F/R primer set, from left to right: molecular weight ladder, wild type Liverpool, CRVP-pKO heter-
ozygous, CRVP-pKO homozygous (105-bp deletion), CRVP-cKO heterozygous, CRVP-cKO homo-
zygous (23-bp insertion). (C) Schematic representation of CRVP-pKO and CRVP-cKo mutations. 

2.5. CRVP379 Is Important for Follicular Morphology in Ae. aegypti Ovaries  
Next, we performed Western blots with protein extracts from adult females of both 

the mutant pKO and cKo lines to detect CRVP379. We observed a significant reduction in 
detectable CRVP379 protein in both the pKO and cKO lines (Supplementary Figure S4). 
To investigate whether CRVP379 was present in the ovaries, we performed immunofluo-
rescent staining on dissected ovaries from wild-type and mutant lines. In the wild-type 
mosquitoes, CRVP379 was clearly present in the follicular cells (Figure 5A), and specifi-
cally in the periphery of these cells (Figure 5B). CRVP379 was not detected in either the 
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and confocal microscopy confirmed the loss of CRVP379 from the mutant lines. We also 
investigated the presence of CRVP379 in male testes by immunofluorescent staining. 
However, CRVP379 could not be clearly localized in the testes because of the presence of 
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Figure 4. Schematic representation of CRISPR-Cas9-mediated knockout of CRVP379. (A) Guide
RNAs used for embryo injection; guide RNAs highlighted with a dashed blue line were used together
for injection 1; guide RNAs highlighted with a solid black line were used together for injection 2.
(B) Agarose gel electrophoresis of PCR products of the CRVP379 gene with the CRVP Seq F/R
primer set, from left to right: molecular weight ladder, wild type Liverpool, CRVP-pKO heterozygous,
CRVP-pKO homozygous (105-bp deletion), CRVP-cKO heterozygous, CRVP-cKO homozygous (23-bp
insertion). (C) Schematic representation of CRVP-pKO and CRVP-cKo mutations.

Sequencing of CRVP379 from the second KO line confirmed a 23-bp insertion near
gRNA 8. This insertion was a result of a duplication of a 23-bp sequence adjacent to gRNA8
(Figure 4B,C). This insertion was in the predicted TIL domain, and it disrupted the open
reading frame of the gene; hence, this line was designated CRVP379 complete knockout
(CRVP379-cKO). This line was predicted to produce a 90-aa mutant protein with minimal
similarity to wild-type CRVP379 and no intact TIL domain. The CRVP-cKO line did not
yield hatchable eggs in its homozygous state, so this line was maintained in a heterozygous
state. The predicted mutant protein sequences from the CRVP-pKO and cKO lines are
provided in Supplementary file S1.

2.5. CRVP379 Is Important for Follicular Morphology in Ae. aegypti Ovaries

Next, we performed Western blots with protein extracts from adult females of both
the mutant pKO and cKo lines to detect CRVP379. We observed a significant reduction in
detectable CRVP379 protein in both the pKO and cKO lines (Supplementary Figure S4). To
investigate whether CRVP379 was present in the ovaries, we performed immunofluorescent
staining on dissected ovaries from wild-type and mutant lines. In the wild-type mosquitoes,
CRVP379 was clearly present in the follicular cells (Figure 5A), and specifically in the
periphery of these cells (Figure 5B). CRVP379 was not detected in either the pKO or cKO
lines in the ovarian follicular cells (Figure 5C,D). Both western blot analysis and confocal
microscopy confirmed the loss of CRVP379 from the mutant lines. We also investigated the
presence of CRVP379 in male testes by immunofluorescent staining. However, CRVP379
could not be clearly localized in the testes because of the presence of non-specific background
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fluorescence in both the wild-type and mutant lines (Supplementary Figure S5). The confocal
microscopy for testes is in accordance with our western blot results.

Our microscopy studies also revealed striking differences in the general morphology
of the follicles between wild-type and mutant mosquitoes. In the wild-type mosquitoes, the
follicles had a well-defined follicular epithelial cell lining, whereas in both mutant lines the
follicular cell lining was less defined and showed an abnormal morphology (Supplementary
Figure S6). The size of the follicles also appeared to be smaller in the mutant lines than in
the wild-type mosquitoes. Using the ImageJ Fiji software (area in pixels), we confirmed
that the CRVP379-cKO line had significantly smaller follicles than did either the wild-type
or the CRVP379-pKO line (Supplementary Figure S6).
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role of CRVP379 in Ae. aegypti reproductive biology, we compared the fecundity of the 
CRVP379 mutant lines to wild-type mosquitoes. For this purpose, we performed crosses 
with both female and male wild-type Liverpool and CRVP-pKO males and females, re-
spectively. For the pKO line, there was no significant difference in the number of eggs laid 
by female mosquitoes irrespective of the genotype of the male (Figure 6A). When we com-
pared the hatching rate, we saw no difference between wild-type Liverpool male-female 
crosses (mean hatching rate, 79.38%) and wild-type female-CRVP379-pKO male crosses 
(mean hatching rate, 80.30%). These data indicate that CRVP-pKO males are reproduc-
tively comparable to Liverpool wild-type males (Figure 6B). However, in the case of fe-
males, CRVP379-pKO females showed a reduced hatching rate irrespective of the male 
genotype with which they were crossed. CRVP379 pKO females crossed with wild-type 

Figure 5. Immunofluorescent detection of CRVP379 in the ovaries of Ae. aegypti. Anti-CRVP379
antibody in red, DAPI (nuclei) in blue. (A) Ae. aegypti Liverpool ovaries, 20× magnification.
(B) Ae. aegypti Liverpool ovaries, 63× magnification, in both (A,B). CRVP379 can be seen in the
follicular epithelial cells. (C) CRVP-pKO ovaries, 20× magnification. (D) CRVP-cKO ovaries, 20×
magnification. In both CRVP-pKO and CRVP-cKO ovaries, a clear localization of CRVP379 was not
observed. Images are representative images of ovaries from each line. Images were obtained by
confocal microscopy; Z-slides were stacked to get a single projection. Bar scale (A,C,D) = 100 µm,
(B) = 20 µm.

2.6. CRVP379 Plays an Important Role in the Male and Female Reproductive Systems

As described above, CRVP379 was highly expressed in the ovaries, and the CRVP379-
pKO and cKO lines showed abnormal follicular morphology. To investigate the role of
CRVP379 in Ae. aegypti reproductive biology, we compared the fecundity of the CRVP379
mutant lines to wild-type mosquitoes. For this purpose, we performed crosses with both
female and male wild-type Liverpool and CRVP-pKO males and females, respectively. For
the pKO line, there was no significant difference in the number of eggs laid by female

136



Int. J. Mol. Sci. 2022, 23, 7736

mosquitoes irrespective of the genotype of the male (Figure 6A). When we compared the
hatching rate, we saw no difference between wild-type Liverpool male-female crosses
(mean hatching rate, 79.38%) and wild-type female-CRVP379-pKO male crosses (mean
hatching rate, 80.30%). These data indicate that CRVP-pKO males are reproductively
comparable to Liverpool wild-type males (Figure 6B). However, in the case of females,
CRVP379-pKO females showed a reduced hatching rate irrespective of the male genotype
with which they were crossed. CRVP379 pKO females crossed with wild-type Liverpool
males had a mean egg hatching rate of 47.01%, which was significantly lower than that for
the Liverpool line or for crosses between Liverpool females and CRVP-pKO males (Dunn’s
multiple comparison test, p < 0.006). Crossing of CRVP379-pKO females with CRVP-pKO
males produced an even lower mean hatching rate of 38.97% (Dunn’s multiple comparison
test) when compared to Liverpool crosses and Liverpool female-CRVP-pKO male crosses
(p < 0.0001, Figure 6B). A simplified graphical version of various CRVP-pKO crosses is
presented in the supplementary files (Supplementary Figure S7A). This result suggests that
even a partial deletion of CRVP379 affects female reproductive capabilities, and the WT
male genotype is unable to rescue this phenotype.
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For the CRVP-cKO line we were unable to maintain a homozygous genotype. Multi-
ple crosses with CRVP-cKO homozygous mosquitoes yielded eggs that did not hatch 
(confirmed by leg PCR and sequencing). For this reason, every single mosquito had to be 
genotyped by leg PCR and sequencing before any experiment. Given its hampered repro-
duction, the CRVP-cKO line was maintained as a heterozygous genotype. Crosses be-
tween heterozygotes yielded wild-type, homozygous, and heterozygous mosquitoes. To 
assess the effect of complete CRVP379 knockout on male and female fecundity, we set up 
multiple crosses with wild-type, heterozygous, and homozygous mosquitoes. All but one 
of the CRVP-cKO crosses showed a significant difference from the wild-type in the num-
ber of eggs laid by an individual female. Only crosses between CRVP370-cKO heterozy-
gous females and CRVP-cKO homozygous males produced significantly lower numbers 
of eggs when compared to the Liverpool strain (Dunn’s multiple comparisons test, p = 
0.0066, Figure 7A). However, we did see significant differences in hatching rates with the 
various CRVP-cKO crosses. When wild-type Liverpool females were crossed with CRVP-
cKO homozygous males, there was a significant reduction in the hatching rate (33.94%, p 
= 0.0072) when compared to the Liverpool WT mosquitoes (76.84% hatching rate, Figure 
7B). When CRVP-cKO heterozygous females were crossed with wild-type Liverpool 

Figure 6. (A) Number of eggs laid per female with various crosses of the CRVP-pKO line; M = male,
F = female. (B) Percentage of eggs hatched from various crosses of CRVP-pKO. Statistically significant
p values are depicted by an asterisk (*); ** = p < 0.006, **** = p < 0.0001, error bars represent standard
error of mean (Dunn’s multiple comparisons test, ns—non-significant).

For the CRVP-cKO line we were unable to maintain a homozygous genotype. Mul-
tiple crosses with CRVP-cKO homozygous mosquitoes yielded eggs that did not hatch
(confirmed by leg PCR and sequencing). For this reason, every single mosquito had to
be genotyped by leg PCR and sequencing before any experiment. Given its hampered
reproduction, the CRVP-cKO line was maintained as a heterozygous genotype. Crosses
between heterozygotes yielded wild-type, homozygous, and heterozygous mosquitoes.
To assess the effect of complete CRVP379 knockout on male and female fecundity, we
set up multiple crosses with wild-type, heterozygous, and homozygous mosquitoes. All
but one of the CRVP-cKO crosses showed a significant difference from the wild-type in
the number of eggs laid by an individual female. Only crosses between CRVP370-cKO
heterozygous females and CRVP-cKO homozygous males produced significantly lower
numbers of eggs when compared to the Liverpool strain (Dunn’s multiple comparisons
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test, p = 0.0066, Figure 7A). However, we did see significant differences in hatching rates
with the various CRVP-cKO crosses. When wild-type Liverpool females were crossed
with CRVP-cKO homozygous males, there was a significant reduction in the hatching rate
(33.94%, p = 0.0072) when compared to the Liverpool WT mosquitoes (76.84% hatching
rate, Figure 7B). When CRVP-cKO heterozygous females were crossed with wild-type
Liverpool males, there was no difference in the hatching rate. However, when CRVP-cKO
heterozygous females were crossed with either heterozygous or homozygous males, we
again observed a significant reduction in hatching rate when compared to the wild-type
Liverpool crosses (Dunn’s multiple comparisons test, p = 0.0317 and p < 0.0001 respectively;
Figure 7B). When CRVP-cKO homozygous females were crossed with wild-type Liverpool
males, the hatching rate was comparable to that for the wild-type Liverpool crosses. Like
the previous results, when homozygous females were crossed with heterozygous males,
a significant reduction in the hatching rate was observed (Dunn’s multiple comparisons
test, p < 0.0001; Figure 7B). For homozygous CRVP-cKO crosses, we were unable to obtain
viable eggs from the crosses. None of eggs laid by the CRVP-cKO homozygous cross
females hatched (Figure 7B). A simplified graphical version of various CRVP-cKO crosses is
presented in the supplementary files (Supplementary Figure S7B). Preliminary observations
indicate that the eggs from this cross had a collapsed chorion, typical of nonviable eggs
previously reported from Ae. aegypti [25]. These experiments clearly show that CRVP379
plays an important role in both the male and female reproductive systems, since crosses
involving both males and females from the CRVP-cKO line had a significantly lowered egg
hatching rate.
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Figure 7. (A) Number of eggs laid per female for various crosses of the CRVP-cKO line. M = male,
F = female. (B) Percentage of eggs hatched from various crosses of CRVP-cKO. Statistically significant
p values are depicted with an asterisk (*); * = p < 0.05, ** = p < 0.007, **** = p < 0.0001, (Dunn’s multiple
comparisons test), error bars represent standard error of mean. WT Liverpool +/+, CRVP379-cKO
heterozygous genotype +/−, CRVP379-cKO homozygous genotype −/−.

2.7. CRVP379 Does Not Influence DENV Infection in the Midgut

Next, we investigated whether the CRVP-pKO and cKO lines showed altered permis-
siveness to DENV infection in the midgut at seven days after infection, but the CRVP-pKO
and wild-type Liverpool mosquitoes did not differ in their DENV infection prevalence
(Liverpool 80.21%, CRVP-pKO 82.54%, Fisher’s exact test, p = 0.8366). There was also
no significant difference in DENV infection intensity (titer) in the midgut at seven days
after infection (Mann-Whitney test, p = 0.6501; Figure 8A). Liverpool mosquitoes had a
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mean log DENV titer of 2.754, while CRVP-pKO mosquitoes had a mean log DENV titer of
2.832. For the CRVP-cKO line, there was no significant difference in prevalence among the
wild-type Liverpool, CRVP-cKO heterozygous, and CRVP-cKO homozygous lines (Fisher’s
exact test, p > 0.999). There was also no significant difference in DENV infection intensity
among these lines. The mean log DENV titer in the midgut at seven days after infection
for the Liverpool, CRVP-cKO heterozygous, and CRVP-cKO homozygous lines was 2.505,
2.700, and 2.717, respectively (Figure 8B). It should be noted that the sample size for the
infection experiments with CRVP-cKO were relatively smaller because of the difficulty in
maintaining this line. Thus, these data corroborate our previous gene silencing experiments
showing that CRVP379 does not serve as a DENV host or restriction factor.
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Figure 8. DENV titers in Ae. aegypti midguts at 7 days after infection, as determined by plaque
assay. (A) CRVP-pKO compared with wild-type Liverpool mosquitoes. (B) CRVP-cKO heterozygous
and homozygous mosquitoes compared with wild-type Liverpool mosquitoes. (Dunn’s multiple
comparisons test, ns = not statistically significant).

2.8. CRVP-pKO Females Have a Significantly Reduced Lifespan

Next, we asked whether the CRVP379 mutations influenced the lifespan of male and
female mosquitoes. Because of the limited number of mosquitoes available from the CRVP-
cKO line, we were unable to perform statistically meaningful lifespan experiments with
this line. All of the lifespan experiments were carried out with the CRVP-pKO line. The
male CRVP-pKO mosquitoes were not significantly different in lifespan than the wild-type
mosquitoes. The median lifespan for the Liverpool males was 28 days, and that of the
CRVP-pKO males was 29 days (log-rank Mantel-Cox test, p = 0.4545, Supplementary Figure
S8A). The CRVP-pKO females displayed a significantly reduced lifespan when compared
to the Liverpool wild-type mosquitoes. The median life span of the Liverpool females
was 44 days, whereas the CRVP-pKO mosquitoes had a median life span of only 21 days
(log-rank Mantel-Cox test, p < 0.0001, Supplementary Figure S8B). This result demonstrates
that even a partial deletion in CRVP379 outside of its TIL domain has a significant impact
on female lifespan but no effect on male lifespan.

3. Discussion

Here we sought to understand the role of cysteine-rich venom protein 379 (CRVP379)
in Ae. aegypti biology by utilizing a CRISPR-Cas9-mediated gene knockout approach. Our
study showed that CRVP379 is highly expressed in male testes and female ovaries. We also
observed that CRVP379 expression is upregulated in the ovaries 48 h after blood feeding.
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Immunohistological assays localized CRVP379 to the periphery of follicular epithelial
cells in Ae. aegypti ovaries. We further showed that RNAi-mediated gene silencing and
gene knockout of CRVP379 did not have an impact on DENV infection in Ae. aegypti
mosquitoes. Experiments utilizing our CRISPR-Cas9-generated mutant lines suggested
that CRVP379 can be at least partially functional when the deletion occurs outside the TIL
domain. A CRVP379-pKO line with a partial in-frame deletion that left most of the TIL
domain intact showed no difference with regards to male lifespan or male reproductive
capabilities. However, female mosquitoes from this line had a significantly lower lifespan
and egg hatching rate. When CRVP379 was completely inactivated in our CRVP379-cKO
line, both male and female reproduction were severely hampered. We observed a smaller
follicular size in both CRVP379 mutant lines. Overall, our study highlights the importance
of CRVP379, a TIL domain-containing protein, in Ae. aegypti reproduction and possibly in
other processes that regulate the female life span.

Even though TIL domain-containing proteins are distributed throughout the animal
kingdom, very few proteins from insects have been reported or studied. The endoparasitoid
wasp Cotesia vestalis has been shown to secrete a TIL protein from its teratocytes that
blocks its host’s melanization activity [26]. A cysteine rich TIL domain-containing protein
from Bombus ignitus bumblebee venom has been shown to possess protease inhibitor and
antifibrinolytic activity [27]. Similar cysteine-rich TIL domain-containing proteins from
Bombyx mori have been shown to possess antifungal activity and effectively inhibit multiple
microbial proteases [28,29]. These studies indicate that proteins with a conserved TIL
domain are likely to have diverse tissue- and life stage-specific roles in different insects.

Phylogenetic analysis of Ae. aegypti CRVP379 has revealed multiple TIL domain-
containing proteins in both Anopheline and Culicine mosquitoes. These proteins showed
a high degree of conservation in the TIL domain but were otherwise diverse in terms of
sequence and length. In humans, a TIL domain-containing protein, Von Willebrand factor,
is translated as a massive 2818-aa protein and plays a key role in blood clotting [30,31]. At
the same time, in the frog Lepidobatrachus laevis, a small 55-aa peptide containing the same
TIL domain has protease-inhibiting activity [32]. These examples highlight the fact that
despite the presence of a conserved TIL domain, there is functional and spatial diversity in
TIL-containing proteins.

Our gene expression analysis indicated an increased expression of CRVP379 during
the pupal stage. These results are similar to those from a previous study in the cotton
bollworm Helicoverpa armigera, in which a TIL domain-containing protein, HaTIL2, was
highly expressed in the pupal stage [33]. Multiple Ae. aegypti and Ae. albopictus trypsins are
known to play an important role during the pupal stage [34–36]. It is likely that CRVP379-
like trypsin inhibitors may similarly be playing an important role in trypsin regulation
during the pupal stage. We also observed CRVP379 expression in male testes and high
expression in female ovaries. These data are in accord with the Ae. aegypti atlas and
Ae. aegypti developmental transcriptome by Akbari et al., in which CRVP379 is shown to
be enriched in the ovaries and testes [37,38]. This finding was further corroborated by our
western blotting and immunostaining experiments. We found CRVP379 to be localized to
the periphery of the follicular epithelial cells. However, despite the presence of a signal
peptide, we did not observe CRVP379 to be secreted into the hemolymph. This observation
raises the possibility that the signal peptide plays a role in localizing the protein around the
follicular epithelial cells rather than in extracellular secretion. The expression of CRVP379
was significantly increased in the ovaries at 48 h after blood feeding. All of these findings
suggest that CRVP379 plays a key role in Ae. aegypti reproduction. An increase in the
expression during pupal stages and in the ovaries after blood feeding strongly suggests a
hormonal regulation of CRVP379. During these two stages, various hormones, such as 20E
and juvenile hormone (JH) regulate multiple genes in mosquitoes [39]. Juvenile hormone
also plays a key role in previtellogenic ovarian development [40,41]. A chymotrypsin-like
serine protease in Ae. aegypti has been shown to be regulated by JH [42]. It would be
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interesting to study the possibility of hormonal regulation of CRVP379 in more detail in
the future.

Interestingly, in contrast to the previously reported findings by Londono-Renteria
et al., we did not detect a significant CRVP379 presence in the midgut [13]. We also did not
observe any changes in CRVP379 gene expression after DENV infection. Similarly, gene
silencing experiments also had no effect on DENV titers in two different Ae. aegypti lab
strains. Because we did not observe CRVP379 in the midgut, it is unlikely to play a role in
the DENV infection of that tissue. However, our results are not perfectly comparable to the
study by Londono-Renteria et al. because of inherent differences in methodology and a
lack of sufficient information concerning experimental procedures, such as their primer
sequences used for gene expression and silencing [13].

Other than the signal peptide, the only notable feature of CRVP379 is the TIL domain,
although its importance had never been experimentally validated. The importance of the
C-terminus of this protein, which does not have any notable features, is also unknown.
We were able to create two distinct CRVP379 mutant lines, one with a mutation inside
and one outside the TIL domain. The CRVP379 partial knockout line (CRVP379-pKO) had
a mutation outside the TIL domain and could still produce a 93-aa protein with most of
its TIL domain intact. The partial knockout line (CRVP-pKO) did not show any altered
permissiveness to DENV infection in the female midgut or effects on male lifespan or
male reproduction. However, females from this line had a significantly shorter lifespan
and reduced fecundity. These results raise two possibilities: (a) the CRVP379 residues
between aa76 and aa110 play an important role in female Ae. aegypti but not in males;
and (b) CRVP-pKO produces a completely inactive product, and CRVP379 does not play
a role in either male reproduction or male lifespan. If the latter hypothesis were true, the
other mutant line with a complete inactivation CRVP379-cKO should have shown a similar
phenotype. However, the CRVP-cKO line had severe defects in both male and female
reproduction. In fact, we were unable to maintain a homozygous knockout line because
none of the eggs from this cross hatched. We also observed that CRVP-cKO homozygous
males and females could produce viable eggs if the other partner had a wild-type CRVP379
genotype. This result suggests that CRVP379 may be important for fertilization and/or
embryonic development. Localization of CRVP379 to the male reproductive system was
not possible with our polyclonal antibody, since it bound to multiple proteins (i.e., was
nonspecific). A more specific monoclonal antibody is likely to shed light on the localization
of CRVP379 in the male reproductive tissues. In the case of both mutant lines, we observed
smaller follicles in the females when compared to wild-type mosquitoes, with the cKO
line showing the smallest follicles. Localization of CRVP379 to the follicular epithelial
cells further supports a role for CRVP379 in the Ae. aegypti female reproductive system.
These results are similar to another study carried out in the brown plant hopper Nilaparvata
lugens, in which an inter-alpha-trypsin inhibitor has been shown to play an important role
in reproduction and ovarian development [43].

It should be noted that it was challenging to maintain the CRVP mutant lines. The
CRVP-pKO line demonstrated a very short lifespan and reduced fecundity, and the CRVP-
cKO line could not be maintained as a homozygous genotype. To study the CRVP379-cKO
line, heterozygous mosquitoes were crossed to obtain different genotypes of CRVP-cKO.
Each mosquito among the progeny was then genotyped by leg PCR and the sequencing
of the PCR product. Some of the progeny had to be utilized for maintenance of the line,
and this necessity effectively limited the experiments we were able to perform with this
line. Alternative strategies such as the use of conditional knockouts might permit a more
comprehensive study of CRVP379.

Finally, we showed that CRVP379 does not play a role in DENV infection in the midgut,
given that our data showed that both the pKO and cKO lines had the same DENV titer
in the midgut at seven days after infection. Our gene expression analysis, gene silencing
experiments, and DENV infection assays in our mutant lines comprehensively show that
CRVP379 does not play a role in DENV infection.
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Our study highlights the role of TIL domain-containing proteins in Ae. aegypti re-
productive biology. We also show that certain residues in CRVP379 may play different
roles in male and female mosquitoes. Given its importance in the biology of Ae. aegypti
mosquitoes, which are key vectors of many viral diseases, CRVP379 deserves to be evalu-
ated more fully in terms of its potential usefulness in developing novel mosquito population
control strategies.

4. Materials and Methods
4.1. Ethics Statement

This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and
the Animal Care and Use Committee of the Johns Hopkins University (Permit Number:
M006H300). Mice were only used for mosquito rearing as a blood source, according to
approved protocol. Commercial anonymous human blood was used for DENV infection
assays in mosquitoes, and informed consent was therefore not applicable. The Institutional
Animal Care and Use Committee (IACUC) approved the protocol.

4.2. Mosquito Rearing

Ae. aegypti Liverpool, Rockefeller, and Exu-Cas9 strains were used in this study. Ae.
aegypti Exu-Cas9 strain was a gift from Omar Akbari (University of California San Diego).
All of the mosquitoes were maintained on a 10% sucrose solution at 27 ◦C and 80% relative
humidity with a 14:10 h light-dark cycle in the Johns Hopkins Malaria Research Institute’s
insectary.

4.3. Cell Culture

Ae. albopictus cells C6/36 (ATCC CRL-1660) were cultured in MEM (Gibco) sup-
plemented with 10% FBS, 1% L-glutamine, 1% non-essential amino acids, and 1% peni-
cillin/streptomycin. Cells were maintained at 32 ◦C with 5% CO2. Baby hamster kidney
cells (BHK-21, ATCC CCL-10) were cultured in DMEM (Gibco) supplemented with 10%
FBS, 1% L-glutamine, 1% penicillin/streptomycin, and 5 µg/mL Plasmocin (Invivogen,
San Diego, CA, USA). Cells were maintained at 37 ◦C with 5% CO2.

4.4. Dengue Virus

DENV2 strain New Guinea C (NGC) was use in the study. The virus was propagated
in C6/36 cells and stored at −80 ◦C. The virus titer was determined by plaque assay on
BHK21 cells.

4.5. dsRNA Synthesis

Total RNA was extracted from a pool of five one-week-old Ae. aegypti Liverpool and
Rockefeller females using the Trizol RNA extraction method. cDNA was synthesized from
the total RNA using an oligo dT primer with the MMLV reverse transcriptase kit. Total
cDNA was used to amplify Ae. aegypti CRVP379 (AAEL000379) using the primer set CRVP-
RNAi-F and CRVP-RNAi-R (Supplementary Table S1). GFP gene was amplified using
primer set GFP-RNAi-F and GFP-RNAi-R with GFP plasmid as a template (Supplementary
Table S1). Amplified PCR products were purified using a Zymo DNA concentrator and
cleanup kit. A total of 1 µg of PCR product was used to synthesize dsRNA using a NEB
T7 HiScribe kit according to the manufacturer’s instructions. dsRNA was purified using
isopropanol-sodium acetate precipitation. dsRNA was dissolved in sterile distilled water,
and the concentration was measured with a Nanodrop spectrophotometer. The final
concentration of the dsRNA was adjusted to 3 µg/µL.

4.6. Gene Silencing

One-week old female Ae. aegypti mosquitoes (Liverpool and Rockefeller) were anes-
thetized on a cold block and intrathoracically injected with 69 nL of 3 µg/µL dsRNA (either
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CRVP379 or GFP as a control). Ae. aegypti Liverpool and Rockefeller females were injected
with dsRNA generated from the same strain. A pool of five females was collected at 72 h
post-injection prior to infection with DENV2. RNA was extracted from this pool to quantify
gene silencing efficiency.

4.7. Gene Expression

Ae. aegypti (Liverpool) mosquitoes were used to analyze the gene expression of
CRVP379 at various life stages and in various tissues. Ten L1-L4 larvae, five male and five
female pupae, and five male and five female adults were collected in Trizol and used for
RNA extraction. The midgut, fat bodies, ovaries, and Malpighian tubules were dissected
out and collected from a total of 10 one-week-old females. Testes were collected from
a total of 20 one-week-old males. To study the CRVP379 gene expression in the ovaries
after blood feeding, ovaries from 10 females were collected before blood feeding and at
6, 24, and 48 h after blood feeding. To quantify CRVP379 gene expression in the midguts
after DENV2 infection, 20 female midguts were dissected and collected prior to DENV
infection, and at 24 and 48 h after DENV infection. All of the tissues were collected in
Trizol, and RNA was isolated using the Trizol extraction method. All of the experiments
were carried out independently in triplicate. Gene expression was measured using TaqMan™
Universal Master Mix with CRVP qPCR primers. The Ae. aegypti S17 gene was used as a
housekeeping gene control. Relative gene expression (RGE) was calculated by dividing the
delta ct for an individual life stage or condition by the average delta ct for that experiment.

4.8. Generation of CRVP379 Knockout Lines

To generate CRVP379 knockout lines, the CRISPR-Cas9-mediated knockout method
using the Ae. aegypti Exu-Cas9 line was utilized. Ae. aegypti Exu-Cas9 expresses Cas9
driven by an embryo-specific promoter. Guide RNAs targeting Ae. aegypti CRVP379 were
designed using the CHOPCHOP web tool [44]. Guide RNAs were synthesized in vitro
according to the previously described protocol using a gene-specific forward primer with a
T7 promoter and a common reverse primer (Supplementary Table S1).

4.9. Embryo Injections

Early embryos (within 30 min of egg laying) of Ae. aegypti-Exu-Cas9 were injected
with 100 ng/µL of each guide RNA. Embryos were injected independently with two or
three different guide RNA mixes (Supplementary Table S1), as described previously. The
surviving G0 adults were sexed, and mutations were confirmed by leg PCR followed by
sequencing with CRVP primers (Supplementary Table S1).

4.10. Leg PCR

A quarter of a hind leg of a four-day-old adult mosquito was dissected and suspended
in 19 µL of squash buffer and 1 µL of proteinase K (Promega). The legs were incubated
at 56 ◦C for 30 min, followed by incubation for 10 min at 95 ◦C. Five microliters of the
above solution was then used for PCR with NEB OneTaq 2X master mix in a 25-µL reaction
with the primer set. PCR products were sequenced, and gene sequences and peaks were
compared to the Ae. aegypti Liverpool CRVP379 gene sequence. Mosquitoes with mutations
were individually outcrossed with the Ae. aegypti Liverpool strain. After five generations
of outcrossing with the Liverpool strain, mutant lines were in-crossed, and homozygous
mutant lines were obtained. Two Ae. aegypti lines with a different mutation in the CRVP379
gene were generated. One line was designated as CRVP partial knockout (CRVP-pKO,
105-bp deletion), and the other was designated as CRVP379 complete knockout (CRVP-cKO,
23-bp insertion).

4.11. Line Maintenance, Fecundity, and Life Span

The CRVP379 complete knockout line (CRVP379-cKO) was maintained as a heterozy-
gous genotype. For each generation, mosquitoes were genotyped by leg PCR as described
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above. Multiple crosses were set up to include both males and females of wildtype CRVP379,
heterozygous CRVP379-cKO mutant, and homozygous CRVP379-cKO genotypes. Female
mosquitoes were fed on anesthetized mice, and fully engorged females were selected for
fecundity experiments. Three days after blood feeding, individual females were added to
50-mL conical tubes lined with moist filter paper. Individual females were allowed to lay
eggs in one tube for 48 h. After 48 h, the filter papers were removed, and the eggs were
allowed to dry for five days. Five days later, the eggs were hatched in sterile hatching broth,
and the larvae were counted three days later. The life spans of the CRVP379-pKO and
Liverpool parental lines were measured as described previously. In brief, male and female
mosquitoes were sexed at the pupal stage. A total of 30 virgin males and females were
maintained in a paper cup and given 10% sucrose solution on a piece of cotton. Mosquito
mortality was measured every day.

4.12. Immunoblotting

Mosquitoes (either complete mosquitoes or individual tissues) were lysed in 40 µL
of RIPA Buffer (Sigma, St. Louis, MO, USA, R0278) containing protease inhibitor cocktail
(Complete, EDTA-free; Roche, Basel, Switzerland). Protein concentrations were measured
using a Micro BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA, # 23235),
and the concentration of the samples was adjusted to 5 µg/µL. Bolt LDS Sample buffer
(Invitrogen, Waltham, MA, USA, NP0007) and Bolt/NuPAGE reducing agent load (Invitro-
gen, NP0009) were added, and samples were heated at 100 ◦C for 5 min. Samples (30 µg of
protein) were run in Tris-glycine gel, 4–20% (Invitrogen, XP04205BOX) at a constant 25 mA
for 75 min. Proteins were electro-transferred to a nitrocellulose membrane (0.2-µm pore
size; BIO-RAD, 1704271) using a Trans-Blot Turbo Transfer System (BIO-RAD, Hercules,
CA, USA, 1704150) at 2.5 mA for 7 min. The membrane was stained with Ponceau S staining
solution (Cell Signaling Technology, Danvers, MA, USA, 54803S) to corroborate the quality
of transfer, followed by three washes with PBS for 10 min each. The membrane was blocked
with Blocker Solution (blotting-grade blocker; BIO-RAD, 170604) at 5% on PBS for 60 min
at room temperature (RT). The membrane was incubated overnight with 0.5× of blocker
solution containing 1:2000 of rabbit anti-Aedes aegypti CRVP379 antibody (Boster Biological
Technology, Pleasanton CA, USA, Catalog # DZ41086) at 4 ◦C. CRVP379 antibody at a
dilution of 1:2000 was observed to be optimum for western blots. The membrane was
washed three times with PBST (PBS with 0.2% Tween 20), then incubated with 0.5× of
blocker solution containing 1:10,000 Anti-Rabbit IgG, HRP-linked Antibody (Cell Signal-
ing Technology, 7074) for 60 min at RT, washed again, and developed using ECL Prime
Western Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA, RPN2232) and High
Performance Chemiluminescence Film (GE Healthcare).

4.13. Immunohistochemical Staining and Microscopy

Ae. aegypti Liverpool, CRVP379-pKO, and CRVP379-cKO males and females were
cold-anesthetized on ice. Ovaries and testes from four-day old mosquitoes were dissected
using sharp forceps and entomological needles. The ovaries were stained following a
method previously described [45]. CRVP379 antibody was used at a dilution of 1:200,
and AlexaFluor568-goat anti-rabbit antibody (Life Technologies, A11011) was used at a
dilution of 1:200. Samples were mounted using Fluoromount-G with DAPI (Invitrogen,
00-4959-52) and examined with a Zeiss LSM 1710 confocal microscope. Images were
analyzed with ImageJ Fiji software [46]. The Z-stack (all slides) data sets were analyzed
and presented as a single 2D projection. Brightfield and DAPI stained ovaries were also
observed under a LEICA DM2500 microscope, and images were captured with a DFC310
FX camera. Three ovaries from each line were used to measure the follicular cell size using
ImageJ Fiji software, License GPLv3+, Release 2.5.0.
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Abstract: The PIWI-interacting RNA (piRNA) pathway provides an RNA interference (RNAi) mech-
anism known from Drosophila studies to maintain the integrity of the germline genome by silencing
transposable elements (TE). Aedes aegypti mosquitoes, which are the key vectors of several arthropod-
borne viruses, exhibit an expanded repertoire of Piwi proteins involved in the piRNA pathway,
suggesting functional divergence. Here, we investigate RNA-binding dynamics and subcellular local-
ization of A. aegypti Piwi4 (AePiwi4), a Piwi protein involved in antiviral immunity and embryonic de-
velopment, to better understand its function. We found that AePiwi4 PAZ (Piwi/Argonaute/Zwille),
the domain that binds the 3′ ends of piRNAs, bound to mature (3′ 2′ O-methylated) and unmethylated
RNAs with similar micromolar affinities (KD = 1.7 ± 0.8 µM and KD of 5.0 ± 2.2 µM, respectively;
p = 0.05) in a sequence independent manner. Through site-directed mutagenesis studies, we identified
highly conserved residues involved in RNA binding and found that subtle changes in the amino acids
flanking the binding pocket across PAZ proteins have significant impacts on binding behaviors, likely
by impacting the protein secondary structure. We also analyzed AePiwi4 subcellular localization in
mosquito tissues. We found that the protein is both cytoplasmic and nuclear, and we identified an
AePiwi4 nuclear localization signal (NLS) in the N-terminal region of the protein. Taken together,
these studies provide insights on the dynamic role of AePiwi4 in RNAi and pave the way for future
studies aimed at understanding Piwi interactions with diverse RNA populations.

Keywords: Piwi4; Aedes aegypti; piRNA; RNA interference; RNAi; Piwi; NLS; arbovirus; mosquito

1. Introduction

The P-element-induced wimpy testis (PIWI)-interacting RNA (piRNA) pathway is an
RNA interference (RNAi) mechanism that is traditionally known to silence transposable
elements (TEs) that can integrate into the germline genome and threaten its integrity [1–4].
piRNAs, 23–30 nucleotide (nt) small RNAs (sRNAs), bind Piwi proteins, a subfamily of
the Argonautes. piRNA-bound Piwis assemble into piRNA-induced silencing complexes
(piRISCs), where effector Piwis are targeted to complementary RNA substrates [5–7].
Drosophila express three Piwis (Piwi, Aubergine (Aub), and Argonaute-3 (Ago3)), where
Aub and Ago3 are expressed exclusively in the germline, while Piwi is also expressed in
neighboring somatic cells [8–10]. Aub and Ago3 silence their targets post-transcriptionally
in the cytoplasm, while Piwi translocates into the nucleus, forms a nuclear effector complex,
and silences its targets co-transcriptionally [11–13]. Depletion of the piRNA pathway
in Drosophila leads to TE insertion accumulation, DNA damage, defects in embryonic
development, and female sterility [14–19].

149



Int. J. Mol. Sci. 2021, 22, 12733

The functions of the piRNA pathway are more diverse than initially thought [3,20–23].
For example, Piwis display differential expression patterns in the germline or soma as well
as in the cytoplasm or the nucleus across organisms [21], suggesting that their roles and
functions are broad. A good example is in arthropods, where both somatic and germline
piRNAs are common [24]. Culicine mosquitoes, specifically, have undergone an expansion
of their Piwi protein repertoire, suggesting functional divergence [25]. For example, Aedes
express seven Piwis, Piwi2-7, and Ago3, where Piwi4-6 and Ago3 are abundantly expressed
in both the soma and germline [25,26]. Many studies have shown that the piRNA pathway
in Aedes is multi-functional and important for, in addition to transposon silencing, antiviral
immunity [25,27–38], embryonic development [39,40], and gene regulation [41,42].

A particularly interesting A. aegypti Piwi of unknown function is Piwi4 (henceforth
termed “AePiwi4”). Although unnecessary for small RNA production, AePiwi4 associated
with Semliki Forest virus-specific small-interfering RNAs (vsiRNAs) and virus-specific
piRNAs (vpiRNAs) in infected cells, as well as with several protein players involved in
both the siRNA (Ago2 and Dcr2) and piRNA (Ago3, Piwi5, Piwi6, Yb, vreteno, Tejas, and
minotaur) pathways [26,43]. Furthermore, silencing AePiwi4 depleted 3′ 2′ O-methylated
(mature) Sindbis virus (SINV)-specific vsiRNAs and vpiRNAs and increased SINV, dengue
(DENV2), and chikungunya (CHIKV) virus replication in infected cells [32]. This phenotype
was recapitulated in DENV2-infected A. aegypti mosquitoes, where silencing AePiwi4
increased infectious virus titers 5–10 days post-infection (dpi) [32]. AePiwi4 also associated
with highly conserved satellite repeat-derived piRNAs (tapiR1 and tapiR2) that were
3′ 2′ O-methylated [39]. Knocking down AePiwi4 reduced tapiR1 and tapiR2 transcripts,
and depleting tapiR1 in embryos arrested their development and prevented the degradation
of maternally deposited transcripts [39]. Taken together, the role(s) of AePiwi4 appear to
be diverse and span across several different RNAi pathways.

AePiwi4 has been consistently associated with long (28–30 nt), mature 3′ 2′ O-methylated
(henceforth termed “3′m”) piRNAs, and it was found in both the cytoplasmic and nuclear
fractions in an embryonic Aedes aegypti cell line (Aag2) [26,32,39]. We therefore set out to
characterize AePiwi4 structural motifs involved in piRNA binding and nuclear localization
to gain further insights on AePiwi4 function. In human Piwis (Hiwi1, Hiwi2, and Hili),
the PAZ (Piwi/Argonaute/Zwille) domain preferentially binds 3′m piRNAs because of a
hydrophobic-binding pocket that is flexible enough to accommodate the methyl group [44].
This contrasts with the human Argonaute-1 (Ago1) PAZ domain where its more restrictive
RNA-binding pocket exhibits preferential binding to 3′ 2′-OH (henceforth termed “3′nm”)
groups present on microRNAs [44]. We hypothesized that a flexible AePiwi4 PAZ domain
would also determine AePiwi4 preferential binding to mature, long piRNA populations.

We first compared PAZ sequences across previously crystalized Piwis to determine
AePiwi4 PAZ structural features and binding pockets involved in 3′ end piRNA recognition.
We then characterized recombinant AePiwi4 PAZ-binding dynamics with the 3′ ends of
mature and un-methylated piRNAs by surface plasmon resonance (SPR). We found that
mutating putative RNA-binding residues depleted or significantly impacted binding to
both 3′m and 3′nm sRNAs, while a T41R change, present in A. aegypti Ago3, significantly
improved binding. Finally, we characterized a functional nuclear localization signal (NLS)
in the N-terminal region of the AePiwi4 protein. We found that subtle structural differences
across Piwi proteins may have important impacts on preferential RNA-binding behaviors
and subcellular localization.

2. Results
2.1. Biophysical Properties of AePiwi4 by Structural Modeling and Alignment

Using I-TASSER and Chimera, we first modeled AePiwi4 against the recently crys-
talized Drosophila melanogaster Piwi protein [45] (PDB: 6KR6) (Figure 1A). The quality of
the predicted model was assessed by its C-score = −1.50. C-scores fall between −5 and 2,
and more than 90% of the quality predictions are correct for models that have C-scores of
−1.5 or higher [46]. Furthermore, the average template modeling (TM) score (0.53 ± 0.15)
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was >0.5, which indicates a model of correct topology [46]. We then superimposed the
AePiwi4 model against crystalized human (Hiwi1; PDB: 3O7V) [44] and mouse (Miwi; PDB:
2XFM) [47] PAZ to determine the amino acid residues of AePiwi4 PAZ to be M270 –T380
(Figure 1B). A summary of predicted biophysical properties of AePiwi4 PAZ is provided
in Supplemental Table S1. An electrostatic density map of Piwi4 (Figure 1C) revealed an
inner pocket that was highly positively charged, analogous to the Drosophila Piwi linker
regions that bind RNA nucleotides. AePiwi4 PAZ also displayed long stretches of flexibility
with neighboring hydrophobic regions (Supplemental Figure S1). The AePiwi4 PAZ model
suggests that the protein contains hydrophobic regions buried within a flexible protein
structure, allowing AePiwi4 to bind long 3′m piRNAs.

To determine putative AePiwi4 PAZ amino acids involved in RNA binding, we
aligned Piwi PAZ sequences derived from proteins whose structures had been crystalized,
including Drosophila Piwi [45] (PDB: 6KR6), silkworm Piwi (Siwi [48]) (PDB: 5GUH),
mouse Piwi (Miwi [47]) (PDB: 2XFM), and human Hili (PDB: 3O7X) and Hiwi1 (PDB:
3O6E) [44] (Figure 1D). We also included human Hiwi2 PAZ, as its binding properties
to the 3′ ends of piRNAs were characterized by isothermal calorimetry in Tian et al.,
2011 [44]. As a comparison, we included the outgroup Argonaute protein human Ago1
(PDB: 4KXT), whose more restricted PAZ domain dictates its RNA-binding preference
for 3′nm microRNAs [44,49]. We then compared known RNA-binding residues from the
crystal structures with the residues of A. aegypti PAZ domains (black arrows, Figure 1D;
black arrows, Supplemental Figure S1). We found that the residues involved in RNA
binding tended to be highly conserved across the different organisms, and many were
tyrosine and phenylalanine aromatic residues, whose hydroxyl groups form hydrogen
bonds with phosphate oxygens of RNA nucleotides [44]. We also noted that all Piwi PAZ
domains analyzed herein displayed the Piwi PAZ specific insertion element (black box,
Figure 1D) that provides the flexibility necessary for accommodating 3′m piRNA ends [44].
This insertion site lies between two beta barrels, which, when absent (as in Ago1), results
in a sharp turn between the barrels and a narrower binding pocket [44]. Although the
amino acids within the Piwi PAZ-specific insertion site are not conserved across organisms,
or even across subfamily Piwi proteins in the same organism [44], we observed that the
first five amino acids of the Piwi PAZ-specific insertion sites were highly conserved across
the A. aegypti Piwis. The only exception to this observation was A. aegypti Ago3, whose
residues shared no similarity to its AePiwi PAZ counterparts. Further, Ago3 displayed two
amino acids within the insertion site not seen in the other PAZ sites, perhaps suggesting a
more flexible binding pocket than the other A. aegypti Piwis.

We also generated a phylogenetic tree to compare evolutionary relatedness between
Piwi PAZ sequences from the various organisms (Figure 1E). We included human Ago1
again as an outgroup. We also added the two additional Drosophila Piwis, Aub, and Ago3.
We found that all A. aegypti Piwi PAZ, except for Ago3, clustered with Drosophila Aub.
On the other hand, A. aegypti Ago3 was most closely related to Drosophila Ago3. We also
observed AePiwi4 clustered with the germline AePiwis Piwi2-3 as opposed to the somatic
AePiwis Piwi5, Piwi6, and Ago3.
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Figure 1. Predicted A. aegypti Piwi4 RNA-binding properties. (A) Predicted A. aegypti Piwi4 model (blue) superimposed
with the crystalized Drosophila Piwi structure (purple); (B) predicted A. aegypti Piwi4 structure (blue) with PAZ domain
highlighted in orange; (C) electrostatic density of A. aegypti Piwi4 where red = negatively charged and blue = positively
charged. Structure is rotated on the right to reveal inner positively charged pocket; (D) alignment of Piwi PAZ domains,
including all A. aegypti Piwis (Ae. Piwi2-7 and Ae. Ago3) and crystalized or characterized Piwi PAZ (Drosophila (Dme)
Piwi, silkworm Piwi (Siwi), mouse Piwi (Miwi), and human Piwis Hiwi1, Hiwi2, and Hili). The human Argonaute protein
Ago1 was also included as an outgroup. Black arrows indicate known RNA-binding residues by crystal structures, which
in this alignment include amino acid numbers 50, 56, 71, 88, 89, 93, 123, and 125. Black box indicates the Piwi PAZ-
specific insertion site. Colors (Zappo color scheme) indicate biochemical properties where peach = aliphatic/hydrophobic,
aromatic = orange, blue = positively charged, red = negatively charged, green = hydrophilic, pink = conformationally
special, and yellow = cysteine; (E) phylogenetic tree of all Piwi PAZ included in the alignment shown in 1D, with the
addition of Drosophila Aubergine and Ago3 PAZs. Scale bar indicates number of substitutions per site.
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2.2. A. aegypti Piwi4 PAZ Binds 3′ 2′ O-Methylated and Non-Methylated piRNAs in a
Sequence-Independent Manner

To determine whether A. aegypti Piwi4 PAZ bound to both 3′ 2′ O-methylated and
3′ 2′ OH piRNAs, we cloned AePiwi4 PAZ with a histidine 6xHis-tag into pET-17b for
bacterial expression (Supplemental Figure S2A,B), purified it, and characterized RNA-
binding dynamics by SPR. We confirmed AePiwi4 PAZ expressed in BL21(DE3) pLysS
E. coli by Western blot using antibodies against its 6xHis-tag (Supplemental Figure S2C).
We purified AePiwi4 PAZ from the soluble fraction by nickel chromatography followed by
size exclusion chromatography. Soluble AePiwi4 PAZ was stable in 20 mM Tris-HCl pH 7.4
and 150 mM NaCl and ran at the expected size (14 kDa) by SDS/PAGE gel electrophoresis
(Supplemental Figure S2D). Protein identity was confirmed by Edman degradation.

To test RNA-binding dynamics, we performed SPR with AePiwi4 PAZ and three
different RNAs: a 3′m 28 nt Phasi Charoen-like virus (PCLV)-specific piRNA, a 3′nm
vpiRNA of the same sequence, and a 3′nm 28 nt scrambled sequence. We chose this piRNA
sequence because a recent publication noted that PCLV piRNAs are broadly distributed
across culicine mosquito cell lines, perhaps due to a PCLV-specific endogenous viral ele-
ment in the genome [50]. Using synthetic RNA sequences biotinylated on the 5′ end, we
immobilized the RNA on a CM5 Biacore surface that had been pre-coated with neutra-
vidin. Immobilizing RNA by the 5′ end allowed us to test binding affinities to moieties
at the 3′ end. Using increasing concentrations of AePiwi4 PAZ analytes flowed over the
surface of the chip with immobilized ligand, we were able to determine the dissociation
constants (KD) from steady-state binding levels (Req) against the analyte concentration (C,
in molar concentration) once binding reached equilibrium. Experiments were performed
in four replicates.

We found that AePiwi4 PAZ bound the 3′m 28 nt piRNA with a KD of 1.7 ± 0.8 µM
(Figure 2A), the 3′nm 28 nt piRNA with a KD of 5.0± 2.2 µM (Figure 2B), and the scrambled
28 nt 3′nm piRNA with a KD of 2.5 ± 0.1 µM (Figure 2C). AePiwi4 PAZ bound to 3′ 2′

O-methylated piRNAs with marginally greater affinity than it did to 3′ 2′ unmethylated
piRNAs (p = 0.05), and there was no significant difference in binding affinities for known
or scrambled RNA sequences (p = 0.25).
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equilibrium curves for AePiwi4 PAZ analyte to a 28 nt (A) 3′ 2′ O-methylated, (B) non-methylated,
or (C) scrambled 28 nt non-methylated piRNA. Equilibrium KD was calculated from steady-state
binding levels Req = (CRmax)/(KD + C) + offset, where C = concentration, Rmax = analyte-binding
capacity of the surface in response units (RU), KD = dissociation constant, and offset = response at
zero analyte concentration. M = molar concentration. Red bars indicate mean and standard deviation
for Rmax values.

2.3. A. aegypti Piwi4 PAZ Mutants Reveal the Amino Acids Necessary for piRNA Binding

For further insights into how the AePiwi4 PAZ structure dictates its RNA-binding
preferences, we generated AePiwi4 PAZ mutants that displayed amino acid changes
within predicted RNA-binding pockets. We focused our efforts around two highly con-
served residues shown to form hydrogen bonds with RNA—Y40 and F55—as well as two
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residues that flank Y40 and appeared to be moderately conserved across the A. aegypti
Piwi PAZ—T39 and T41. Through site-directed mutagenesis, we generated five mutants
that we then expressed in bacteria and purified: T39A, Y40A, T41A, F55A, and T41R
(Supplemental Figures S3 and S4). Y40A and F55A displayed alanine substitutions for the
highly conserved tyrosine or phenylalanine amino acids, respectively, while T39A and
T41A displayed alanine substitutions for the threonines that flank Y40. The T41R mutation
reflected the arginine present in only one A. aegypti Piwi, Ago3, but also in most other or-
ganisms’ Piwi PAZ domains analyzed herein (Figure 1D). Inserts were confirmed by Sanger
sequencing, and mutations in protein sequence were confirmed by mass spectrometry.
Binding behaviors were assessed by SPR, as described previously (Figure 3).
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Dissociation constants for all mutant proteins binding both the 3′m and 3′nm 28 nt
piRNA are displayed in Figure 3 and summarized in Table 1. We found that F55 was
essential for both 3′m and 3′nm binding because when mutated, no binding occurred for
either ligand. Y40A also depleted 3′nm binding and significantly inhibited 3′m piRNA
binding (KD = 5.5 ± 0.5 µM; p = 0.04). We found that disrupting the amino acids flanking
Y40 with alanine mutations had no significant impact on binding 3′m piRNAs as compared
to wild-type PAZ binding to this RNA (T39A: p = 0.2; T41A: p = 0.3). However, we did
observe a significantly increased affinity of T39A for the 3′nm piRNA (KD = 2.8 ± 0.4 µM;
p = 0.02), suggesting that this residue does have an impact on 3′nm binding. Furthermore,
we observed that mutating T41 to match the amino acid present in A. aegypti Ago3 PAZ
tended to improve 3′m binding (KD = 0.57 ± 0.1 µM) and significantly improved 3′nm
binding (KD = 2.0 ± 0.5 µM; p = 0.02).
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Table 1. Summary of disassociation constants for AePiwi4 PAZ mutants binding 3′ 2′ O-methylated (met) or non-methylated
(nmet) piRNA. Equilibrium KD was calculated from steady-state binding levels Req = (CRmax)/(KD + C) + offset, where
C = concentration, Rmax = analyte-binding capacity of the surface in response units (RU), KD = dissociation constant, and
offset = response at zero analyte concentration. * = p ≤ 0.05 by unpaired t-test with WT as comparison group.

Immobilized Ligand Binding AePiwi4 PAZ KD Values (µM) Rmax (RU)

3′ 2′met piRNA WT 1.7 ± 0.7 1364 ± 3
T39A 0.98 ± 0.2 1343 ± 2
Y40A 5.5 ± 0.5 * 1103 ± 62
T41A 1.4 ± 0.1 1272 ± 14
T41R 0.57 ± 0.1 1388 ± 18
F55A No binding

3′ 2′nmet piRNA WT 5 ± 2.2 585 ± 3
T39A 2.8 ± 0.4 * 596 ± 5
Y40A No binding
T41A 5.6 ± 1.2 580 ± 8
T41R 2.0 ± 0.5 * 590 ± 3
F55A No binding

In Hiwi1 PAZ, preferential binding of 3′m RNA over 3′nm RNA is mostly dictated by
backbone confirmation of the protein rather than the amino acid composition of the binding
pocket [44]. To investigate whether the mutations that impacted the RNA binding impacted
the AePiwi4 PAZ secondary structure, we performed circular dichroism (CD) spectroscopy
analysis with the T39A, Y40A, T41A, and T41R mutants and compared the CD curves to
that of the WT AePiwi4 PAZ (Figure 4). We analyzed the data using CAPITO [51]. WT
AePiwi4 PAZ displayed a CD curve most similar to proteins that had a mostly irregular
structure but also that had between 30% and 49% beta strands and 6–16% alpha helices.
All mutants maintained a mostly irregular secondary structure; however, they displayed
different CD curves and percentages of alpha helices and beta-sheets compared to the WT
protein (Figure 4 insets). T41R was most similar to proteins that were made up of between
16% and 26% beta strands and 28–46% alpha helices. Y40A also displayed a spectrum
that aligned more with proteins that had a greater abundance of alpha helices—26–40%
alpha helices but only 14–22% beta-strands. The T39A CD curve clustered with proteins
that were made up of 9–25% alpha helices and 30–41% beta-strands, while the T41A curve
clustered with proteins that were made up of 31–50% alpha helices and 4–21% beta-strands.
Taken together, these data indicate that single amino acid changes in the AePiwi4 PAZ
backbone can alter secondary structure, which likely impacted RNA-binding behaviors.

2.4. AePiwi4 Co-Localizes in the Cytoplasm and Nucleus in A. aegypti Tissues

For further insights into the function of A. aegypti Piwi4, we characterized the sub-
cellular localization of the native protein in A. aegypti mosquitoes. While this manuscript
was under preparation, Joosten and colleagues (2021) reported that Piwi4, Piwi5, and Piwi6
were in both the nucleus and the cytoplasm in an A. aegypti embryonic cell line infected
or uninfected with Sindbis virus [26]. To determine the sub-cellular localization of native
AePiwi4 in both somatic and germline tissues in the mosquito, we generated polyclonal
antibodies against AePiwi4 by immunizing mice with the AePiwi4 PAZ recombinant
protein. We confirmed that these antibodies recognized both recombinant AePiwi4 PAZ
and full-length proteins by Western blot (Supplemental Figure S5). To confirm that the
antibodies recognized AePiwi4 from mosquito tissues, we prepared whole mosquito lysates
from three A. aegypti females 48 h post-bloodmeal (time of peak AePiwi4 expression [32])
for Western blot. Anti-AePiwi4 mouse serum reacted to whole mosquito lysate at the
expected size of AePiwi4 (100 kDa) (Supplemental Figure S5). Mass spectrometry analyses
further confirmed that AePiwi4-specific peptides were present at the same location on a
corresponding SDS/PAGE gel slice (Supplemental Dataset 1).
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To determine the sub-cellular localization of AePiwi4, we next performed immunofluo-
rescence assays and Western blots using both somatic and germline-derived
mosquito tissues. AePiwi4 tended to stain cytoplasmically in both midguts (Figure 5A;
Supplemental Figure S6A) and unfertilized embryos from ovary tissues (Figure 5B,
Supplemental Figure S6B). However, when we fractionated ovaries from A. aegypti
mosquitoes 48 h post-bloodmeal into cytoplasmic and nuclear fractions for Western blot,
we found that AePiwi4 was present in both fractions (Figure 5C). Antibodies targeting H3
histone were used as a marker for the nuclear fraction (Supplemental Figure S7). These
results suggested AePiwi4 may be trafficked in and out of the nucleus in mosquito tissues.
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Figure 5. AePiwi4 expression in mosquito tissues. IFA of A. aegypti midgut (A) or ovaries with
unfertilized embryos (B) stained with anti-AePiwi4 (red), phalloidin (green), or DAPI (blue). Scale
bars are 30 µM and 20 µM for midguts and embryos, respectively; (C) Coomassie-stained SDS/PAGE
gel (left) and corresponding Western blot of cytoplasmic (lane 1) or nuclear (lane 2) fractions of
A. aegypti mosquito ovary tissue.
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2.5. A. aegypti Piwi4 Expresses a Nuclear Localization Signal in the N-Terminal Region of
the Protein

To further explore AePiwi4 nuclear localization, we identified a putative NLS in the
N-terminal region of the protein (Supplemental Figure S8A). In Drosophila melanogaster
Piwi, the NLS is expressed in the intrinsically disordered domain in a similar region of
the N-terminal. We therefore generated a phylogenetic tree of the intrinsically disordered
regions of the A. aegypti and D. melanogaster Piwi proteins to see if Piwis with known or
putative NLS signals would cluster together (Supplemental Figure S8B). We found that
the intrinsically disordered domains of A. aegypti Ago3 and D. melanogaster Ago3 clustered
together, that Drosophila Aub and A. aegypti Piwi7 clustered together, and that A. aegypti
Piwis2-6 clustered with Drosophila Piwi, the only Drosophila Piwi with an NLS. These results
suggested that A. aegypti Piwi2-6 may also harbor nuclear localization signals in their
intrinsically disordered domains in the N-terminal regions.

To confirm that the putative AePiwi4 NLS was responsible for protein nuclear local-
ization, we cloned the putative AePiwi4 NLS (amino acid residues 42–83, Supplemental
Figure S8A), as well as the entire N-terminal region containing the NLS (amino acid residues
1–83), fused to an eGFP; we henceforth named these constructs AePiwi4NLS-eGFP and
AePiwi4Nterminal-eGFP, respectively. We used the same backbone containing either a
known SV40 NLS fused to the eGFP [52] as a positive control or an eGFP alone as a negative
control; we henceforth named these constructs SV40NLS-eGFP and eGFP, respectively.
We then transfected HEK293 cells with these constructs and visualized eGFP and DAPI
colocalization 24 h post-transfection. As expected, we found that the known SV40NLS-
eGFP localized in the nucleus while the eGFP alone appeared diffused throughout the cells
(Figure 6A,B). Plasmids harboring either AePiwi4NLS-eGFP or AePiwi4Nterminal-eGFP
migrated into the nucleus, as evidenced by eGFP expression colocalized with DAPI staining
(Figure 6C,D). The nuclear staining appeared punctated, perhaps indicative of nucleolar
staining. We also observed that both AePiwi4NLS-eGFP and AePiwi4Nterminal-eGFP
displayed cytoplasmic eGFP expression as well, which was not observed in cells transfected
with the SV40 NLS plasmid (Figure 6C,D).

To quantitively compare eGFP fluorescent intensities across sample types, we sub-
tracted total eGFP fluorescent intensity sums from eGFP fluorescent intensity sums in
nuclear surfaces, normalized by number of cells, in three independent views across slides
(Figure 6E). We found that the resulting eGFP nuclear intensity sums outside of the nuclear
surfaces was significantly higher for cells transfected with the eGFP construct as compared
to cells transfected with SV40NLS-eGFP (p = 0.006), AePiwi4NLS-EGFP (p = 0.01), or
AePiwi4Nterminal-eGFP (p = 0.05). There were no significant differences in eGFP fluores-
cent intensity sums outside of nuclear surfaces between cells transfected with AePiwi4NLS-
EGFP (p = 0.34) or AePiwi4Nterminal-eGFP (p = 0.23) compared to those transfected with
the SV40NLS-eGFP positive control. Taken together, these results suggested that A. aegypti
Piwi4 expresses an NLS in the intrinsically disordered domain in the N-terminal region of
the protein.
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Figure 6. AePiwi4 harbors an NLS in the N-terminal region of the protein. Representative slices 
from image stacks of HEK293 cells transfected with (A) SV40NLS-eGFP, (B) eGFP, (C) AePiwi4NLS-
eGFP, or (D) AePiwi4Nterminal-eGFP. Cells were stained with DAPI (blue) 24 h post-transfection. 
DAPI (left), eGFP (middle), and merged (right) channels are shown separately. Orthogonal views 
presented in merged channel. Scale bar = 15 μM. (E) Quantification of total eGFP fluorescence in-
tensity sums subtracted from eGFP intensity sums in nuclear surfaces for each sample type, normal-
ized by number of cells. Each black dot represents an individual picture. Red bars indicate SEM. ** 
= p ≤ 0.01, * = p ≤ 0.05, ns = non-significant. 

3. Discussion 
In this study, we characterized A. aegypti Piwi4 structural features involved in RNA 

binding and nuclear localization to gain insights into the protein’s function. AePiwi4 had 
previously been associated with various 28–30 nt 3′ 2′ O-methylated piRNAs, so we fo-
cused our efforts on the PAZ domain that binds the 3′ ends of piRNAs. We assessed 
AePiwi4 PAZ RNA-binding dynamics by SPR and found that AePiwi4 PAZ bound to both 
mature and unmethylated piRNAs with micromolar affinities in a sequence independent 
manner. We identified key residues in AePiwi4 PAZ involved in RNA binding and found 
that they were highly conserved across organisms. We also highlighted a unique arginine 
amino acid flanking a tyrosine residue necessary for 3′nm RNA binding that was present 
in most other organisms’ Piwi PAZ but was only present in a single A. aegypti Piwi PAZ 
(Ago3). Mutating this residue in AePiwi4 PAZ to match that of Ago3 improved both 3′m 
and 3′nm RNA binding. Through circular dichroism, we showed that single amino acid 
changes in Piwi PAZ changes the secondary structure of the protein. Finally, we found 
that AePiwi4 was both cytoplasmic and nuclear in mosquito tissues, and that signals in 
the intrinsically disordered region drove nuclear localization. 

We report herein Piwi-RNA-binding affinities for a Piwi protein of an arthropod vec-
tor, which complements studies performed with human and Drosophila melanogaster Piwi 
PAZ. We found that A. aegypti Piwi4 PAZ bound 3′ 2′ O-methylated and non-methylated 
piRNAs with KDs of 1.7 ± 0.8 μM and 5.0 ± 2.2 μM, respectively. The preference of AePiwi4 
PAZ for 3′m piRNAs over 3′nm piRNAs was less pronounced than what has been re-
ported for other Piwi PAZ (Supplemental Table S2). For example, Hiwi1, Hiwi2, and Hili 
bound 3′m piRNAs with KDs of 6.5 μM, 2 μM, or 10 μM, respectively, but they bound non-
methylated piRNAs with weaker affinities—KDs of 16 μM, 12 μM, or 34 μM, respectively 
[44]. Immunoprecipitations of AePiwi4 from uninfected or infected Aag2 cells followed 
by sRNA sequencing of associated RNAs have revealed the protein associates with bona 
fide piRNAs resistant to beta-elimination, a method that selects for 3′m piRNAs and de-
pletes 3′nm miRNAs [32,39]. Our results suggest, however, that AePiwi4 is able to bind to 
both 3′m and 3′nm sRNAs with only a marginally higher affinity for the former over the 

Figure 6. AePiwi4 harbors an NLS in the N-terminal region of the protein. Representa-
tive slices from image stacks of HEK293 cells transfected with (A) SV40NLS-eGFP, (B) eGFP,
(C) AePiwi4NLS-eGFP, or (D) AePiwi4Nterminal-eGFP. Cells were stained with DAPI (blue)
24 h post-transfection. DAPI (left), eGFP (middle), and merged (right) channels are shown
separately. Orthogonal views presented in merged channel. Scale bar = 15 µM. (E) Quan-
tification of total eGFP fluorescence intensity sums subtracted from eGFP intensity sums in
nuclear surfaces for each sample type, normalized by number of cells. Each black dot
represents an individual picture. Red bars indicate SEM. ** = p ≤ 0.01, * = p ≤ 0.05,
ns = non-significant.

3. Discussion

In this study, we characterized A. aegypti Piwi4 structural features involved in RNA
binding and nuclear localization to gain insights into the protein’s function. AePiwi4
had previously been associated with various 28–30 nt 3′ 2′ O-methylated piRNAs, so we
focused our efforts on the PAZ domain that binds the 3′ ends of piRNAs. We assessed
AePiwi4 PAZ RNA-binding dynamics by SPR and found that AePiwi4 PAZ bound to both
mature and unmethylated piRNAs with micromolar affinities in a sequence independent
manner. We identified key residues in AePiwi4 PAZ involved in RNA binding and found
that they were highly conserved across organisms. We also highlighted a unique arginine
amino acid flanking a tyrosine residue necessary for 3′nm RNA binding that was present
in most other organisms’ Piwi PAZ but was only present in a single A. aegypti Piwi PAZ
(Ago3). Mutating this residue in AePiwi4 PAZ to match that of Ago3 improved both 3′m
and 3′nm RNA binding. Through circular dichroism, we showed that single amino acid
changes in Piwi PAZ changes the secondary structure of the protein. Finally, we found
that AePiwi4 was both cytoplasmic and nuclear in mosquito tissues, and that signals in the
intrinsically disordered region drove nuclear localization.

We report herein Piwi-RNA-binding affinities for a Piwi protein of an arthropod
vector, which complements studies performed with human and Drosophila melanogaster Piwi
PAZ. We found that A. aegypti Piwi4 PAZ bound 3′ 2′ O-methylated and non-methylated
piRNAs with KDs of 1.7 ± 0.8 µM and 5.0 ± 2.2 µM, respectively. The preference of
AePiwi4 PAZ for 3′m piRNAs over 3′nm piRNAs was less pronounced than what has
been reported for other Piwi PAZ (Supplemental Table S2). For example, Hiwi1, Hiwi2,
and Hili bound 3′m piRNAs with KDs of 6.5 µM, 2 µM, or 10 µM, respectively, but they
bound non-methylated piRNAs with weaker affinities—KDs of 16 µM, 12 µM, or 34 µM,
respectively [44]. Immunoprecipitations of AePiwi4 from uninfected or infected Aag2 cells
followed by sRNA sequencing of associated RNAs have revealed the protein associates
with bona fide piRNAs resistant to beta-elimination, a method that selects for 3′m piRNAs
and depletes 3′nm miRNAs [32,39]. Our results suggest, however, that AePiwi4 is able to
bind to both 3′m and 3′nm sRNAs with only a marginally higher affinity for the former
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over the latter. Further investigations on AePiwi4-associated sRNAs from different cellular
compartments may provide new insights on protein-RNA trafficking and the range of
sRNAs with which AePiwi4 interacts. For example, the role(s) of A. aegypti Piwis may
function with both pre-processed non-methylated RNAs and mature piRNAs across cellular
compartments or with sRNA populations outside the piRNA pathway. Halbach et al. [39]
compared AePiwi4-mediated silencing of a satellite repeat-derived target by way of a
piRNA to that of miRNA silencing [39]. In that study, the authors found that the 3′ end of a
satellite repeat-derived piRNA (tapR1) was not absolutely required for silencing, while the
seed region was not sufficient for silencing, a pattern they compared to miRNA-mediated
silencing [39]. In another study, Tassetto and colleagues found that silencing AePiwi4
impacted both 3′m piRNA and siRNA production and argued that AePiwi4 links the
siRNA and piRNA pathways [32]. Our AePiwi4 RNA-binding studies indicate that the
PAZ domain of AePiwi4 is indeed able to interact with diverse populations of sRNAs
with similar affinities, perhaps suggesting AePiwi4 has broad functions or unique roles in
RNA binding that may differ from model Piwis. Future studies comparing RNA-binding
dynamics across the A. aegypti Piwis will elucidate the roles they play in RNAi.

In this study, we studied 3′m and 3′nm RNA binding with protein partners by SPR.
Other studies have characterized PAZ RNA binding by isothermal calorimetry (ITC) using
small eight nucleotide RNAs, and we note that caution should be taken when comparing
hard dissociation constant values across these different techniques. While ITC provides
valuable information on number of binding sites and heat released from a binding reaction,
we found that immobilizing the 5′ end of longer, more physiologically relevant RNAs by
SPR enabled us to efficiently calculate dissociation constants for many protein-binding
partners against stabilized ligands in a single experiment. This method may be useful for
other studies aimed at understanding protein-RNA binding at specific motifs.

Our data suggest that small differences in Piwi PAZ amino acid composition across
Piwi proteins alter protein secondary structure, which thereby impact the protein’s affinity
for certain RNAs. Given that preferential binding of 3′m RNA over 3′nm RNA was
mostly dictated by backbone confirmation of the protein in Hiwi1, it is likely that subtle
differences in Piwi protein structure may have profound impacts on preferential RNA-
binding behaviors that are important for defining the functions of different Piwis. We
found that although the amino acids that directly form hydrogen bonds with RNA were
highly conserved, residues that flank these sites tended to be more variable. Perhaps those
residues that impact the stability of the PAZ structure, rather than those that directly bind
the RNA itself, drive Piwi functional divergence.

The number of Piwi proteins has expanded in culicine mosquitoes as compared to
anophelines and drosophilids [53], and understanding their evolutionary relationships
with other Piwis, their shared or unique structural features, and their interactions with
diverse RNA populations may provide insights into how their functions have diverged.
We found that the PAZ domains of A. aegypti Piwis 2-7 are more evolutionarily related to
that of D. melanogaster Aubergine than to D. melanogaster Piwi or Ago3 PAZ. Aubergine is
a cytoplasmic, germline-specific protein that participates in ping-pong amplification by
binding antisense primary piRNAs and producing secondary sense piRNAs that fuel the
cycle [54], a role similar to that of A. aegypti Piwi5 [25]. A recent study showed that piRNA
binding to Aub PAZ induces a protein confirmational change that triggers symmetric
dimethylarginine (sDMA) methylation of the Aub intrinsically disordered domain in the
N-terminal region [55]. The sDMA modification then serves as a binding site for Krimper,
which simultaneously binds unmethylated Ago3 to bring the proteins in close proximity for
RNA transfer during ping-pong amplification [55]. Indeed, Joosten and colleagues recently
characterized a Krimper ortholog in Aedes, Atari, which bound Ago3 without sDMA
modifications [26]. Perhaps a similar mode of RNA binding-dependent autoregulation and
sDMA signaling also govern the Aedes aegypti Piwis Piwi2-6.

Drosophila Piwi, the only nuclear Piwi in the fly, expresses a bipartite NLS in its
intrinsically disordered domain [56]. Drosophila Piwi nuclear localization is autoregulated
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by confirmational changes that occur once the protein binds piRNAs; the NLS remains
buried within the protein structure until RNA binding triggers a conformational change
and exposes the NLS [56]. Once the protein is imported into the nucleus and releases the
piRNA, the protein is trafficked back into the cytoplasm. We found that A. aegypti Piwi4 also
expresses signals in the intrinsically disordered region that drive proteins to the nucleus
(Figure 6C,D), which, if similar to Drosophila Piwi, could autoregulate protein trafficking
based on protein confirmational changes that dictate signal exposure. We observed that the
AePiwi4 NLS did not drive complete expression of eGFP into the nucleus, as evidenced by
diffused cytoplasmic fluorescence in addition to punctated nuclear staining (Figure 6C,D).
It is possible that the intrinsically disordered region of AePiwi4 contains both an NLS
and nuclear export signals (NES) that drive protein trafficking in and out of the nucleus.
Investigations on how AePiwi4 regulates its trafficking into different cellular compartments
require future studies and could be useful in understanding its role in different RNAi-
mediated processes. It is also possible that several A. aegypti Piwis autoregulate their
subcellular localization in similar manners as AePiwi4. Our phylogenetic analyses revealed
that the regions of the AePiwi4 and Drosophila melanogaster Piwi proteins that harbored
nuclear localization signals, the intrinsically disordered domains, also clustered with
A. aegypti Piwi2, Piwi3, Piwi5, and Piwi6 (Supplemental Figure S8B). Different Piwis
likely have sophisticated and diverse regulation mechanisms that control their expression
patterns in different compartments of the cell.

Growing evidence reveals that the piRNA pathway is involved in gene regulation
in somatic tissues and contributes to diverse human diseases including cancer [23,57]
and neurodegenerative disorders [58]. Because somatic piRNAs and Piwi expression
are common in arthropods [24], they could be valuable models for understanding the
molecular mechanisms underlying the lesser understood Piwi or piRNA functions. Future
studies aimed at understanding how Piwi-RNA binding impacts protein structure and
function will be useful for learning more about how this pathway is involved in immunity,
gene regulation, and disease in arthropod vectors as well as in other organisms.

4. Materials and Methods
4.1. A. aegypti Piwi4 Structure Model Prediction

A model of the A. aegypti Piwi4 structure was generated using the I-TASSER software
(version 5.1 Zhang Lab, University of Michigan, Ann Arbor, MI, USA [46,59,60]) and
visualized using Chimera (University of California, San Francisco, CA, USA). This software
predicts secondary and tertiary structures based on the similarity of other proteins whose
structures have been solved. The AePiwi4 amino acid sequence was queried against the
Drosophila Piwi structure that was crystalized in Yamaguchi et al., 2020 [45], which allowed
us to determine the predicted A. aegypti Piwi4 PAZ domain. AePiwi4 PAZ was then
superimposed to other crystalized PAZ proteins, including Hili PAZ [44], Hiwi1 PAZ [44],
Miwi PAZ [47], and Siwi PAZ [48].

4.2. Cloning

Aedes aegypti Piwi4 (AAEL007698), including a 6xHis-tag, was synthesized by BioBasic
Inc. (Markham, ON, Canada). Both AePiwi4 full length (FL) and PAZ domain (residues
270–380) nucleotide sequences were sub-cloned into pCR-Blunt II-TOPO vector using
the Zero Blunt TOPO PCR Cloning Kit (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. pCR-Blunt II-TOPO vectors containing either
AePiwi4 FL or AePiwi4 PAZ were transformed in OneShot Top10 chemically competent
E. coli (Invitrogen, Waltham, MA, USA). Using standard restriction enzyme-mediated
cloning and the pCR-Blunt II-TOPO vectors described above as PCR templates, AePiwi4 FL
or AePiwi4 PAZ were then cloned into pET-17b vectors. pET-17b vectors containing either
AePiwi4 FL or AePiwi4 PAZ were transformed in OneShot Top10 chemically competent
E. coli (Invitrogen, Waltham, MA, USA). Inserts were confirmed by Sanger sequencing.
Primers used in this study are displayed in Supplemental Table S3.

162



Int. J. Mol. Sci. 2021, 22, 12733

The putative AePiwi4 NLS, as well as the entire N-terminal region of AePiwi4 con-
taining the putative NLS, were cloned from the AePiwi4 FL-containing pCR-Blunt II-TOPO
vector into a backbone containing an eGFP by In-Fusion cloning (TakaRa, San Jose, CA,
USA) following the manufacturer’s instructions. The parent SV40NLS-eGFP backbone
was a gift from Rob Parton (Addgene plasmid # 67652; http://n2t.net/addgene:67652
(accessed on 28 April 2021); RRID: Addgene_67652) [52]. Briefly, an eGFP-alone plas-
mid was generated by NcoI digestion and religation with the T4 DNA ligation Mighty
Mix (TakaRa, San Jose, CA, USA) of the SV40NLS-eGFP plasmid. AePiwi4NLS-eGFP
or AePiwi4Nterminal-eGFP were then cloned into the eGFP alone plasmid using In-
Fusion primers listed in Supplemental Table S3. All constructs were transformed into
Stellar Competent Cells (TakaRa, San Jose, CA, USA), and inserts were confirmed by
Sanger sequencing.

4.3. Recombinant Protein Expression

pET-17b vectors containing either AePiwi4 FL or PAZ were transformed into BL21(DE3)
pLysS chemically competent E. coli cells (Thermo Fisher Scientific, Waltham, MA, USA).
Transformed E. coli were plated onto Luria–Bertani (LB) agar plates with 100 µg/mL ampi-
cillin and 34 µg/mL chloramphenicol that were left O/N at 37 ◦C. Individual colonies
were picked into starter cultures of 4 mL LB broth (supplemented with 100 µg/mL ampi-
cillin and 34 µg/mL chloramphenicol) that were left shaking at 220 RPM O/N at 37 ◦C.
Starter cultures were then added to 150 mL LB broth (supplemented with 100 µg/mL
ampicillin and 34 µg/mL chloramphenicol) that were left shaking at 220 RPM 37 ◦C until
OD600 = 0.4 (~1 h). Protein expression was then induced with 0.1 mM isopropyl β- d-
1-thiogalactopyranoside (IPTG) for 4 h shaking at 160 RPM at 25 ◦C. Bacteria was then
pelleted and stored at −30 ◦C until protein purification.

For larger scale expression, 150 mL LB broth (supplemented with 100 µg/mL ampi-
cillin and 34 µg/mL chloramphenicol) starter cultures that had been inoculated with
glycerol scrapings of BL21(DE3) pLysS E. coli containing either pET-17b-AePiwi4 FL or
pET-17b-AePiwi4 PAZ were left shaking at 220 RPM O/N at 37 ◦C. Starter cultures were
then added to 1 L LB broth (supplemented with 100 µg/mL ampicillin and 34µg/mL
chloramphenicol) and expression was induced following the above protocol.

Expression was confirmed by SDS-PAGE separation and anti-6xHis-tag Western blot
in both the soluble and inclusion body fractions for both proteins.

4.4. Recombinant Protein Purification

The soluble AePiwi4 PAZ protein was purified by affinity chromatography followed by
size-exclusion chromatography using Nickel-charged HiTrap Chelating HP (GE Healthcare,
Chicago, IL, USA) and Superdex 200 10/300 GL columns (GE Healthcare, Chicago, IL,
USA), respectively. Frozen E. coli pellets were resuspended with Buffer A (10 mM Tris,
500 mM NaCl, 5 mM imidazole, pH 8), left on ice for 10–15 min, and pulse sonicated 4×
for 30 s—2 min. The lysates were then spun at 15,000× g for 30 min at 4 ◦C. The resulting
supernatants were filtered with a 0.8 µM filter (MilliporeSigma, Burlington, MA, USA)
and loaded onto a pre-equilibrated Nickel-charged HiTrap Chelating HP column using
a peristaltic pump. The column was then pre-washed with 3 column volumes (CV) of
Buffer A, followed by a 3 CV wash with Wash Buffer 1 (10 mM Tris, 500 mM NaCl, 20 mM
imidazole, pH 8) and 3 CV wash with Wash Buffer 2 (10 mM Tris, 500 mM NaCl, 100 mM
imidazole, pH 8). The protein was eluted from the column using 3 CV of Elution Buffer
(10 mM Tris, 500 mM NaCl, 300 mM imidazole, and pH 8) and visualized by SDS-PAGE
gel electrophoresis.

Eluted protein was concentrated down to ~500 µL using an Amicon stirred cell with a
cellulose membrane of 3 kDa nominal molecular weight (MilliporeSigma, Burlington, MA,
USA). The resulting concentrated protein was spun down at 4000× g for 10 min to remove
large debris and loaded onto a Superdex 200 10/300 GL column that had been equilibrated
with 20 mM Tris-HCl, 150 mM NaCl, pH 7.4. Peak elutions that corresponded to the correct
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size of Piwi4 PAZ (14 kDa) were confirmed by SDS-PAGE gel electrophoresis. N-terminal
protein sequence was also confirmed by Edman degradation.

4.5. SDS-PAGE

All proteins were heated to 95 ◦C for 5 min under reducing conditions in 1X LDS
(Thermo Fisher Scientific, Waltham, MA, USA) and were separated using 4–12% Bis-
Tris protein gels (Thermo Fisher Scientific, Waltham, MA, USA). Gels were stained with
Coomassie Brilliant Blue (GenScript, Piscataway, NJ, USA). Protein concentrations were
determined using the Nanodrop ND-1000 spectrophotometer adjusted by the molar extinc-
tion coefficient.

4.6. Western Blot

Aedes aegypti mosquito midguts and ovaries, as well as recombinant proteins, were
separated by SDS-PAGE gel electrophoresis for Western blots. A. aegypti that had been
fed defibrinated sheep blood (Denver Serum Company, Denver, CO, USA) were collected
48 h post-bloodmeal, and their midguts (cleaned of blood in 1× PBS) and ovaries were
dissected and flash frozen on dry ice. 15 midguts or ovaries/tube were resuspended in
100 µL cold hypotonic lysis buffer (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 10 mM KCl,
0.2 mM PMSF) and left on ice for 15 min. Samples were vortexed vigorously for 30 s and
then pelleted at 1000× g for 15 min. The supernatant was collected as the cytoplasmic
fraction. The remaining pellets were then resuspended in 100 µL solubilization buffer
(15 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 10% glycerol, 0.2 mM PMSF)
and spun down at 100,000× g. The supernatant was collected as the nuclear fraction.

30 µg of protein was processed for SDS/PAGE separation, as described previously,
and run alongside 10 µM Piwi4 PAZ or Piwi4 FL inclusion bodies. Proteins were transferred
to a PVDF membrane (iBlot, Invitrogen, Waltham, MA, USA) that was blocked for 2 h at
RT in blocking buffer (5% powdered milk (Carnation), 50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1% Tween 20 (TBST)). Membranes were incubated O/N at 4 ◦C with anti-Piwi4 PAZ
mouse serum (1:500 in blocking buffer), a 6xHis-tag monoclonal antibody (ThermoFisher
Scientific, Waltham, MA, USA, diluted 1:5000 in blocking buffer), or anti-Histone H3 as a
nuclear marker (Novus Biologicals, Littleton, CO, USA; generated in rabbit, diluted 1:1000
in blocking buffer).

Membranes were washed with TBST (3× for 10 min) and with TBS (1× 10 min) and
incubated at RT for 1–2 h with goat anti-mouse or anti-rabbit antibodies conjugated to
alkaline phosphatase (1 mg/mL, diluted 1:10,000). Membranes were again washed with
TBST and TBS, and proteins were detected for 5–10 min using Western Blue Stabilized
alkaline phosphatase substrate (Promega, Madison, WI, USA).

4.7. Mosquito Rearing

A. aegypti mosquitoes (Liverpool (LVP) strain) were reared in standard insectary
conditions at the Laboratory of Malaria and Vector Research, NIAID, NIH (28 ◦C, 60–70%
humidity, 14:10 h light/dark cycle) under the expert supervision of Karina Sewell, Andre
Laughinghouse, Kevin Lee, and Yonas Gebremicale. Mosquitoes had a solution of 10%
sucrose ad libitum and were offered defibrinated sheep blood (Denver Serum Company,
Denver, CO, USA) in an artificial feeding system. Larva were fed Tetramin.

4.8. Sequence Alignment

Nucleotide and amino acid sequences were retrieved from the NCBI databases. Multi-
ple alignments and phylogenetic trees were obtained by Clustal Omega [61] and visualized
on Jalview [62].

4.9. Site Directed Mutagenesis

AePiwi4 PAZ protein mutants were generated using the QuikChange II Site-Directed
mutagenesis kit (Agilent, Santa, Clara, CA, USA) following the manufacturer’s instructions.
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Primers were designed using PrimerX (https://www.bioinformatics.org/primerx/cgi-bin/
DNA_1.cgi, (accessed on 14 March 2021)) and are displayed in Supplemental Table S3.
The pET-17b vector containing AePiwi4 FL was used as template for the reactions, and
XL1-Blue supercompetent cells (Agilent, Santa, Clara, CA, USA) were transformed with the
mutant plasmids. Mutation nucleotide sequences were confirmed by Sanger sequencing,
and protein mutant sequences were confirmed by mass spectrometry.

The pET-17b vectors containing the AePiwi4 PAZ mutations were transformed into
BL21(DE3) pLysS chemically competent E. coli cells (Thermo Fisher Scientific, Waltham,
MA, USA), and all proteins were expressed and purified, as described previously.

4.10. Surface Plasmon Resonance (SPR)

All SPR experiments were carried out in a T100 instrument (GE Healthcare, Chicago,
IL, USA) following the manufacturer’s instructions. Sensor CM5, amine coupling reagents,
and HBS-P buffers were also purchased from GE Healthcare (Chicago, IL, USA). HBS-P
was supplemented with EDTA (HBS-PE, 10 mM Hepes pH 7.4, 150 mM NaCl, 3 mM EDTA,
and 0.005% (v/v) P20 surfactant) and was used as the running buffer while Conditioning
Solution 2 (50 mM NaOH, 1 M NaCl) was used as the regeneration and conditioning
solution for all experiments. Briefly, the CM5 sensor was coated 40 µg/mL neutravidin
and pre-conditioned with 3 × 60 s injections of Conditioning Solution 2. ~500–1000 RUs of
biotinylated RNAs were then captured to flow cells 2 or 4, which were then conditioned
with 3 × 60 s injections of Conditioning Solution 2. Protein analyte was introduced unto
the surface with 180 s injections (30 µL/s). Results were analyzed using the Biacore T200
Evaluation software v2.0.3 provided by GE Healthcare (Chicago, IL, USA). Equilibrium
dissociation constants were calculated from steady-state binding levels (Req) against molar
concentration of the analyte (C). The fitted equation was Req = ((CRmax)/(KD + C)) + offset,
where Rmax = analyte-binding capacity of the surface in response units (RU) and offset = response
at zero analyte concentration, which accounts for buffer-mediated effects on the refractive
index. SPR experiments were carried out 2–4×.

4.11. Circular Dichroism

0.1 mg/mL of purified AePiwi4 PAZ WT, T39A, Y40A, T41A, or T41R in 20 mM Tris
75 mM, NaCl pH 7.4 were used for CD analyses. Continuous measurements with a pitch
of 0.2 nm were recorded from 200–260 nm wavelengths with a bandwidth of 1 nm. Mean
residue ellipticity was calculated with the following equation: (molecular weight of each
protein in daltons/((number of amino acids − 1) × θλ))/(10 × pathlength in cm × protein
concentration in g/mL). All readings were normalized by subtracting with blank (buffer)
mean residue ellipticity. Data were analyzed using CAPITO [51].

4.12. RNA Synthesis

The 3′ 2′ O-CH3 and 3′ 2′ OH 28 nt RNAs were synthesized by Eurofins Genomics
(Louisville, KY, USA). Sequences are listed in Supplemental Table S4. RNA was resus-
pended at 1–2 mM in DEPC-treated water and stored at −80 ◦C.

4.13. Mouse Polyclonal Antibody Production

Polyclonal antibodies against A. aegypti Piwi4 PAZ were raised in mice. Mice (Balb/c;
Charles River, Frederick, MD, USA) were IM immunized with 10 µg of AePiwi4 PAZ in
combination with Magic Mouse Adjuvant (CD Creative Diagnostics, Shirley, NY, USA).
Negative control mice were immunized with Magic Mouse Adjuvant alone. At 21 d
post-immunization, mice received a 2nd booster immunization with 10 µg of AePiwi4
PAZ in combination with Magic Mouse Adjuvant (or adjuvant alone for negative control
group). Blood was collected 35 d post-immunization. The antibody levels were confirmed
by ELISA.
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4.14. Mass Spectrometry

Mosquito tissue samples and recombinant proteins were prepared and separated by
an SDS-PAGE gel as previously described, which was then stained with Coomassie blue.
Bands of interest were excised from the gel and submitted for liquid chromatography
coupled with mass spectrometry at the Research and Technology Branch (NIAID, NIH,
Rockville, MD, USA). Briefly, the gel slices from the SDS-PAGE gel were cut into small
pieces and subjected to in-gel trypsin digestion. The gel slices were destained to remove
Coomassie blue staining and were then reduced and alkylated. After dehydration with
acetonitrile and air-drying, a sequencing grade trypsin (Promega, Madison, WI, USA)
solution was added onto the gel slices and was allowed to be absorbed into the gel slice.
The gel slices were then incubated overnight at 30 ◦C for in-gel digestion. The peptides
released from in-gel digestion were extracted by acetonitrile and then applied for LC-
MS/MS analysis. Proteomic analyses were performed, as previously described [63].

4.15. IFA

Mosquito midguts or ovaries were dissected 48 h post-bloodmeal, flash fixed for 30 s
in cold 4% paraformaldehyde (PFA) in PBS and cleaned of blood in cold PBS. The midguts
or ovaries were then left shaking in 4% PFA in PBS O/N at 4 ◦C. The next day, midguts
or ovaries were washed 3X in PBS and blocked O/N in blocking buffer (2% BSA, 0.5%
Triton-X-100, PBS). The midguts or ovaries were then incubated with either serum from
mice immunized with AePiwi4 PAZ or with Magic Mouse adjuvant alone (1:500, diluted in
blocking buffer) O/N at 4 ◦C. The midguts or ovaries were washed with blocking buffer
a minimum of 3× for 30 min and were then incubated with secondary goat anti-mouse
antibodies conjugated to Alexa Fluor 594 (Thermo Fisher Scientific, Waltham, MA, USA;
diluted 1:1000 in blocking buffer) for 1 h at RT. The midguts or ovaries were again washed
with blocking buffer a minimum of 3× for 30 min, followed by incubation with 1 µg/mL
DAPI (diluted 1:1000 in blocking buffer) and phalloidin conjugated to Alexa Fluor 488
(Thermo Fisher Scientific, Waltham, MA, USA; diluted 1:250 in blocking buffer) for 20 min
at RT. The midguts or ovaries were washed 2× for 20 min with blocking buffer and 1×
with 0.5% Triton-X-100 in PBS and were then mounted onto slides with ProLong Gold
antifade mountant with DAPI (Thermo Fisher Scientific, Waltham, MA, USA).

4.16. HEK293 Cell Culture and Transfection

HEK293 cells were cultured in 35 mm dishes with a No. 15 coverslip pre-coated with
Poly-D-Lysine (MatTek Life Sciences, Ashland, MA, USA). Briefly 300,000 cells were plated
on individual dishes in DMEM media. The next day, the cells were transfected with trans-
fection complex containing 500 ng of (1) SV40NLS-eGFP, (2) eGFP alone, (3) AePiwi4NLS-
eGFP, or (4) AePiwi4Nterminal-eGFP in 0.5 µL Lipofectamine 3000 (Invitrogen, Waltham,
MA, USA) in serum free Opti-MEM media, according to the manufacturer’s protocol.
Twenty-four hours post-transfection, the cells were washed 3X with PBS and fixed with 4%
PFA in PBS for 30 min at RT. The cells were then washed 3X with PBS and permeabilized
with 0.5% Triton-X-100 in PBS for 30 min at RT. The cells were then stained with DAPI
(1 µg/mL in 2% BSA, 0.5% Triton-X-100, PBS). The cells were visualized using a Leica
Confocal SP8 microscope. Images were processed with Imaris software version 9.2.1 and
post-processing was carried out in Fiji ImageJ version 1.52n for representative purposes.

4.17. Statistics

Surface Plasmon Resonance equilibrium curves were fitted with a non-linear regres-
sion generated by the Biacore Evaluation software v2.0.3 provided by GE Healthcare
(described in “Surface Plasmon Resonance” Methods section), which were then visualized
with GraphPad Prism. The equilibrium dissociation constants, calculated based on steady
state, were generated by that same software. Differences between dissociation constants
were compared using an unpaired two-tailed t-test with GraphPad Prism.
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Quantifications of eGFP fluorescent intensities were calculated by subtracting eGFP
pixel total intensity sums by average nuclear intensity sums, normalized by the number
of cells, in three independent views across a slide. Nuclear surfaces were determined by
DAPI display and eGFP pixel intensity values were extracted using Imaris software version
9.2.1. Differences between eGFP intensities outside of nuclear surfaces were compared
using an unpaired two-tailed T-test with GraphPad Prism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms222312733/s1.
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Abstract: The sole currently approved malaria vaccine targets the circumsporozoite protein—the
protein that densely coats the surface of sporozoites, the parasite stage deposited in the skin of the
mammalian host by infected mosquitoes. However, this vaccine only confers moderate protection
against clinical diseases in children, impelling a continuous search for novel candidates. In this work,
we studied the importance of the membrane-associated erythrocyte binding-like protein (MAEBL) for
infection by Plasmodium sporozoites. Using transgenic parasites and live imaging in mice, we show
that the absence of MAEBL reduces Plasmodium berghei hemolymph sporozoite infectivity to mice.
Moreover, we found that maebl knockout (maebl-) sporozoites display reduced adhesion, including to
cultured hepatocytes, which could contribute to the defects in multiple biological processes, such as
in gliding motility, hepatocyte wounding, and invasion. The maebl- defective phenotypes in mosquito
salivary gland and liver infection were reverted by genetic complementation. Using a parasite line
expressing a C-terminal myc-tagged MAEBL, we found that MAEBL levels peak in midgut and
hemolymph parasites but drop after sporozoite entry into the salivary glands, where the labeling
was found to be heterogeneous among sporozoites. MAEBL was found associated, not only with
micronemes, but also with the surface of mature sporozoites. Overall, our data provide further
insight into the role of MAEBL in sporozoite infectivity and may contribute to the design of future
immune interventions.

Keywords: Plasmodium; sporozoite; MAEBL; liver; adhesion; genetic complementation; in vivo
bioluminescence imaging

1. Introduction

In 2020 alone, more than 240 million cases of malaria were reported leading to 627,000
deaths. These values represent a substantial increase in the number of malaria case inci-
dence and deaths estimated globally, fueled by the disruptions caused by the COVID-19
pandemic [1]. In 2021, the World Health Organization recommended for the first time a
malaria vaccine, RTS,S/AS01, for use in children living in endemic areas with moderate
to high transmission [1]. However, this vaccine only confers moderate protection against
clinical disease by Plasmodium falciparum, the most dangerous human malaria parasite [2].
RTS,S/AS01 targets the circumsporozoite protein (CSP), the protein that densely coats the
surface of sporozoites, the parasite stage deposited in the skin of the mammalian host
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by infected mosquitoes. Sporozoites actively migrate in the skin and invade blood ves-
sels to complete their development in the liver. Inside hepatocytes, a single sporozoite
will transform and multiply into thousands of merozoites, the red blood cells infective
forms. Sporozoites and ensuing liver stages, called the pre-erythrocytic phase, represent an
attractive target for immune interventions [3].

Sera from individuals immunized with radiation-attenuated P. falciparum sporozoites,
the gold standard malaria vaccine, contain antibodies against multiple pre-erythrocytic
antigens highly associated with sporozoite-induced protection [4]. In an attempt to find
novel pre-erythrocytic antigens, Peng and colleagues screened a library of P. falciparum anti-
gens with sera from volunteers immunized by mosquito bite under chemoprophylaxis with
chloroquine [5]. One of the antigens recognized by the sera from most of the individuals
was the membrane-associated erythrocyte binding-like protein (MAEBL) [5].

MAEBL is a large type I transmembrane protein composed of two N-terminal cysteine-
rich adhesion domains homologous to the apical membrane antigen 1 (AMA-1), named
M1 and M2, and a C-terminal cysteine-rich region (C-cys) structurally related with Plas-
modium Duffy binding-like family of erythrocyte binding proteins [6]. Conserved among
Plasmodium species [7], MAEBL was initially reported as an erythrocytic-binding protein
present in blood-stage parasites [6,8], but was later found to be expressed in sporozoites
and late liver stages [9–12]. Although dispensable for asexual blood-stage growth [13–16],
immunization with MAEBL M2 domain protects animals from dying of a challenge with
the lethal Plasmodium yoelii YM strain infected red blood cells [17].

MAEBL is required for the colonization of the mosquito salivary glands by sporo-
zoites [13,14,16]. Two main maebl transcripts are expressed in sporozoites as a result of
the alternative splicing in 3′ exons, encoding a canonical transmembrane and a putative
soluble MAEBL isoform [12]. However, only the transmembrane isoform is essential for
P. falciparum sporozoite infection of salivary glands [16].

In sporozoites, MAEBL is found associated with the micronemes [13,14]. However,
immunolabelling studies indicate that its subcellular localization is developmentally reg-
ulated during parasite maturation, as it changes from being restricted to the apical pole
in immature sporozoites, to covering the surface of mature parasites colocalizing with
CSP [11]. In salivary gland sporozoites, the protein was detected both internally and on
the parasites surface [11,18]. Nevertheless, antibodies generated against MAEBL domains
often recognize multiple bands on western blot analysis of parasite extracts that might
hinder conclusions on the localization, particularly when sera reactivity is not evaluated
also in a knockout line [18].

While MAEBL was suggested to be dispensable for liver infection by P. berghei sporo-
zoites collected from the midgut of mosquitoes [13], MAEBL-deficient P. falciparum sporo-
zoites from the hemolymph have been shown to exhibit impaired hepatocyte wounding
and invasion capacities along with reduced liver infection of humanized chimeric mice [14].
Indeed, antibodies against MAEBL partially inhibit hepatocyte invasion by sporozoites
and/or liver-stage development [5,18], supporting a role for MAEBL in sporozoite infectiv-
ity in the mammalian host. In this study, and using the rodent malaria model P. berghei, we
aimed at understanding the contribution of this protein in the sequence of events that lead
to a successful establishment of liver infection by sporozoites.

2. Results
2.1. Genetic Complementation Reverts the Phenotype of maebl- Parasites in the Mosquito

A maebl knockout (maebl-) line was generated in a bioluminescent background of
P. berghei, by replacing the open reading frame (ORF) of maebl with the selectable marker
Toxoplasma gondii dihydrofolate reductase-thymidylate synthase by double-crossover ho-
mologous recombination (Figure S1A). Three maebl- isogenic lines (maebl- B2, B3, and
G3) were generated and their genotype was verified by PCR and Southern blot analysis
(Figure S1B,C). The absence of maebl transcripts was confirmed for the maebl- lines by
RT-PCR (Figure S1D) and the data presented throughout this work refers to maebl- G3 clone.
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A genetic complementation approach was simultaneously adopted to directly link the de-
fective phenotypes of maebl- parasites to the absence of MAEBL. As the P. falciparum maebl
is transcribed along with the upstream gene as a bicistronic transcript [19], the full-length
gene was re-introduced into the original locus of maebl together with the human dihydrofo-
late reductase selectable marker cassette, by a single-crossover homologous recombination
event (Figure S1E). A maebl complemented isogenic line (maebl_comp V3) with the expected
genotype was isolated and used in further studies (Figure S1F).

To investigate the development of maebl- and maebl_comp mutant lines in the vector,
mosquitoes were fed on mice infected with control, maebl-, or maebl_comp parasites. Between
days 18 and 26 post-infection, mosquitoes were dissected and the numbers of sporozoites
collected from their midguts, hemolymph, and salivary glands were determined. While
there were no significant differences between the numbers of midgut sporozoites among
all lines, we frequently found higher numbers of maebl- sporozoites in the hemolymph, an
observation consistent with the inability of these parasites to colonize the salivary glands
(Figure 1A) [13]. Transmission electron microscopy (TEM) analysis showed no maebl-
sporozoites inside salivary glands even when these are collected at a late time point post-
infection such as day 27 (Figure 1B), suggesting that the few sporozoites recovered most
likely result from contamination with hemolymph. Importantly, we found no differences
between the number of control and maebl_comp salivary gland sporozoites (Figure 1A),
which indicates the genetic complementation rescued sporozoite infectivity to the vector.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 24 
 

 

G3) were generated and their genotype was verified by PCR and Southern blot analysis 
(Figure S1B,C). The absence of maebl transcripts was confirmed for the maebl- lines by RT-
PCR (Figure S1D) and the data presented throughout this work refers to maebl- G3 clone. 
A genetic complementation approach was simultaneously adopted to directly link the 
defective phenotypes of maebl- parasites to the absence of MAEBL. As the P. falciparum 
maebl is transcribed along with the upstream gene as a bicistronic transcript [19], the full-
length gene was re-introduced into the original locus of maebl together with the human 
dihydrofolate reductase selectable marker cassette, by a single-crossover homologous 
recombination event (Figure S1E). A maebl complemented isogenic line (maebl_comp V3) 
with the expected genotype was isolated and used in further studies (Figure S1F). 

To investigate the development of maebl- and maebl_comp mutant lines in the vector, 
mosquitoes were fed on mice infected with control, maebl-, or maebl_comp parasites. 
Between days 18 and 26 post-infection, mosquitoes were dissected and the numbers of 
sporozoites collected from their midguts, hemolymph, and salivary glands were 
determined. While there were no significant differences between the numbers of midgut 
sporozoites among all lines, we frequently found higher numbers of maebl- sporozoites in 
the hemolymph, an observation consistent with the inability of these parasites to colonize 
the salivary glands (Figure 1A) [13]. Transmission electron microscopy (TEM) analysis 
showed no maebl- sporozoites inside salivary glands even when these are collected at a 
late time point post-infection such as day 27 (Figure 1B), suggesting that the few 
sporozoites recovered most likely result from contamination with hemolymph. 
Importantly, we found no differences between the number of control and maebl_comp 
salivary gland sporozoites (Figure 1A), which indicates the genetic complementation 
rescued sporozoite infectivity to the vector. 

 
Figure 1. Development of maebl- and maebl_comp parasites in the mosquito. (A) Number of 
sporozoites in the midgut (MG), hemolymph (Hemo), and salivary glands (SG) of mosquitoes 
infected with Control, maebl_comp, or maebl- parasites, on days 18 to 26 post-infection. Symbols 
represent the counts in independent experiments and bars indicate the mean + SD. Statistical 
significance was determined using one-way ANOVA (Kruskal–Wallis test with Dunn’s multiple 
comparisons test). (B) Transmission electron micrographs of salivary glands of Control- or maebl- -

Figure 1. Development of maebl- and maebl_comp parasites in the mosquito. (A) Number of sporozoites
in the midgut (MG), hemolymph (Hemo), and salivary glands (SG) of mosquitoes infected with
Control, maebl_comp, or maebl- parasites, on days 18 to 26 post-infection. Symbols represent the
counts in independent experiments and bars indicate the mean + SD. Statistical significance was
determined using one-way ANOVA (Kruskal–Wallis test with Dunn’s multiple comparisons test).
(B) Transmission electron micrographs of salivary glands of Control- or maebl- -infected mosquitoes,
dissected on day 27 post-infection. SC, secretory cavity; SD, salivary duct; red arrows, sporozoites.
Scale bar, 1 µm (left panel) or 2 µm (right panel). (C) Ratio of hemolymph (Hemo) to midgut (MG)
sporozoites in Control- or maebl- infected mosquitoes, between days 18 and 21 post-infection. Symbols
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represent values of independent experiments and bars indicate the mean + SD. Statistical significance
was determined using the Mann–Whitney test. (D) Viability of sporozoites. Hemolymph sporozoites
were collected from Control- or maebl- -infected mosquitoes, on days 18 and 19 post-infection.
Sporozoites were activated with DMEM supplemented with 5% FBS at room temperature (activated
RT) or incubated with saline phosphate buffer on ice or at room temperature (non-activated Ice and
RT, respectively). Propidium iodide (PI) was then added to the parasite suspensions and sporozoites
were immediately imaged. Left: sporozoites were manually classified as PI+ or PI− sporozoites (dead
or viable, respectively). The graphic shows the mean of two independent experiments performed
in duplicated + SD. At least 150 sporozoites were analyzed per replicate. Statistical analysis was
performed using the unpaired t-test. Right: representative images of PI+ or PI− sporozoites. Scale
bar, 5 µm. ns, non-significant. * p < 0.05; ** p < 0.01; **** p < 0.0001.

In agreement with what was previously reported [13], our data show that maebl-
sporozoites accumulate in the vector circulatory system (Figure 1A,C). To test whether the
accumulation of sporozoites in the hemolymph of infected mosquitoes led to a reduction
in parasite viability, we performed a standard propidium iodide (PI) exclusion assay. The
percentage of viable maebl- hemolymph sporozoites, collected from mosquitoes at day
18/19 post-infection, was not significantly different from that of the control even following
activation in the presence of serum (Figure 1D). These results validate the use of maebl-
hemolymph sporozoites in subsequent experiments.

2.2. maebl- Sporozoites Exhibit Decreased Infectivity to Mice

It has been previously suggested that MAEBL is dispensable for the infection of rat
livers by P. berghei midgut sporozoites [13]. In contrast, maebl- P. falciparum sporozoites
collected from the mosquito hemolymph showed reduced infectivity to chimeric mice
with humanized livers [14]. Therefore, to evaluate whether this phenotype is species-
specific [13,14], we assessed the infectivity of maebl- and maebl_comp hemolymph sporo-
zoites to C57BL/6 mice using in vivo bioluminescence imaging. Mice were inoculated
intravenously (i.v.) with control, maebl- or maebl_comp hemolymph sporozoites, and the
bioluminescent signal in the liver was quantified 1- and 2-days post-infection (D1 and D2,
respectively). Animals infected with maebl- sporozoites showed a reduced liver burden
compared to both control and maebl_comp at D1 and D2 (Figure 2A). maebl- parasites only
emerged in the blood of 3 out of 4 mice and after a delay of 2 days comparing with the
other lines (Figure 2B). These observations were consistently reproducible, as we frequently
observed 1 to 2 days of delay in the prepatent period of mice inoculated i.v. with maebl-
sporozoites, in several independent experiments (data not shown). Once in the blood, maebl-
parasites exhibited normal asexual growth kinetics as determined by counting the per-
centage of infected red blood cells (Figure 2B). Although mice inoculated with maebl_comp
hemolymph sporozoites displayed lower parasite loads in the liver at D1 compared to
control-infected animals (~3.0-fold reduction), the reduction was no longer observed at a
later time-point (Figure 2A). In agreement with this observation, no differences were seen
in the prepatent periods or in the blood-stage growth of maebl_comp and control parasites
(Figure 2B).

Genetically complemented maebl- sporozoites successfully enter the mosquito salivary
glands (Figure 1A). To assess whether maebl_comp sporozoites have completed their mat-
uration in the vector and efficiently infect the mammalian host, mice were inoculated i.v.
with maebl_comp or control sporozoites collected from the mosquito salivary glands. As
expected, no differences were observed in the bioluminescent signal between experimental
groups at D1 and D2 (Figure 2C), as well as in the parasitemia of animals (Figure 2D).
The maebl- line was not used in these experiments due to its reduced number of salivary
glands-associated sporozoites. Therefore, mice were inoculated i.v. with the few parasites
we could collect but no animal ever became blood-stage positive, contrarily to mice infected
with similar numbers of control salivary gland sporozoites (Table S1). Altogether, our data
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demonstrate that in the absence of MAEBL, P. berghei hemolymph sporozoites exhibit an
impaired ability to infect the liver of mice.
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and maebl_comp sporozoites to C57BL/6 mice. Mice were injected intravenously with 3.5 × 104

Control, maebl- and maebl_comp hemolymph sporozoites (panels A,B) or with 2.5 × 104 Control
and maebl_comp salivary gland sporozoites (panels C,D), collected from mosquitoes on days 20 or
21 post-infection. (A,C) Left: parasite burdens in the liver were quantified as average radiance
(photons/s/cm2/steradian) one (D1) and two (D2) days post-infection. Symbols represent values
for individual animals and bars indicate the mean + SD (n = 3–4). Dotted line: background level,
calculated using non-infected mice. Statistical analysis was performed using one-way ANOVA
(Tukey’s multiple comparisons test; panel (A) or unpaired t-test (panel C). Right: representative
images of infected mice, on D1 and D2 post-infection. (B,D) Parasitemia of infected mice, determined
daily by a Giemsa-stained blood smear. Symbols represent values for individual animals and bars
indicate the mean + SD. Statistical analysis was performed using unpaired t-test (B,D) or one-way
ANOVA (Tukey’s multiple comparisons test) (B). ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001;
NI, non-infected.
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2.3. maebl- Hemolymph Sporozoites Present Hampered Invasion and Wounding of Host Cells
In Vitro

Next, we conducted several in vitro experiments to further explore the infectivity of
maebl- sporozoites to the mammalian host. We started by evaluating sporozoite invasion and
liver stage development inside the hepatoma cell line HepG2, using immunofluorescence
microscopy. To that end, sporozoites were collected from the hemolymph or salivary
glands and incubated with cells for 2 h to evaluate the invasion of host cells. Parasite
development was analyzed at 48 h after infection. The percentage of cells with intracellular
sporozoites was significantly reduced for the maebl- line compared to the control and
maebl_comp line (Figure 3A), leading to the formation of a lower number of exoerythrocytic
forms (EEFs) (Figure 3B). No differences in the size of EEFs were observed among all
lines (Figure 3C), suggesting that MAEBL is not required for liver stage development.
As expected, maebl_comp sporozoites did not show impaired hepatocyte invasion nor
exoerythrocytic development (Figure 3A–C).
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Figure 3. Evaluation of HepG2 cells invasion and cell wounding activity of maebl- sporozoites. (A–C)
Invasion of cells by maebl- and maebl_comp sporozoites and exoerythrocytic forms (EEFs) development.
Control, maebl- or maebl_comp hemolymph (Hemo) or salivary glands (SG) sporozoites, collected from
mosquitoes on days 19 to 21 post-infection, were incubated with cells for 2 h (panel A) or 48 h (panel
B,C). (A) Left: percentage of cells containing intracellular sporozoites. Bars represent the mean + SD
of experimental replicates. Statistical analysis was performed using unpaired t-test (SG) or one-way
ANOVA (Tukey’s multiple comparisons test; Hemo). Right: representative immunofluorescence
images of intracellular (white arrow) and extracellular sporozoites (red arrow). DAPI-stained cell
nuclei, cyan. Scale bar, 10 µm. (B) Number of EEFs in cells per well. Bars represent the mean + SD of
experimental replicates. Values are representative of at least two independent experiments (panel A,B).
Statistical analysis was performed using unpaired t-test (SG) or one-way ANOVA (Tukey’s multiple
comparisons test; Hemo). (C) Left: area of EEFs. Box plots showing the median, maximum, minimum,
and the 25th and 75th percentiles of the area of individual EEFs. At least 45 EEFs were analyzed per
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condition. Statistical significance was determined using one-way ANOVA (Kruskal–Wallis test with
Dunn’s multiple comparisons test). Right: representative immunofluorescence images of EEFs.
CSP, red; GFP, green; DAPI-stained nuclei, cyan. Scale bar, 3 µm. (D) Cell wounding capacity
of Control, maebl- and maebl_comp Hemo or SG sporozoites collected from mosquitoes on day 19
post-infection. Sporozoites were incubated with cells for 60 min in the presence of propidium iodide
(PI). The graph shows the percentage of wounded cells (PI+) assessed by flow cytometry analysis.
Bars represent the mean + SD of experimental replicates; values are representative of 3 independent
experiments. Horizontal dotted line: percentage of PI+ cells following incubation with medium only.
Statistical analysis was performed using unpaired t-test (SG) or one-way ANOVA (Tukey’s multiple
comparisons test; Hemo). ns, non-significant. * p < 0.05; ** p < 0.01; *** p < 0.001.

It has also been demonstrated that cell traversal activity is disrupted in the MAEBL-
deficient P. falciparum sporozoites [14]. To assess whether this process is also affected in the
P. berghei knockout line, we performed a standard in vitro cell wounding assay using PI [20].
During traversal, the plasma membrane of host cells is breached, allowing the incorporation
of cell-impermeant dyes, such as PI. Thus, sporozoites were allowed to traverse HepG2
cells in the presence of PI for 1 h before quantification of the percentage of wounded cells
by flow cytometry analysis. Whereas the percentage of PI+ cells obtained upon incubation
with control and maebl_comp hemolymph sporozoites was 13.3 ± 0.8% and 16.4 ± 1.8%,
respectively, maebl- sporozoites induced PI-incorporation levels on host cells close to those
of cells incubated with medium alone (4.1± 0.9%, Figure 3D and Figure S2). No differences
were observed in the percentage of wounded cells by control and maebl_comp sporozoites
collected from either the hemolymph or the salivary glands (Figure 3D). Altogether, our
data indicate that the absence of MAEBL results in a decrease of host cell invasion and
wounding by P. berghei sporozoites in vitro.

2.4. maebl- Hemolymph Sporozoites Glide at Lower Average Speed and Exhibit
Defective Attachment

Since hepatocyte invasion and traversal are two processes dependent on the parasite
actin-myosin molecular motor, as well as gliding motility, we next evaluated the motile
behaviors of maebl- sporozoites in vitro by time-lapse microscopy. Sporozoites were allowed
to glide in a polystyrene plate and classified as attached, waving, floating, or motile. As
expected, most control sporozoites collected from salivary glands showed vigorous circular
gliding contrarily to less mature parasites from the hemolymph of mosquitoes (Figure 4A).
Instead, the latter mostly displayed a waving behavior, characterized by the attachment
of sporozoites to the surface only by one pole or part of the body (Figure 4A). Although
no statistically significant differences were observed between the percentage of control
hemolymph and maebl- sporozoites that glide at least one complete circle (Figure 4A),
mutant parasites showed a significant reduction in their average speed when compared to
control sporozoites (Figure 4B).

Strikingly, the maebl- line exhibited a significantly higher percentage of floating sporozoites
compared to the control (Figure 4A). Based on these observations, we hypothesized that MAEBL
could be involved in sporozoite adhesion to the substrate. Indeed, a flawed adhesion could
explain the multitude of defects associated with maebl- sporozoites (Figures 2A,B, 3 and 4A).
To test this hypothesis, we assessed the capacity of maebl- sporozoites to attach to HepG2 cells
under static conditions. HepG2 cells were incubated with sporozoites for 30 min at 37 ◦C in
the presence or absence of cytochalasin D, an actin polymerization inhibitor, known to impair
sporozoite invasion but not adhesion [21], and the numbers of attached and non-attached
sporozoites were counted using flow cytometry. Interestingly, we found that mutant sporozoites
consistently adhered less than control sporozoites, in the presence of cytochalasin D or the
DMSO control only (Figure 4C). Sporozoites collected from the salivary glands tend to adhere
more to HepG2 cells than their hemolymph counterparts. However, this trend failed to reach
statistical significance (Figure 4C).
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Figure 4. Analysis of maebl- sporozoites gliding motility and adhesive properties. (A,B) Gliding
motility of Control salivary gland (SG) and hemolymph (Hemo) sporozoites, and maebl- Hemo
sporozoites. Sporozoites were allowed to glide in medium supplemented with FBS at 37 ◦C. Bright-
field images were acquired every second for 1 min using an inverted epifluorescence microscope.
(A) Gliding behaviors of maebl- sporozoites. Sporozoites (Control SG n = 316, Control Hemo n = 296,
and maebl- Hemo n = 839) were classified according to their motility behaviors. Bars indicate the
mean of two independent experiments + SD. Statistical analysis was performed using two-way
ANOVA (Tukey’s multiple comparisons test). (B) Gliding speed of maebl- sporozoites. Box plots
showing the median, maximum, minimum, and the 25th and 75th percentiles of the average speed
of individual sporozoites (Control SG n = 20, Control Hemo n = 12, and maebl- Hemo n = 22). Data
were pooled from two independent experiments. Statistical analysis was performed using one-way
ANOVA (Tukey’s multiple comparisons test). (C) Adhesion of Control SG and Hemo sporozoites,
and maebl- Hemo sporozoites to HepG2 cells. Sporozoites were added on top of cells, in the presence
of cytochalasin D (Cyto D) or DMSO. After 30 min incubation at 37 ◦C, the supernatant was removed
to quantify the number of unattached sporozoites. After trypsinization, the number of extracellular
parasites (attached sporozoites) was quantified. Quantification of sporozoites was performed by
flow cytometry. The high levels of autofluorescence of HepG2 cells precluded the quantification of
intracellular sporozoites. The graph shows the mean of three independent experiments performed
at least in duplicate + SD. Statistical analysis was performed with repeated measures one-way
ANOVA (Tukey‘s multiple comparisons test). ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

2.5. Carboxy-Terminal Myc Tagging of MAEBL Does Not Affect Protein Function

We next aimed to investigate in detail the expression and localization of the full-
length MAEBL in mature and immature sporozoites. To this end, we engineered a parasite
line that expresses a version of MAEBL tagged at the C-terminus end using a functional
complementation approach. Briefly, the transfection vector used to generate the maebl_comp
line was modified as to insert a sequence encoding two myc tag epitopes before the stop
codon of maebl, and then used to complement the maebl- G3 line (Figure S3A). PCR analysis
confirmed the correct integration of the construct and the presence of the tagged maebl
ORF in the genome of three clonal populations (Figure S3B). The clonal population R2
(henceforth named maebl:myc) was used throughout this study.

To assess if the presence of the tag impaired the function of MAEBL, mosquitoes
were fed with maebl:myc parasites, and the number of sporozoites in the salivary glands
was quantified. No differences were observed between the maebl:myc and the control
line (Figure 5A), indicating that complementation with a C-terminus myc-tagged MAEBL
successfully reverted the maebl- phenotype in the mosquito. Subsequently, the infectivity of
maebl:myc sporozoites to the mammalian host was evaluated using in vivo bioluminescence
imaging. The parasite load in the liver of C57BL/6 mice inoculated i.v. with maebl:myc
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sporozoites was comparable to control, both at D1 and D2 post-infection, and no delay in
the emergence and growth of blood-stage parasites was seen (Figure 5B,C).
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Figure 5. maebl:myc sporozoite infectivity to the mosquito and mammalian hosts. (A) Ratio of salivary
gland (SG) sporozoites to midgut (MG) sporozoites in the Control and maebl:myc lines. Sporozoites
were collected from mosquitoes on days 17 to 24 post-infection. Symbols represent the counts of
independent experiments and bars indicate the mean + SD. Statistical significance was determined
using unpaired t-test. (B) Infectivity of maebl:myc sporozoites to C57BL/6 mice by intravenous
inoculation with 2.0 × 104 Control or maebl:myc salivary gland sporozoites. Left: parasite burden
in the liver quantified as average radiance (photons/s/cm2/steradian) one (D1) and two (D2) days
post-infection. Symbols represent values for individual animals and bars indicate the mean + SD
(n = 4). Dotted line: background level, calculated using non-infected mice. Statistical analysis was
performed using unpaired t-test. Right: Representative images of the infected mice, on D1 and D2
post-infection. (C) Parasitemia of the infected mice, determined daily by a Giemsa-stained blood
smear. Symbols represent values for individual animals and bars indicate the mean + SD. Statistical
analysis was performed using unpaired t-test. ns, non-significant.

2.6. Characterization of C-Terminal Myc-Tagged MAEBL Expression and Localization
in Sporozoites

A high molecular weight band corresponding to the expected size of the full-length
myc-tagged MAEBL (~224 kDa) was detected by Western blot using a monoclonal anti-
myc antibody in extracts of maebl:myc sporozoites collected from midguts (Figure 6A).
Using the same antibody, we next evaluated MAEBL expression in sporozoites by im-
munofluorescence microscopy. The fluorescence intensity in sporozoites was quantified,
and the percentage of positively stained parasites was calculated for parasites presenting
an integrated fluorescence value higher than the highest value obtained in control sporo-
zoites. To have a complete overview of the full-length MAEBL expression profile during
sporozoite maturation in the vector, sporozoites were collected from different anatomical
compartments of the mosquito and at several days post-blood meal. Specifically, maebl:myc
and control sporozoites were collected as follows: (i) on days 17/18 post-infection, for
midgut and hemolymph sporozoites and (ii) on day 21, for hemolymph and salivary gland
sporozoites (Figure 6B–D). On days 17/18, all midgut sporozoites analyzed were positive
for myc-tagged MAEBL, while only a minor sporozoite population collected from the
hemolymph were negative (15%; Figure 6D). However, no significant differences were
observed in the signal intensity between both conditions (Figure 6C). When we compare
hemolymph parasites collected from mosquitoes a few days later (D21), the percentage
of myc-tagged MAEBL-expressing sporozoites reached up to 91% (Figure 6D). On the
other hand, salivary gland sporozoites collected at the same day showed not only a lower
percentage for the positive population (76%) but also lower signal intensity values com-
pared to hemolymph parasites (Figure 6C,D). This is in agreement with proteomic studies
showing that MAEBL is less abundant in salivary gland sporozoites [22,23]. Together, our
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data indicate that full-length MAEBL is expressed by the large majority of sporozoites
during their journey in the vector. Although being abundantly expressed in oocysts, we
also found high levels in hemolymph sporozoites, an expected observation considering the
role of this protein in sporozoite colonization of the mosquito salivary glands (Figure 1A,B).
Importantly, our data clearly shows heterogeneity in full-length MAEBL expression by
salivary gland sporozoites.
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Figure 6. Quantification of myc-tagged MAEBL expression in sporozoites. (A) Western blot analysis of
myc-tagged MAEBL expression in maebl:myc and Control midgut (MG) sporozoite extracts. Denatured
lysates of 8.0 × 104 sporozoites were separated on 8% SDS gel and probed with a mouse monoclonal
anti-myc tag antibody (clone 4A6). CSP was used as loading control.(B–D) Quantification of myc-
tagged MAEBL expression in sporozoites by immunofluorescence. Sporozoites were collected from
the midgut (MG), hemolymph (Hemo) and salivary glands (SG) of mosquitoes infected with Control
or maebl:myc parasites, on the indicated days. Sporozoites were fixed, permeabilized and labeled
anti-myc tag antibody (clone 4A6). (B) Representative immunofluorescence images of maebl:myc
and Control sporozoites stained with anti-myc antibodies visualized in red and the GFP reporter
in green. For the representation purpose only, the Smooth filter was applied to the GFP channel.
Scale bar, 2 µm. (C) Fluorescence intensity of maebl:myc sporozoites, quantified as integrated density.
Symbols represent individual sporozoites and bars indicate the median value of each population.
Statistical significance was determined using the one-way ANOVA (Kruskal–Wallis test with Dunn’s
multiple comparisons test). (D) Percentage of myc-positive (Myc+) and negative (Myc−) sporozoites.
maebl:myc sporozoites with a fluorescence intensity superior to the highest value obtained for Control
sporozoites were considered positive. ns, non-significant; **** p < 0.0001.

Finally, we evaluated the subcellular localization of myc-tagged MAEBL in sporozoites by
confocal microscopy. The staining pattern observed in midgut sporozoites was heterogeneous:
whereas some parasites showed strong staining restricted to the apical (and sometimes posterior)
pole, in others the signal was found to be more disperse (Figure 7A). In hemolymph sporo-
zoites, myc-tagged MAEBL was frequently distributed throughout the body, and occasionally
concentrated towards one (Figure 7A) or both poles (data not shown). Importantly, similar
patterns were observed in salivary glands sporozoites (Figure 7A). Partial co-localization with
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thrombospondin related anonymous protein (TRAP) was frequently observed in midgut and
hemolymph sporozoites, confirming the micronemal localization of MAEBL [13,14]. However,
colocalization with TRAP in salivary gland sporozoites was not as evident in some sporozoites,
as TRAP was frequently found uniformly spread over the sporozoite surface, unlike myc-tagged
MAEBL (Figure 7A).
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myc-tagged MAEBL distribution by confocal microscopy. maebl:myc sporozoites were collected
on day 18 (for midgut and hemolymph sporozoites) and day 20 (for salivary glands sporozoites)
post-infection, and labeled with a mouse monoclonal anti-myc tag antibody (clone 4A6) and a rabbit
polyclonal anti-TRAP repeats antibody. GFP is visualized in green, myc-tagged MAEBL in red, TRAP
in yellow, and DAPI-stained nuclei in cyan. For representation purpose only, the Smooth filter was
applied in the GFP channel. Images are maximal Z-projections of 7 to 12 contiguous stacks separated
by 0.17 to 0.25 µm. Scale bar, 3 µm. (B,C) Immunoelectron microscopy analysis of salivary glands of
maebl:myc-infected mosquitoes on day 18 post-infection. Samples were stained with the antibody used
in panel (A) and secondary antibodies conjugated with 6 nm gold particles. Transmission electron
micrographs showing myc-tagged MAEBL in parasite micronemes (panel B) and associated with the
sporozoite surface (panel C). Red arrows, gold particles. Scale bar, 100 nm.

A previous study reported that sera from P. falciparum sporozoite-immunized indi-
viduals under chloroquine cover recognized MAEBL and antibodies against two MAEBL
isoforms blocked the liver stage in vitro, suggesting the protein can reach the surface of
the sporozoite and become accessible to antibodies [5]. As our fluorescence microscopy
approach required permeabilization of sporozoites before staining as the myc tag is placed
at the intracellular portion of the protein, we resorted to immunoelectron microscopy to
confirm the subcellular localization of MAEBL in salivary glands sporozoites. Indeed,
myc-tagged MAEBL was detected not only associated with micronemes but also to the
surface of sporozoites, i.e., near the plasma membrane and/or inner membrane complex
(Figure 7B,C).

3. Discussion

While MAEBL is dispensable for the asexual growth of parasites in the blood [13–16],
MAEBL-deficient P. falciparum sporozoites show impairment in hepatocyte wounding and
invasion in vitro, as well as decreased infectivity to humanized chimeric mice [14]. Since
previous studies indicate that antibodies against MAEBL can inhibit sporozoites invasion
of hepatocytes and/or liver stage development [5,18], its exact contribution to the sequence
of events that precedes sporozoite hepatocyte infection is worth exploring. To that end,
GFP:luciferase-expressing P. berghei parasites were genetically modified to generate several
MAEBL mutant lines (Figures S1 and S3) and their phenotype in both the vertebrate and
invertebrate hosts analyzed.

Our results indicate that in the absence of MAEBL, P. berghei sporozoites show re-
duced infectivity to the mammalian host (Figure 2A,B), in contrast to previous work [13].
These contradictory findings probably result from the distinct experimental approaches
used in both studies, as our experiments were performed with sporozoites collected from
the mosquito’s hemolymph instead of parasites collected from the oocysts. Since maebl-
sporozoites can successfully egress from oocysts but fail to colonize the salivary glands
(Figure 1A), we used parasites collected from the mosquito hemocoel, as this transient
sporozoite population shows intermediate infectivity to the mammalian host [24]. Note-
worthy, we failed every attempt to infect animals with maebl- salivary gland-associated
sporozoites (Table S1). Considering that we do not find mutant parasites inside salivary
glands of mosquitoes (Figure 1B), it is possible that we inoculated mice with hemolymph
sporozoites that were collected with the salivary glands. Such low numbers of sporozoites
are most likely insufficient to reliably yield productive infections. In addition to the inher-
ently reduced infectivity of hemolymph parasites, maebl- sporozoites are 10- to 100-fold
less infectious than control parasites, as delays of 1 to 2 days in the prepatent period are fre-
quently observed in mice. Yet, we cannot exclude the possibility of other proteins being up
or downregulated in maebl- sporozoites, thus, also contributing to the observed phenotype
of this line. However, genetic complementation of maebl- parasites, rescued the defective
phenotype of sporozoites both in the mosquito and the mammalian host (Figures 1A and 2).
This confirms that the major impairments associated with maebl- sporozoites result from
the loss of MAEBL and not from the disarrangement of the maebl locus.
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On the other hand, the defective phenotype of the maebl- line in this study, i.e., loss
of cell wounding activity (Figure 3D) and decreased infectivity in vitro (Figure 3A–C) and
in vivo (Figure 2A,B), resembles that of MAEBL-deficient P. falciparum sporozoites [14],
suggesting that the function of this protein is preserved in rodent and human Plasmodium
infecting species. MAEBL is a conserved protein that predates Plasmodium speciation and
contains two extracellular N-terminal cysteine-rich domains, named M1 and M2. Each of
these domains contains two APPLE domains that are found in bacterial and eukaryotic
adhesion molecules [6,25]. Sequence analysis shows that both the number and location
of all cysteine residues present in the M1 and M2 domains are evolutionary conserved,
suggesting that both regions have significant and similar functions across different Plas-
modium species [7,10,26]. In blood-stages, it was suggested that MAEBL localizes to the
rhoptries and surface of merozoites [7,8] and was shown to possess erythrocyte-binding
capacity mainly through the M2 domain [6]. Moreover, it was suggested that MAEBL also
participates in the binding of sporozoites to the vector salivary glands [13]. Based on the
nature of the M1 and M2 domains and in the multiple defects of maebl- sporozoites exhibit
in vitro (Figures 3 and 4A,B), we hypothesized that MAEBL contributes to sporozoite adhe-
sion. To test whether MAEBL could be involved in adhesion to host cells, we evaluated
the binding of mutant sporozoites to HepG2 using a flow cytometry-based assay. Our
data shows that in the absence of MAEBL, sporozoites adhere less to HepG2 cells, both
in the presence and absence of cytochalasin D (Figure 4C). These observations, together
with the increased percentage of floating maebl- sporozoites observed in the gliding assays
(Figure 4A), suggest that MAEBL may contribute to the overall adhesion of sporozoites.

As reported previously we did not observe a change in the proportion of motile
hemolymph sporozoites in the absence of MAEBL (Figure 4A). Nonetheless, maebl- sporo-
zoites glided at a lower average speed compared to controls (Figure 4B), challenging
previous conclusions [13]. This could indicate that, for example, the loss of MAEBL may
disturb the normal dynamics of discrete adhesion sites formed by sporozoites, as it could
participate directly in their formation and/or the turnover, or indirectly, by interfering with
the function of other adhesins, such as TRAP or TRAP-related proteins present in such
sites [27].

It is likely that the decreased maebl- sporozoite infectivity, observed in vitro (Figure 3)
and in vivo (Figure 2A,B), results from multiple adhesion-dependent defects. Nevertheless,
we cannot exclude a possible role for MAEBL in other steps of hepatocyte invasion, through
the interaction with members of the rhoptry neck protein (RON) complex, for example.
However, to our knowledge, unlike the structurally related AMA-1, MAEBL was not found
associated with RONs [28], suggesting that it acts independently of these proteins during
host cell invasion.

We also generated a complemented parasite line expressing a myc-tagged MAEBL
(Figure S3). As complementation rescued the phenotype of maebl- sporozoites, both in the
vector and in the mammalian host (Figure 5), proving it is fully functional, the maebl:myc
line was used for protein quantification and immunolocalization studies.

In this study, the myc-tag epitope coding sequences were inserted at the C-terminus of
maebl ORF right before the stop codon. This means that, theoretically, our tagging strategy
only allows the detection of the transmembrane isoform (Figure S3C). However, we cannot
exclude that due to the alternative splicing other myc-tagged putative soluble and processed
forms are also being detected [12]. Nevertheless, our data indicate that MAEBL levels peak
in midgut and hemolymph sporozoites (Figure 6C). These observations are in agreement
with the crucial function of MAEBL in sporozoite colonization of the vector salivary glands
as well as with previous transcriptomic and proteomic studies [22,23,29]. Furthermore, not
all salivary gland sporozoites are positive for myc-tagged MAEBL immunolabeling and
importantly, protein expression varies within the positive population. Whether MAEBL
is expressed de novo in the salivary glands or is carried over from hemolymph parasites
remains unknown. Interestingly, recent data from single-cell RNA sequencing reveals
extensive transcription heterogeneity among the sporozoite from the same anatomical
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compartment [29,30]. This could conceivably be an explanation for the fact that we were
unable to detect myc-tagged MAEBL in some sporozoites residing in the salivary glands
(Figure 6D).

In terms of protein localization, myc-tagged MAEBL frequently colocalized with TRAP
(Figure 7A), in agreement with the literature that MAEBL is associated with the micronemes
of sporozoites [13,14]. Notably, our data unequivocally indicate that MAEBL was found
not only in the micronemes but also associated to the surface of salivary gland sporozoites
(Figure 7C), a finding that might be relevant for the design of future immune interventions
against Plasmodium sporozoites.

4. Materials and Methods
4.1. Mice, Mosquitoes and Parasites

The Plasmodium berghei ANKA strain clone 676cl1 expressing a GFP-Luciferase fusion
gene via the pbef1α promoter [31], henceforth referred to as control line, was used to generate
all mutant lines. C57BL/6, NMRI, and CD1 mice were purchased from Charles River
(France) or obtained from the IBMC/i3S animal facility. Anopheles stephensi mosquitoes
(Sda500 strain) were reared in the Centre for Production and Infection of Anopheles (CEPIA)
at the Pasteur Institute using standard procedures.

4.2. Generation of Transfection Vectors

PCR reactions were performed using a high-fidelity Taq DNA polymerase with proof-
reading activity (Takara Bio, Otsu, Japan) and genomic DNA of control parasites as the
template. Primers used for the generation and genotyping of all mutant lines are shown
in Table S2. All PCR products were cloned into the pGEM-T Easy vector (Promega,
Madison, WI, USA; unless stated otherwise), sequenced (LightRun, Eurofins Genomics,
Ebersberg, Germany), and verified against the P. berghei genome database (PlasmoDB,
http://plasmodb.org/plasmo/, accessed on 22 September 2015) using the Basic Local
Alignment Search Tool (BLAST). As a matter of convenience, the intergenic regions up-
stream and downstream of the maebl gene (PBANKA_0901300.2) will be referred to as 5′

and 3′ UTR, respectively.
For the generation of the maebl knockout line (maebl-), the maebl open reading frame

(ORF), along with the last 462 bp of the maebl 5′UTR, were replaced by the Toxoplasma gondii
dihydrofolate reductase–thymidylate synthase gene (TgDHFR/ts) selectable marker, by a
double cross-over homologous recombination event. Part of the maebl 5′ (499 bp) and 3′

(493 bp) UTRs were used as homology regions and were amplified using the primer pairs
P1/P2 and P3/P4, respectively. The PCR products were subcloned into the plasmid pL0001
(MRA-770; MR4), on each side of the selectable marker, using the restriction sites KpnI/ClaI
or EcoRI/BamHI. The final vector was digested with KpnI and BamHI before transfection.

Genetic complementation of maebl- clone G3 parasites was achieved by reinserting the
wild type coding sequence of maebl (maebl_comp) or the same gene fused with a sequence
encoding two tandem myc tag epitopes (maebl:myc), along with the last 462 bp of the maebl
5′UTR, into the recombinant locus by a single cross-over homologous recombination event.

The transfection vector containing the untagged maebl ORF was obtained as follows.
The maebl 3′UTR (510 bp) and a 1907 bp DNA fragment corresponding to the first 87 bp of
maebl ORF, the complete maebl 5′UTR and the last 621 nucleotides of the gene upstream
of maebl (PBANKA_0901400), henceforth referred to as 5′ fragment, were amplified using
the primer pairs P5/P6 and P7/P8, respectively. The 3′UTR and the 5′ fragment were
inserted into the pGEM-T Easy vector (Promega) or the pCR®-TOPO-XL® vector (Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA), respectively, and subcloned into the
XhoI/NheI or XmaI/EcoRI sites of a pL0007 vector (MRA-776; MR4). The resulting plasmid
was digested with HincII/BsgI to allow the insertion of a 6664 bp fragment that includes
the complete coding sequence of maebl, flanked by the last 140 bp of the maebl 5′UTR and
the first 387 bp of the 3′UTR, obtained through the digestion of the P. berghei artificial
chromosome PbAC02-99h11 (PlasmoGem, Wellcome Sanger Institute, Hinxton, Cambridge,
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UK) [32,33] with the same restriction enzymes. Finally, the entire DNA sequence ranging
from the beginning of the 5′ fragment to the end of the maebl 3′UTR (8446 bp) was inserted
into a new pL0007 vector digested with HindIII, originating to the final transfection vector
pL0007_MAEBLcomp. The correct orientation of the insert was confirmed by EcoRI/HincII
digestion. pL0007_MAEBLcomp was linearized with PmeI before transfection.

The transfection vector containing the tagged maebl ORF was obtained through modi-
fication of the pL0007_MAEBLcomp plasmid by inserting a sequence encoding 2 copies
of the myc tag epitope (2× EQKLISEEDL) right before the stop codon. The maebl 3′UTR
(497 bp) and the last 669 bp of the maebl ORF (excluding the stop codon) were amplified
using the primer pairs P5/P9 and P10/P11, respectively; the latter primer including the
coding sequence of the tag. Both fragments were subcloned into the XhoI/EcoRV and
EcoRV/EcoRI sites of a pL0007 vector, originating the plasmid pL0007_MAEBLmyc_3′UTR.
The pL0007_MAEBLcomp plasmid was digested with the BstBI restriction enzyme to
remove a 6689 bp fragment corresponding to the last 13 bp of the PBANKA_0901400
gene sequence, the entire maebl 5′UTR and the first 5475 bp of the maebl ORF, henceforth
named 5′UTR_ORF fragment. After religation, the resultant plasmid was digested with
BstBI/HincII to replace the maebl 3′UTR and the final portion of the maebl ORF by a myc-
tagged version, obtained through the digestion of pL0007_MAEBLmyc_3′UTR with the
same restriction enzymes. Finally, the plasmid was digested with BstBI to allow the in-
sertion of the 5′UTR_ORF fragment, originating the final transfection vector. The correct
orientation of the insert and the presence of the myc tag epitope coding sequence in the
transfection vector were confirmed by DNA sequencing. The plasmid was linearized with
PmeI before transfection.

4.3. Transfection and Cloning of Mutant Lines

Transfection of schizonts was performed as previously reported [34]. Immediately
after electroporation, parasites were injected intravenously into 2 mice (parental popula-
tions) and selected with the appropriate drug, starting the day after parasite inoculation.
Pyrimethamine (0.07 mg/mL) was given in drinking water, to select maebl- parasites. Once
parasitemia was above 1%, blood from each animal was transferred into 2 naïve mice
(transfer populations) for another round of selection. Selection of maebl_comp and maebl:myc
parasites was performed with WR99210 (Jacobus Pharmaceutical Company, Inc., Princeton,
NJ, USA). WR99210 (3.2 mg/mL) was dissolved in dH2O 40% (v/v) ethanol, 3% (v/v)
benzyl alcohol [34], and administrated subcutaneously (16 mg/Kg) for 3 successive days.
Once parasitemia was above 1%, blood from each animal was transferred into a naïve
mouse (transfer population). The treatment was repeated, starting from the day of infection.
Cloning populations were obtained by limiting dilution [35].

4.4. Genotypic Analysis of Mutant Parasites by PCR and Southern Blot

Blood from infected mice was collected, filtered through a Plasmodipur filter (Euro-
Proxima, Arnhem, The Netherlands), and lysed with 0.15% (v/v) saponin. Genomic DNA
extraction and purification were done using the QIAamp DNA Blood Mini kit (Qiagen,
Hilden, Germany). The integration of the constructs in the expected loci (primers P14/P15
and P7/P18, for the maebl- and maebl_myc genotyping strategies, respectively), the presence
or absence of the maebl ORF in the genome of parasites (primers P12/P13), and the presence
of the myc tag epitope in the final portion of maebl coding sequence (primers P19/P20),
were evaluated by PCR using a high-fidelity DNA polymerase (Phusion®, New England
Biolabs, Ipswich, MA, USA).

For Southern blot analysis, 2.3 to 10µg of genomic DNA were digested with HindIII/NruI,
separated by 0.8% (w/v) agarose gel electrophoresis, and transferred to a Nytran-N mem-
brane (Amersham Hybond N+, Cytiva, Marlborough, MA, USA). The hybridization probe
was obtained by PCR amplification of control DNA, using the primers P1/P2. Labelling of
the probe and signal generation were performed using the AlkPhos Direct™ Labeling and
Detection System with CDP-Star chemiluminescent detection reagent (Cytiva), respectively.
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4.5. Evaluation of Gene Expression by Reverse Transcription PCR (RT-PCR)

Total RNA was isolated from midgut sporozoites using the NucleoSpin RNA II kit
(Macherey-Nagel, Düren, Germany) and converted into cDNA using the NZY First-Strand
cDNA Synthesis kit (NZYTech, Lisbon, Portugal). Detection of the maebl cDNA by PCR
was done using a high-fidelity DNA polymerase (Phusion®, New England Biolabs) and the
primers P12/P13. A region of the tubulin beta chain (PBANKA_1206900) was amplified using
the primers P16/P17 and used as an internal control. Primer sequences are given in Table S2.

4.6. Mosquito Infections and Isolation of Sporozoites

Female mosquitoes were fed on infected NMRI or CD1 mice as described elsewhere [36].
Sporozoites were isolated from mosquitoes 17 to 27 days after the infectious bloodmeal.
Midguts and salivary glands were collected into cold Dulbecco’s Phosphate Buffered Saline
(DPBS; Gibco, Thermo Fisher Scientific) and disrupted with a pestle immediately before use.
Hemolymph sporozoites were isolated by flushing the mosquitos with 10 to 15 µL DPBS and
left on ice until use. The total number of sporozoites obtained was determined using a plastic
slide with a grid (KOVA® Glasstic® Slides, Kova International, Inc., Garden Grove, CA, USA)
and a light microscope.

4.7. Sporozoite In Vitro Assays
4.7.1. Viability Assay

Hemolymph sporozoites, collected from mosquitoes on days 18 and 19 post-infection,
were incubated for 15 min in DPBS on ice or at room temperature (RT), or at RT after dilu-
tion with an equal volume of Dulbecco’s Modification of Eagle’s Medium (DMEM;Lonza,
Basel, Switzerland) supplemented with 10% (v/v) fetal bovine serum (FBS; Biowest, Nu-
aillé, France). Propidium iodide (PI; 5 µg/mL; Sigma, Merck, Darmstadt, Germany) was
added to the suspensions, which were loaded into Ibidi 18-well µ-Slides (Ibidi GmbH,
Gräfelfing, Germany), at a density of 5× 103 to 1 × 104 parasites per well, and immediately
imaged using IN Cell Analyzer 2000 (Cytiva). Based on PI incorporation, sporozoites were
manually classified as dead or viable (PI+ or PI− sporozoites, respectively), using Im-
ageJ/Fiji analysis software version 1.53f51 (ImageJ, National Institutes of Health, Bethesda,
MD, USA). At least 150 sporozoites were analyzed per well and the percentage of viable
sporozoites was calculated by dividing the number of PI− sporozoites by the total number
of analyzed sporozoites.

4.7.2. Invasion and Liver Stage Development Assays

Host cell invasion and development assays were performed with sporozoites col-
lected from mosquitoes on days 19 to 21 post-infection. The 8-well Lab-Tek chamber slides
(Thermo Fisher Scientific) were precoated with 10 µg/cm2 of collagen type I from rat tail
(Sigma), overnight at 4 ◦C, if required. HepG2 cells (ATCC) were seeded at 1 × 105 cells
per well in DMEM high glucose supplemented with 10% FBS (v/v) and cultured at
37 ◦C, 5% CO2, for 24 h. Infections of hepatoma cells were performed with 1.4 × 104 to
2.0 × 104 sporozoites in DMEM supplemented with 5% FBS (v/v), penicillin–streptomycin
(100 U/mL; Lonza), for 2 or 48 h at 37 ◦C, 5% CO2, to assess sporozoite invasion and liver
stage development, respectively. Preparations were fixed with 4% paraformaldehyde (PFA)
(w/v) in DPBS, for 30 min, and stored at 4 ◦C until use.

Processing of samples was performed at RT, unless stated otherwise, and the incuba-
tion time of all antibodies was 1 h. The percentage of invaded cells was accessed using a
double staining strategy [37]. Briefly, samples were blocked with 5% FBS (v/v) in DPBS,
for 30 min, and extracellular sporozoites were labeled with the anti-CSP 3D11 mouse
monoclonal antibody (2 µg/mL; MR4) and a goat anti-mouse Alexa Fluor 568 antibody
(4 µg/mL; Invitrogen). Following cell permeabilization with 1% (v/v) Triton X-100 (Sigma),
for 4 min, sporozoites were labeled with the same primary antibody in combination with
goat anti-mouse Alexa Fluor 488 antibodies (4 µg/mL; Invitrogen™). Cell nuclei were
stained with DAPI. Antifade mounting medium [90% (v/v) glycerol (Alfa Aesar, Thermo
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Fisher Scientific), 0.5% (w/v) n-propyl gallate (Sigma), 20 mM Tris-HCl (Sigma), pH 8.0] was
added to the preparations and slides were stored at 4 ◦C until use. Image acquisition was
performed using IN Cell Analyzer 2000 (Cytiva). The numbers of sporozoites and HepG2
cell nuclei were determined using the ImageJ/Fiji analysis software (ImageJ, National
Institutes of Health) or using an automated counting system, as previously described [38].
The percentage of infected cells was calculated by dividing the total number of intracellular
sporozoites by the total number of HepG2 cell nuclei.

To evaluate the development of parasites, slides were blocked with 5% FBS (v/v)
in DPBS, for 30 min, permeabilized with 1% (v/v) Triton X-100, for 4 min, and labeled
with an anti-CSP 3D11 mouse monoclonal antibody (2 µg/mL; MR4) and an anti-GFP
rabbit antibody (1:250; MBL, Tokyo, Japan) in combination with secondary antibodies
goat anti-mouse Alexa Fluor 568 (4 µg/mL; Invitrogen™) and goat anti-rabbit Alexa Fluor
488 (4 µg/mL; Invitrogen). Nuclei were stained with DAPI. Antifade mounting medium
were added to the preparations and slides were stored at 4 ◦C until use. EEFs were
counted by microscopic visualization using a Zeiss Axio Imager Z1 microscope (Carl Zeiss,
Oberkochen, Germany) and AxioVision software version 4.9 (Carl Zeiss, Germany), or
using an automated counting system, as described previously [38]. To quantify the size of
EEFs, images were taken of random EEFs using a Zeiss Axio Imager Z1 microscope (Carl
Zeiss, Germany) and the area was manually determined based on the CSP staining, using
the ImageJ/Fiji analysis software (ImageJ, National Institutes of Health).

4.7.3. Cell Wounding Assay

The capacity of sporozoites to wound cells was addressed using a standard flow
cytometry-based cell-wounding assay [20]. In brief, HepG2 cells were seeded on a 96-
well plate at a density of 8 × 104 cells per well in DMEM supplemented with 10% FBS
(v/v) and cultured at for 24 h at 37 ◦C, 5% CO2. The cells were then incubated with
~3 × 104 sporozoites, isolated from mosquitoes on day 19 post-infection, in the presence of
5 µg/mL of PI for 60 min at 37 ◦C, 5% CO2. Uninfected cells, incubated with or without
PI, were used as controls. Cells were washed twice with warm DPBS and trypsinized. At
least 7.8 × 103 events were analyzed with a FACS Canto II flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Data analysis was performed using the FlowJo software version
10.7.1 (FlowJo LLC, Ashland, OR, USA).

4.7.4. Motility Assay

Sporozoites collected from mosquitoes on day 24 post-infection into DPBS were mixed
with an equal volume of DMEM supplemented with 10% FBS (v/v) and transferred into a
384-microwell plate with an optical bottom (Greiner AG, Kremsmünster, Austria). After
centrifugation for 5 min at 500× g, the plate was placed into the temperature-controlled
microscope chamber held at 37 ◦C. Bright-field images were acquired every second for
1 min, using a widefield inverted Leica DMI6000 (Leica Microsystems GmbH, Wetzlar,
Germany) microscope and LAS X software version 3.7.4.23463 (Leica Microsystems GmbH,
Germany). Image analysis was performed using the ImageJ/Fiji analysis software (ImageJ,
National Institutes of Health). Sporozoites were classified as follows: (i) attached, defined
as sporozoites that were completely immobilized at the bottom of the well during the
entire video; (ii) waving, defined as sporozoites that were attached only by a portion of the
body; (iii) floating or (iv) motile. Motile sporozoites were further subclassified based on the
completion or not of a full circle. The average speed was calculated by manually tracking
at the apical end on sporozoites that glide at least one complete circle.

4.7.5. Adhesion Assay

Cell adhesion assays were performed with sporozoites collected from mosquitoes on
days 19 to 21 post-infection. HepG2 cells were seeded in 96-well plates at a density of
5.0 × 104 to 1.50 × 105 cells per well, in DMEM supplemented with 10% FBS (v/v) and
1× MEM non-essential amino acids (Sigma), and cultured at 37 ◦C, 5% CO2 until reach
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confluency. Sporozoites (1.25 × 104), diluted in an equal volume of DMEM supplemented
with 10% FBS (v/v), 1× MEM non-essential amino acids solution (v/v) and penicillin–
streptomycin (200 U/mL; Sigma), were incubated with cells for 30 min at 37 ◦C, 5% CO2
under static conditions, in the presence of 1 µM cytochalasin D (Sigma) or DMSO (Sigma).
Following incubation, the supernatant was removed, and cells were washed twice with
warm DPBS. Unattached sporozoites, defined as the number of GFP+-parasites present in
the supernatants, were quantified by flow cytometry. Subsequently, cells were trypsinized
and analyzed by flow cytometry, to determine the number of extracellular GFP+-sporozoites
that were attached to cells. The high levels of autofluorescence of HepG2 cells precluded
the quantification of intracellular sporozoites. Data were acquired using a CytoFLEX S
flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) and analyzed with the CytExpert
version 2.0 (Beckman Coulter, Inc.). The numbers of attached and unattached sporozoites
were determined based on sample volume and cell concentration. The percentage of the
attached sporozoites was calculated by dividing the number of attached parasites by the
total number of sporozoites recovered (attached and unattached).

4.7.6. Quantification and Subcellular Localization of Myc-Tagged MAEBL
by Immunofluorescence

Sporozoites were collected from mosquitoes and transferred to an Ibidi 18-well µ-
Slides (Ibidi GmbH). Sample processing was performed at RT, unless stated otherwise.
Preparations were fixed with 4% PFA (w/v) in DPBS, for 30 min, permeabilized with 1%
(v/v) Triton X-100, for 4 min, and blocked with 5% FBS (v/v) in DPBS, for 30 min. Sporo-
zoites were stained with a mouse monoclonal anti-myc tag antibody clone 4A6 (5 µg/mL,
Merck), overnight at 4 ◦C, and with goat anti-mouse Alexa Fluor 568 antibodies (2 µg/mL;
Invitrogen™), for 30 min. Between each step (except after blocking), wells were washed five
times with DPBS. Antifade mounting medium was added to the preparations and slides
were immediately imaged using an inverted epifluorescence Leica DMI6000 microscope
(Leica Microsystems) and LAS X software version 3.7.4.23463 (Leica Microsystems). Sporo-
zoite signal intensity was quantified as integrated density (the product of the sporozoite
area and the mean grey value), using ImageJ/Fiji software (ImageJ, National Institutes of
Health). The background fluorescence was subtracted from the integrated density value for
every sporozoite. For each day and condition, control sporozoites were used as negative
control. The percentage of myc-positive sporozoites was calculated by dividing the number
of maebl:myc sporozoites with a fluorescence intensity superior to highest value detected
for control sporozoites. For illustrative purpose only, the Smooth filter of the ImageJ/Fiji
software was applied to the GFP channel in the representative sporozoite images.

To study of the subcellular localization of myc-tagged MAEBL, maebl:myc sporozoites
were stained with anti-myc tag antibodies as described above. Additionally, sporozoites
were probed with a rabbit polyclonal anti-TRAP repeats antibody (1:10,000), overnight
at 4 ◦C, stained with goat Alexa Fluor® 647 anti-rabbit IgG antibodies (2 µg/mL; Life
Technologies, Thermo Fisher Scientific), for 30 min at RT, and incubated with DAPI (1:5000),
for 10 min at RT. The wells were washed with DPBS between each step. Finally, preparations
were mounted with antifade solution and immediately imaged. Images were acquired
using an inverted microscope Leica TCS SP5 II (Leica Microsystems) and LAS AF software
version 2.6.3.8173 (Leica Microsystems), and processed using ImageJ/Fiji software (ImageJ,
National Institutes of Health) by projecting the maximum intensity of 7 to 12 contiguous
z-stacks, separated by 0.17 to 0.25 µm. For illustrative purpose only, the Smooth filter
of the ImageJ/Fiji software was applied to the GFP channel in the representative images
of sporozoites.

4.7.7. Transmission Electron Microscopy

Infected salivary glands were collected 27 days post-infections and fixed in 2.5% (w/v)
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) and 2% (w/v) formalde-
hyde (Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer (pH 7.4) for 24 h.
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Samples were washed in buffer, postfixed with 2% (w/v) osmium tetroxide (Electron Mi-
croscopy Sciences) in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h, washed with water
and incubated with 1% (w/v) uranyl acetate (Electron Microscopy Sciences) overnight. Sub-
sequently, samples were dehydrated with ethanol and embedded in EPON resin (Electron
Microscopy sciences). Ultrathin sections of 50 nm thickness were cut using an ultrami-
crotome (RMC PowerTome XL, Boeckeler Instruments, Inc., Tucson, AZ, USA), mounted
on mesh copper grids, and stained with uranyl acetate substitute (Electron Microscopy
sciences) and lead citrate (Electron Microscopy sciences) for 5 min each. Samples were
visualized using a JEOL JEM 1400 transmission electron microscope (JEOL Ltd., Tokyo,
Japan). Images were digitally recorded using a CCD digital camera Orius 1100 W (Japan)
and analyzed using ImageJ/Fiji software (ImageJ, National Institutes of Health).

For the detection of myc-tagged MAEBL in salivary gland sporozoites by immuno-
electron microscopy, salivary glands of mosquitoes were collected on day 18 post-infection,
fixed in 0.05% (w/v) glutaraldehyde, 2% (w/v) PFA, 4% (w/v) sucrose in 0.1 M PBS, for 1 h,
and washed with PBS. Samples were sequentially postfixed with 2% (w/v) osmium tetrox-
ide in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 h, washed with water, incubated with
1% (w/v) uranyl acetate for 45 min, dehydrated with ethanol and embedded in EPON resin.
Ultrathin sections of 60 nm thickness were mounted on mesh nickel grids and processed
as follows. Sections washed with Tris-buffered saline (TBS), incubated with 14.4% (w/v)
sodium metaperiodate (Merck) for 1 h, washed with TBS, immersed with 10–20 mM glycine
(±0.15%; w/v) for 5 min, blocked with 2% (w/v) BSA (AURION BSA-c™, Wageningen,
The Netherlands) in TBS for 30 min and incubated with a mouse monoclonal anti-myc tag
antibody clone 4A6 (100 µg/mL, Merck) in 2% (w/v) BSA 3% (w/v) NaCl in TBS, overnight
at 4 ◦C. Sections were washed with 0.1% (w/v) BSA in TBS, incubated with 1% (w/v) BSA
in TBS for 20 min, and then with goat anti-mouse secondary antibodies conjugated to
6 nm gold particles (1:20, Abcam, Cambridge, UK) diluted in 1% (w/v) BSA in TBS, for 1 h.
Finally, sections were washed with TBS, post-fixed in 1% (w/v) glutaraldehyde in TBS for
5 min, washed with water and stained with uranyl acetate substitute and lead citrate for
1 min each. Samples were viewed using a JEOL JEM 1400 transmission electron microscope
(JEOL Ltd.). Images were digitally recorded using a CCD digital camera Orius 1100 W
(Japan) and analyzed using ImageJ/Fiji software (ImageJ, National Institutes of Health).

4.7.8. Western Blot Analysis

Sporozoites were collected from the midgut of mosquitos on days 17 and 18, mechani-
cally liberated from oocysts, filtered using a 35 µm cell strainer cap (Falcon), and stored at
−80 ◦C until use. Lysates of 8.0 × 104 sporozoites supplemented with cOmplete™, EDTA-
free Protease Inhibitor Cocktail (Roche, Basel, Switzerland) were denatured in 2× Laemmli
buffer (0.25 M Tris-HCl, pH 6.8, 5% SDS, 20% glycerol 0.02% bromophenol blue, 2.5%
β-Mercaptoethanol), for 10 min at 95 ◦C. Samples were diluted to 1× Laemmli buffer and
separated on an 8% (w/v) acrylamide gel by SDS-PAGE. Proteins were allowed to transfer
to a PVDF membrane using a wet transfer system, for 16 h at 20 V, in 1× Towbin buffer
[25 mM Tris, 192 mM Glycine, 20% (v/v) methanol] with 0.025% (w/v) SDS. After transfer,
the membrane was rinsed with PBS and blocked with 5% (w/v) skim milk, 0.1% Tween 20
(Sigma) in PBS, for at least 1 h at RT. Incubations with a mouse monoclonal anti-myc tag
antibody clone 4A6 (5 µg/mL, Merck) or with anti-CSP 3D11 mouse monoclonal antibody
(0.3 µg/mL; MR4), diluted in blocking solution, were performed overnight at 4 ◦C or for
1 h at RT, respectively. The membranes were washed, probed with horseradish peroxidase-
conjugated goat anti-mouse secondary antibodies (1:5000; SouthernBiotech, Birmingham,
AL, USA) diluted in blocking buffer, for 1 h at RT, and washed again. Signal detection was
performed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific,
Thermo Fisher Scientific) and Amersham Hyperfilm ECL (Cytiva). Films were revealed
using the Fujifilm FPM-100A film processor (Fujifilm, Tokyo, Japan).
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4.8. Sporozoite In Vivo Assays

To assess mutant sporozoite infectivity and liver-stage development in vivo, C57BL/6
mice were injected i.v. with hemolymph or salivary gland sporozoites, isolated from
mosquitoes at day 20 to 25 post-infection.

4.8.1. Bioluminescence Imaging

Bioluminescence imaging was performed as previously described [39], using the IVIS
Lumina LT System (PerkinElmer, Inc., Waltham, MA, USA). Mice were imaged 1- and
2-days post-infection to quantify parasite loads in the liver. Before image acquisition, the
ventral fur of mice was depilated with an appropriate clipper. Animals were anesthetized
with isoflurane and injected subcutaneously with 2.4 mg of D-luciferin potassium salt
(PerkinElmer, Inc.) dissolved in DPBS, 5 min before image acquisition. A non-infected
mouse was routinely imaged in parallel to evaluate background noise signal. Quantitative
analysis in the anatomical region of interest (ROI) encompassing the liver was performed us-
ing the Living Image software version 4.4 (PerkinElmer, Inc.), as previously described [39].

4.8.2. Parasitemia

Parasitemia was assessed daily by analysis of Giemsa-stained thin blood smears,
starting on day 3 or 4 post-inoculation. The prepatent period was defined as the number of
days until mice reached 0.1% parasitemia.

4.9. Statistical Analysis

Statistical analyses were performed using the GraphPad Prism Software (version 9.3.0).
Statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****).

5. Conclusions

In conclusion, we show that MAEBL is required for the optimal adhesiveness of
sporozoites. Indeed, we propose that a flawed adhesion is likely to impair subsequent
processes such as gliding motility, hepatocyte traversal, and invasion, and ultimately lead
to decreased infectivity in vivo. Our work contributes to a better understanding of the role
MAEBL plays in sporozoite infectivity to the mammalian host.
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