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Editorial on the Research Topic 


The Role of Saliva in Arthropod-Host-Pathogen Relationships



Introduction

Hematophagous arthropods can transmit various pathogens causing diseases to humans, including malaria, Chagas disease, filariasis, leishmaniosis, dengue, Lyme disease, anaplasmosis, babesiosis, among other (WHO, 2020). In addition, these arthropods are vector of disease-causing pathogens to animals generating huge economic losses in livestock.

Saliva was a central component for the adaptation of the hematophagy in blood feeding arthropods and this habit evolved independently in many arthropod orders or even within insect families (Ribeiro, 1995). Saliva has a potent pharmacologically activity that interfere in the hemostatic and immune responses of vertebrate host (Ribeiro, 1995; Francischetti, 2009; Šimo et al., 2017) and pathogen transmission. Additionally, active compounds in arthropod saliva are potential useful as therapeutic tools (Chmelar et al., 2019). The study described by Li et al. shed light on comparative proteomic of a different species of blood feeding parasite, the parasitic isopod Tachaea chinensis, a parasite of shrimps. Similar to blood feeding arthropods feeding on mammals, there is evidence that isopod parasites may also inject anticoagulants or other compounds directly into the host to modulate host’s hemostasis and immune response. In this study, authors used a tandem mass tag-based quantitative proteomic approach to perform a comparative analysis between unfed and fed individuals, identifying 37 upregulated and 92 downregulated proteins in unfed T. chinensis, suggesting that organism’s energetic demand is increased during the search for a host. Similar to other hematophagous parasites, isopods may also employ biomolecules that affect host blood coagulation and defense systems. Differentially expressed proteins related to blood feeding identified in this study also were described in the saliva of other hematophagous arthropods (Mans, 2011; Tirloni et al., 2014; Chmelař et al., 2016).

The protein composition of the saliva of hematophagous arthropods and the correlation with expression in salivary glands are essential to understand the feeding process and immunomodulation of host defenses (Tirloni et al., 2017; Antunes et al., 2019). Technological advances, including large-scale DNA sequencing and proteomic analysis, have increased the identification of genes and proteins, supporting our comprehension governing vector-host-pathogen interactions. In a fascinating review, Mans performs a historical analysis and reflection of the development of methods used to study and identify the protein composition related to the tick-host interface. This work summarizes the advances made over the years to understand and describe the complexity present within this interface. The high-throughput in silico analyses are widening rapidly and the development of new algorithms are increasing the accuracy of analyses and the importance for biological sciences (Hernández-Vargas et al., 2017; Bensaoud et al., 2019; Jia et al., 2020; Polanska et al., 2020; Tirloni et al., 2020). Recent advances in tick transcriptomic and proteomic studies have revealed over thousands of different transcripts coding for proteins in different tick species (Karim et al., 2011; Schwarz et al., 2013; Chmelař et al., 2016; Tirloni et al., 2020). As more and more studies contribute to our knowledge of tick genes and proteins, it becomes increasingly important to develop new approaches to help the annotation and classification of identified sequences. A tick-specific protein database is import since previous studies showed the presence of protein families that are found exclusively in ticks. TickSialoFam (TSFam) is a database aimed to assemble a curated collection of salivary genes and proteins in addition to improve the annotation of their putative functions. The initial version of the database identified 136 tick salivary secreted protein families. Moreover, with the increasing availability of whole-genome sequencing data, the TSFam database can be updated to include these new identified sequences (Ribeiro et al.).

Quantification of the cellular activity in different conditions or times, such as the parasite relationship, is instrumental to understand the cell or organ functions and susceptibility to diseases and several strategies have been developed for the quantification of proteins using mass spectrometry (Van De Merbel, 2019). This approach was used to compare proteins in the saliva of five vector species of the Chaga`s disease pathogen, Trypanosoma cruzi, including Triatoma infestans, Triatoma dimidiata, Dipetalogaster maxima, Rhodnius prolixus, and Rhodnius neglectus (Santiago et al.). Data showed similarities and differences in protein profile in saliva of these species. A notable observation was the presence of unique proteins for each triatomine species that could be useful as marker for species identification.

Another interesting study published in this issue provided evidence that a salivary protein affect vitellogenin uptake in the ovary and thereby play a role in the modulation of tick reproduction. The RH36 is an immunosuppressant protein that regulate the host immune system during tick feeding. Homologous proteins to RH36 were identified in other ticks (Aljamali et al., 2009; Anatriello et al., 2010) and characterized as immunosuppressant molecule, including in Dermacentor andersoni (Bergman et al., 1998) and Haemaphysalis longicornis (Konnai et al., 2009). Surprisingly, RNAi-mediated gene silencing of RH36 induces a reduction in tick oviposition and also affects HSP70 expression in the immature ovary of engorged ticks. This raises the possibility that RH36 interferes in tick vitellogenin uptake and then control ovary cell maturation by modulating HSP70 expression, and controlling tick oviposition (Wang et al.).

As mentioned, saliva facilitates establishment of infection and increases transmission in the vertebrate host. However, host susceptibility to parasite infection also is markedly affected by genetic differences. Many studies have shown that susceptibility to parasites is influenced by genetic characteristics of both host and pathogen. In addition, there are solid evidences for the existence of host genetic component controlling expression of parasite proteins (Popara et al., 2013; Tirloni et al., 2017). A perfect example is that Bos taurus are more susceptible to Rhipicephalus microplus infestations than Bos indicus (Garcia et al., 2020). The characterization of tick salivary gland gene expression in tick-susceptible and tick-resistant hosts can be important for the identification of potential targets for the development of new control methods. Giachetto et al. study identified 137 sequences as differentially expressed genes between ticks feeding on tick-susceptible or tick-resistant cattle.

Bioinformatics analysis associated to serological data are useful strategies for antigen selection in vaccine development. Sera from rabbits repeatedly infested with Ixodes ricinus were used to identify salivary immunogenic antigens. Using this approach, Perner et al. identified metalloproteases essential to tick initial feeding and engorgement, suggesting immunomodulatory or anti-hemostatic properties of these enzymes. To corroborate the role of metalloproteases at the tick/host interface, authors fed ticks micro-injected with a zinc metalloprotease inhibitor, which impacted tick feeding. A proteomic approach was also used to identify potential vector exposure markers (Zeyrek et al., 2011) in mosquitoes. The global spread of the mosquito Aedes albopictus increases the risk and burden of Aedes-transmitted viruses to temperate areas, highlighting the need to improve vector surveillance methods. With a proteomic approach, Montero et al. identified a correlation between antibodies against an A. albopictus salivary gland protein and exposure to mosquito bites. A similar strategy was used by Londono-Renteria et al. to identify a positive correlation among the antibodies against an Anopheles darlingi salivary gland antigen (apyrase) and antibodies against the Plasmodium vivax and P. falciparum antigens in patients infected with malaria. Individuals with high IgG levels are five times more likely to have malaria infection than uninfected persons. Both studies provide strong evidences to use salivary proteins in tools for monitoring the human-mosquito exposure.

Similarly, with the objective to develop diagnostic and research tools Contreras et al. characterized the use the zebrafish as a new animal model to study of allergic reactions and relation among the immune mechanisms in response against the α-gal epitope (Galα1-3Galβ1-(3)4GlcNAc-R) presents in tick saliva and red meat consumption. With the development of new techniques, Hermance et al. used RNA in situ hybridization to analyze the cellular localization of Powassan virus at the Ixodes scapularis feeding site. Furthermore, this methodology can be used in to identify virus replication in tissues of different mammalian hosts and tick vectors.

Scientific and clinical interest in parasite-derived molecules and their immunomodulatory properties is partially focused in the development of novel drugs for treating diseases. The immunomodulatory effect of the mosquito saliva is reviewed by Guerrero et al. showing the strongly effect in the transmission and the establishment of pathogens in the host. The focus is on the role of saliva in arboviruses transmission and the potential use of salivary proteins for the control of pathogen transmission through the development of effective vaccines. Sumova et al. showed the immunomodulatory properties of three Phlebotomus perniciosus salivary proteins. These proteins inhibited macrophages nitric oxide production and rSP03 proteins increased IL-10 and decreased TNF-α secretions. This data helps understanding the immunomodulatory role of saliva and its participation in Leishmania transmission. Similarly, the immunomodulatory effect of parasite saliva also has an effect on pathogen transmission to the vertebrate host (Titus and Ribeiro, 1988; Šimo et al., 2017; Aounallah et al., 2020). Based on in vitro experiments with BHK cells expressing a salivary peroxiredoxin from Haemaphysalis longicornis, Kusakisako and colleagues demonstrate that this protein facilitates the replication of the tick-borne encephalitis virus by some yet unknown mechanism (Kusakisako et al.).

In conclusion, this Research Topic shed light on the roles of arthropod saliva facilitating blood meal acquisition and pathogen transmission. Moreover, different rationale strategies to develop and improve vaccine efficacy and diagnostic tools were pursued. A better understanding in this field is fundamental to the discovery and implementation of control and prevention strategies, including vaccines, not only against specific pathogens but also the arthropod itself.
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Parasitic isopods perforate and attach to the host integument via the mandibles and then feed on hemolymph and exudate from the wounds. Such isopods attack a variety of commercially important fish and crustacean hosts. Similar to other hematophagous parasites, isopods may also employ biomolecules that affect host blood conglutination and defense systems. In the present study, a tandem mass tag-based quantitative proteomic approach was used to identify differentially expressed proteins in Tachaea chinensis parasites of shrimp, by comparing parasitic (fed) and pre-parasitic (unfed) individuals. We identified 888 proteins from a total of 1,510 peptides, with a significant difference in 129 between the fed and unfed groups. Among these, 37 were upregulated and 92 were downregulated in unfed T. chinensis. This indicates that T. chinensis may require more energy before parasitism during its search for a host. In addition, as is the case for other blood-sucking parasites, it might secrete antihemostatic, anti-inflammatory, and immunomodulatory molecules to facilitate blood meal acquisition. To our knowledge, this study is the first to use a TMT-based proteomic approach to analyze the proteome of isopod parasites, and the results will facilitate our understanding of the molecular mechanisms of isopod parasitism on crustaceans.

Keywords: comparative proteomic, isopod parasite, Tachaea chinensis, blood-sucking, during parasitism


INTRODUCTION

Hematophagous parasites such as ticks, mosquitoes, fleas, and leeches can bypass the clotting system of their vertebrate hosts by secreting anticoagulant compounds (Shu et al., 2010; Santiago et al., 2017). Isopod parasites mainly feed on blood (hemolymph) from hosts after perforating the integument with their mandibles, which can cause stress, tissue damage, secondary infection, and mortality (Wilson, 2008; Poore and Bruce, 2012; Williams and Boyko, 2012; Smit et al., 2014). There is evidence that isopod parasites may also inject anticoagulants or other compounds directly into the host so as to evade defensive responses (Nair and Nair, 1983; Manship et al., 2012). At present, only a few proteins for this purpose have been identified, including trypsin inhibitors and anticoagulants in Paragnathia formica. Identification of isopod anticoagulant agents may be useful in fully understanding parasite modulation of the host physiological system. This information may be valuable for the identification of novel target antigens and antithrombotic drug development.

Tachaea chinensis, one of the most common ectoparasites of farm-raised shrimps, is widely distributed in China and neighboring countries (Lu et al., 2007; Hua et al., 2018; Li et al., 2018). It is normally approximately 0.7 cm in size and can easily be observed with the naked eye following parasitization. After attacking its host, this isopod invariably remains attached until either the shrimp dies or another shrimp comes within close proximity. Over the past 2 years, T. chinensis has been shown to parasitize over 80% of aquacultured Palaemonetes sinensis (Li et al., 2018) and 90% of Exopalaemon carinicauda (Li et al., 2019). Additional research on isopod parasitization mechanisms is necessary to develop effective methods of control for use in shrimp aquaculture.

We performed tandem mass tag (TMT)-based quantitative proteomic profiling of T. chinensis to compare protein expression in fed and unfed parasites and gain insight into their integrated molecular mechanisms and host responses. This will provide an empirical basis for disease prevention and control efforts and support further research on the molecular biology of isopods.



MATERIALS AND METHODS


Ethics Statement

Our study did not involve endangered or protected species. In China, the capture of isopod parasites and their host shrimp from rice fields does not require specific permits. All efforts were made to minimize animal suffering and discomfort. The experimental protocol was approved by the Animal Ethics Committee of Shenyang Agriculture University.



Animals

Tachaea chinensis isopod parasites (0.82 ± 0.17 cm) and their host shrimp P. sinensis (3.48 ± 0.35 g) used in this study were collected from a rice field in Panjin City, Liaoning Province, China, in November 2018, and transported to the aquaculture laboratory at Shenyang Agricultural University. They were acclimated in two 300 L2, fiberglass recirculation tanks with a circular flow system. Water temperature was maintained at 24 ± 0.5°C, and the photoperiod was set at a 12:12 h light:dark cycle. After 2 weeks of acclimatization, 20 healthy T. chinensis were transferred to individual plastic tanks (15.8 cm diameter and 32.1 cm height), each containing 5 L water, with the same environmental conditions as during the acclimatization period.

Following this, one P. sinensis each was placed in 10 of the prepared tanks, forming the fed group, with the other tanks kept as unfed pre-parasitism controls. After 7 d, fed and unfed T. chinensis were removed to individual 2 mL RNAse-free tubes and immediately frozen in liquid nitrogen for storage until protein extraction.



Protein Extraction and SDS-PAGE Analysis

Three fed and three unfed isopods were ground into powder and vortexed in 600 μL SDT buffer (pH 8.0, 4% SDS, 150 mM Tris-HCl, 1 mM DTT), respectively. The mixtures were heated at 100°C for 10 min, then sonicated at 35 W for 4 s, with 7 s intervals, for 10 min. These were centrifuged at 14,000 × g for 30 min, and supernatants were collected into 0.22 μm filter tubes. One microliter of the underlayer liquid of each sample was used for BCA quantitative analysis, and 1 μg of the protein sample from each group was subjected to SDS-PAGE (12.5% resolving gels) analysis (Figure S1).



Protein Digestion and TMT Labeling

Briefly, six protein concentrates (300 μg each) were mixed in ultrafiltration filtrate tubes (30 kDa cut-off, Sartorius, Gottingen, Germany) with 200 μL urea buffer (8 M urea, 150 mM Tris-HCl, pH 8.0), and the sample was centrifuged at 14,000 × g at 20°C for 30 min. The sample was washed twice by adding 200 μL UA and centrifuged at 14,000 × g at 20°C for 30 min. The flow-through from the collection tube was discarded. Next, 100 μL of indole-3-acetic acid (IAA) solution (50 mM IAA in UA buffer) was added to the filter tube and vortexed at 600 rpm in a Thermomixer comfort incubator (Eppendorf, Germany) for 1 min. Subsequently, the sample was incubated at room temperature for 30 min in the dark and centrifuged at 14,000 × g for 30 min at 20°C. Next, 100 μL UA was added to the filter unit, which was centrifuged at 14,000 × g for 20 min; this was carried out three times. The protein suspension in the filtrate tube was subjected to enzyme digestion with 52 μL of trypsin (Promega, Madison, WI, USA) buffer [6 μg trypsin (0.5 μg/μL) in 40 μL of dissolution buffer] for 16–18 h at 37°C. Finally, the filter unit was transferred to a new tube and centrifuged at 14,000 × g for 30 min. Peptides were collected in the filtrate and the peptide concentration was measured based on the optical density at 280 nm (OD280).

TMT labeling was performed using the TMT6plex™ Isobaric Label Reagent Set (Thermo Scientific) according to the manufacturer's instructions. The proteins in the unfed group were labeled with reagents 119, 127, and 128, and those in the infected group were labeled with reagents 129, 130, and 131. The labeling solution reaction was then incubated at room temperature for 1.5 h prior to further analysis.



SCX Fractionation and LC-MS/MS Analysis

SCX fractionation and LC-MS/MS analysis were conducted according to a published protocol (Xiao et al., 2019). The TMT-labeled samples were analyzed using an Easy-nLC nanoflow HPLC system connected to Orbitrap-Elite (Thermo Fisher Scientific, San Jose, CA, USA). One microgram of each sample was loaded onto each of two Thermo Scientific EASY columns using an autosampler at a flow rate of 200 nL/min. The sequential separation of peptides on Thermo Scientific EASY trap column (100 μm × 2 cm, 5 μm, 100 Å, C18) and analytical column (75 μm × 25 cm, 5 μm, 100 Å, C18) was achieved using a segmented 1 h gradient from 5 to 28% Solvent B (0.1% formic acid in 100% ACN) for 40 min, followed by 28–90% Solvent B for 2 min, and 90% Solvent B for 18 min. The column was re-equilibrated to its initial highly aqueous solvent composition before each analysis. The mass spectrometer was operated in positive ion mode, and MS spectra were acquired over a range of 350–2,000 m/z. The resolving powers of the MS scan and MS/MS scan at 100 m/z for the Orbitrap Elite were set as 60,000 and 15,000, respectively. The top 16 most intense signals in the acquired MS spectra were selected for further MS/MS analysis. The isolation window was 2 m/z, and ions were fragmented through high energy collisional dissociation with normalized collision energies of 35 eV. The maximum ion injection times were set at 10 ms for the survey scan and 100 ms for the MS/MS scans, and the automatic gain control target values for full scan modes was set to 1 e 6 and for MS/MS was 5 e 4. The dynamic exclusion duration was 30 s.



Data Analysis

Raw files were analyzed using the Proteome Discoverer 2.1 software (Thermo Fisher Scientific). A search for the fragmentation spectra was performed using the MASCOT search engine embedded in Proteome Discoverer against the NCBI_Peracarida_91190_20190313.fasta database. The following search parameters were used: monoisotopic mass, trypsin as the cleavage enzyme, two missed cleavages, TMT labeling, and carbamidomethylating of cysteine as fixed modifications. Peptide charges of 2+, 3+, and 4+ and the oxidation of methionine were specified as variable modifications. The mass tolerance was set to 20 ppm for precursor ions and to 0.1 Da for fragment ions. The results were filtered based on a false discovery rate of no more than 1%. The relative quantitative analysis of the proteins in the samples based on the ratios of TMT reporter ions from all unique peptides representing each protein was performed using Proteome Discoverer (version 2.1). The relative peak intensities of the TMT reporter ions released in each of the MS/MS spectra were used. Then, the final ratios obtained from the relative protein quantifications were normalized based on the median average protein quantification ratio. The fold change was set to >1.2 for protein upregulation and <0.85 for protein downregulation (P < 0.05). Protein functional annotation was conducted using the Universal Protein (UniProt) database. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were also used.

The mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium via the PRIDE partner repository (identifier PXD015247). All analyzed data are available from the corresponding author upon reasonable request.



Verification of Protein Quantifications Using PRM Analysis

Parallel reaction monitoring (PRM) was used to verify the TMT-based quantitative proteomics results. Briefly, 2 μg of peptide from each sample was taken for LC-PRM/MS analysis. After sample loading, chromatographic separation was performed using a Thermo Scientific EASY-nLC nano-HPLC system, with two buffers. Solution A was 0.1% formic acid aqueous solution and solution B was a mixed solution of 0.1% formic acid, 95% acetonitrile, and water. The column was first equilibrated with 95% solution A. The sample was injected into a Trap column (100 μm × 20 mm, 5 μm C18, Dr. Maisch GmbH) and subjected to gradient separation through a chromatography column (75 μm × 150 mm, 3 μm C18, Dr. Maisch GmbH) at a flow rate of 250 nL/min. The liquid phase separation gradient was as follows: 0–25 min, linear gradient of B liquid from 5 to 18%; 25–45 min, linear gradient of B liquid from 18 to 50%; 45–48 min, linear gradient of B liquid from 50 to 95%; and 48–60 min, B liquid maintained at 95%. The peptides were separated and subjected to targeted PRM/MS using a Q-Exactive mass spectrometer (Thermo Scientific) for 60 min. The parameters were set as follows: detection mode, positive mode; parent ion scanning range, 350–1,500 m/z; capillary voltage, 1.8 kV; isolation width, 1.6 Th; first-order MS resolution, 70,000 at m/z 200; AGC target, 3 e 6; first-level maximum IT, 250 ms. Peptide secondary MS were obtained as follows: for each full scan, target peptides of precursor m/z were sequentially selected based on the inclusion list for second-order MS (MS2) scan. The parameters used were as follows: resolution, 35,000 at m/z 200; AGC target, 3 e 6; Level 2 maximum IT, 120 ms; MS2 activation type, HCD; peptide fragmentation, nitrogen; isolation window, 2.0 Th; normalized collision energy, 28 eV. Four proteins were randomly selected from the global proteomics analysis (re-labeled peptide GISNEGQNASIK* as the reference standard mixture), including phosphoglucomutase (TFTTQETITNAATSAK), glucose-6-phosphate isomerase (LGAENFVFFHPR), xylose isomerase (YFGNLMDAGR, LSICGEESFGTGSDHIR), and malate dehydrogenase (IFGVTTLDIVR, IQDAGTEVVK). Skyline 3.5 was used to generate an initial PRM transition pair list for the four candidate DEPs.




RESULTS


SDS-PAGE Analysis and Protein Profiling

BCA results indicated protein concentrations of 15.60, 20.94, and 21.55 μg/μL in fed isopods and 19.06, 25.07, and 22.03 μg/μL in unfed isopods. TMT analysis indicated 3,492 queries in the 133,946 spectra. Among them, a total of 888 unique proteins were identified across 1,510 peptides (Figure 1). There were 139 proteins between 0 and 20 kDa, and 282, 241, 92, 45, and 89 proteins of 20–40, 40–60, 60–80, and 80–100 kDa, respectively. Eighty-nine proteins had a mass of over 100 kDa (Figure 2).


[image: Figure 1]
FIGURE 1. Total numbers of tandem mass spectrometry spectra (MS/MS spectrum), peptide-spectrum matches (PSMs), peptides, unique peptides, and proteins in Tachaea chinensis.



[image: Figure 2]
FIGURE 2. Distribution of identified proteins with different molecular weights (the weight and pI values are for the target proteins from the NCBI_Peracarida_91190_20190313.fasta database).




Differentially Expressed Protein Analysis

Using a 1.2-fold increase or decrease in protein expression as a benchmark for a physiologically significant change, 129 differentially expressed proteins (DEPs, p < 0.05) were identified between the control and parasitism groups (Figure 3). Within these DEPs, 37 were upregulated and 92 were downregulated (Table S1, Figure S2) before parasitism.


[image: Figure 3]
FIGURE 3. Volcano plot of all proteins identified in the proteome database, for the fed and unfed parasite groups. Yellow points: differentially expressed proteins that were significantly downregulated after parasitism (fold change > 1.2; p < 0.05). Green points: differentially expressed proteins that were significantly upregulated after parasitism (fold change < 0.8; p < 0.05).


According to GO enrichment analysis, 1,256, 206, and 274 proteins were enriched for the categories biological process, cell component, and molecular function, respectively, and 178, 71, and 83 of these were statistically significant (Figure S2). The top 10 significant pathways are shown in Figure 4. Fifty-seven KEGG proteins were enriched, and five were statistically significant. Their functions included ECM-receptor interaction, pentose phosphate pathways, protein processing in the endoplasmic reticulum, glutathione metabolism, and phototransduction-fly, with 3, 3, 7, 4, and 3 proteins mapped to them, respectively (Figure 5). According to the protein–protein interaction network analysis, the three major clusters of interaction were protein processing in endoplasmic reticulum, ribosomes, and glutathione metabolism (Figure 6).


[image: Figure 4]
FIGURE 4. GO functional classification of the identified proteins of the top 10 pathways identified in the proteome database, for the fed and unfed parasite groups, in the biological process, cell component, and molecular function categories.



[image: Figure 5]
FIGURE 5. KEGG annotation of the top five pathways from the proteome database of the fed and unfed parasite groups.



[image: Figure 6]
FIGURE 6. Protein-protein interaction network analysis of the three major network groups.




Candidate Proteins Related to Energy and Digestive Metabolism

Some differentially expressed proteins related to energy metabolism were significantly upregulated in unfed T. chinensis, including calcium-transporting ATPase sarcoplasmic/endoplasmic reticulum type-like proteins, NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial-like Na+/K+-ATPase, partial sodium potassium ATPase alpha subunit, partial smooth endoplasmic reticulum calcium ATPase, NADH dehydrogenase subunit 1 (mitochondrion), and cyclic AMP-responsive element-binding protein 1 (Table 1). Among the 92 significantly upregulated differentially expressed proteins, 20 were related to digestive metabolism, including 7, 11, and 2 in carbohydrate, protein, and lipid metabolism, respectively (Table 1).


Table 1. Differentially expressed proteins involved in energy and digestive metabolism, comparing the fed and unfed Tachaea chinensis.

[image: Table 1]



Candidate Proteins Related to Blood Sucking

Three hemocyanin proteins showed the greatest difference in expression between fed and unfed isopods (Table S1). Differentially expressed proteins related to blood sucking, including inorganic pyrophosphatase-like isoform X1, alpha-2-macroglobulin, bestrophin homolog, calreticulin, barrier-to-autointegration factor putative salivary alkaline phosphatase, inorganic pyrophosphatase-like isoform X1, neurocalcin homolog isoform X3, and insulin receptor substrate 2-B were significantly upregulated after parasitism (Table 2). Four heat shock proteins and two stress-activated proteins were also upregulated.


Table 2. Differentially expressed proteins involved in blood sucking, comparing the fed and unfed Tachaea chinensis.

[image: Table 2]



PRM Results

To validate the proteomic data, three proteins that were upregulated after parasitism (phosphoglucomutase, glucose-6-phosphate isomerase, and xylose isomerase) and one that was downregulated after parasitism (malate dehydrogenase) were selected for PRM analysis. In both the fed and unfed groups, the validated proteins showed expression trends similar to the proteomic expression trends, suggesting that the proteomic data were reliable (Figure 7).


[image: Figure 7]
FIGURE 7. Verification of the expression profiles of randomly selected significantly changed proteins comparing the fed and unfed T. chinensis groups, as determined by parallel reaction monitoring (PRM) and tandem mass tag (TMT) analysis. The data on the relative expression of proteins, for use in the TMT analysis, were obtained from Tables 1, 2. The data on the relative expression of proteins for use in the PRM analysis were calculated relative to the expression of the relabeled peptide GISNEGQNASIK*.





DISCUSSION

Hematophagous parasites use antihemostatic, anti-inflammatory, and immunomodulatory compounds to facilitate blood meal acquisition during feeding (Shu et al., 2010; Hajdusek et al., 2013; Eliane et al., 2017; Santiago et al., 2017; Jalovecka et al., 2018). These promote the survival and establishment of pathogens in the host (Boonsriroj et al., 2015; Eliane et al., 2017). Identification and characterization of such compounds can elucidate molecular mechanisms of interaction among parasites, pathogens, and hosts, revealing new vaccine targets (Mcgowan et al., 1982; Slovák et al., 2013; Oleaga et al., 2015; Yu et al., 2015; Eliane et al., 2017; Tirloni et al., 2017). Although many researchers have assumed that isopod parasites are hematophagous parasites and feed mainly on fish blood or crustacean hemolymph, no prior studies have demonstrated this directly. Moreover, in contrast to ticks and mosquitoes, there is a lack of comprehensive genomic resources for isopod parasites to investigate infection and response mechanisms. We performed, to our knowledge, the first comparative proteomic analysis between fed and unfed T. chinensis to gain a better understanding of its feeding and antigen-related proteins. However, because very few protein sequences for isopods are available in the NCBI protein database and all proteins identified were based on homologous proteins, we were able to identify only 888 proteins. Moreover, to avoid potential contamination of the host protein samples and to screen out proteins associated with parasitic processing, we also searched the NCBI protein database for proteins of Peracarida and blood-sucking insects (ticks and mosquitos); we found that proteins from Armadillidium vulgare (442, 51.76%), Hyalella azteca (227, 26.58%), and Hirondellea gigas (143, 16.74%) were similar to those present in our samples (Table S1).

Comparative proteomic analysis of unfed and fed T. chinensis indicated 129 proteins expressed significantly, with 37 upregulated and 92 downregulated before parasitism. Among the 37 upregulated proteins, seven were identified as contributing to ATP synthesis (Table 1). These results suggest that high energy metabolic proteins are expressed in pre-parasitism isopods while searching for hosts. Meanwhile, previous research has shown that genes related to ATP generation in host shrimp P. sinensis are upregulated under parasitism, which might be induced by a rapid depletion of ATP content in the parasite itself after parasitism, during its development and reproduction (Li et al., 2018). A similar profile has been demonstrated in fleas, where energy costs for feeding are lower than those in unfed individuals (Sarfati, 2005). Moreover, in crustaceans, because proteins are major contributors to hemolymph density (Simonetta et al., 2011), in their parasites, the major digestive enzymes are thought to be proteases. Eleven proteolytic enzymes were identified among the 129 DEPs, and all were upregulated after parasitism (Table 1). Seven carbohydrate metabolism-related proteins were also upregulated, suggesting that hemolymph glucose may also be an important nutrient for T. chinensis. Trehalose, which regulates energy metabolism and glucose generation via trehalose catabolism, was also upregulated after parasitism, suggesting that access to host trehalose is an important feature of isopod parasites.

Many researchers have assumed that isopod parasites can feed on fish blood or crustacean hemolymph, comparable to an “aquatic mosquito” (Wilson, 2008; Manship et al., 2012; Smit et al., 2014; Nagler et al., 2017). We previously found that hemocyanin in P. sinensis is significantly downregulated following parasitism by T. chinensis (Li et al., 2019). The present results indicate that hemocyanin in T. chinensis was significantly upregulated after parasitism, suggesting a role in obtaining hemolymph from P. sinensis. In hematophagous arthropods such as ticks, mosquitos, fleas, and flies, hematophagy evolved independently over millions of years, leading to various morphological adaptations and diverse strategies to overcome the barriers imposed by hosts (Ribeiro, 1995; Garcia et al., 2015). However, one example of convergent evolution and adaptation for hematophagy is the development of highly functional salivary glands, which produce a large diversity of anticlotting, antiplatelet, vasodilatory, and pathogen-transporting substances (Kim et al., 2016; Tirloni et al., 2016). Although it is known that isopod parasite morphology has been strongly modified for parasitism over 168 million years (Nagler et al., 2017), the type and composition of blood-sucking-related substances remain to be understood.

During blood sucking, the salivary gland of hematophagous parasites produces a cocktail of anti-hemostatic, anti-inflammatory, and immunomodulatory molecules that facilitate blood-meal acquisition. Saravanan et al. (2003) found that α2-macroglobulin, which they consider to have an anticoagulant function, is highly expressed in tick salivary glands. In the present study, α2-macroglobulin was significantly upregulated in isopods that had recently fed, which indicates that T. chinensis may also secrete anticoagulatory molecules during feeding. Moreover, Saurabh et al. (2011) found that fish macroglobulin was downregulated during Argulus siamensis parasitism. Similarly, we previously found that shrimp macroglobulin was downregulated during T. chinensis parasitism. Moreover, calreticulin, which functions in hematophagy in ticks through host immunosuppression or antihemostasis (Parizi et al., 2009), was also significantly upregulated after parasitism in the present study. Furthermore, calcineurin subunit B type 2 isoform X1, putative salivary alkaline phosphatase, insulin receptor substrate 2-B, PI-actitoxin-Aeq3a, and neurocalcin homolog isoform X3, which are similar to substances in the salivary glands of hematophagous parasites, were also upregulated in T. chinensis during feeding (Kim et al., 2015). However, the interaction of those proteins between parasites and hosts and the mechanisms of paralyzation and inhibition of inflammation remain unclear and require further study.

Anticlotting-related proteins are considered potential targets for the development of new drugs and vaccines to control and prevent ectoparasites such as ticks (Oleaga et al., 2017), mosquitos (Popova-Butler and Donald, 2009; Tetreau et al., 2012), Schistosoma (Delcroix et al., 2006), and sea louse (Carpio et al., 2011, 2016). However, the hosts of these parasites are vertebrates, in which the composition of the coagulation system differs from that of invertebrates. In shrimps, the hemolymph clotting system comprises transglutaminase and clotting proteins and plays an important role in the innate immune response and prevention of blood loss during injury and wound healing (Maningas et al., 2013). Isopod parasites may inject anticoagulants or other compounds directly into the blood to obtain a blood meal (Nair and Nair, 1983; Manship et al., 2012), but the constituents of these compounds are still unclear. Here, we identified two protein disulfide-isomerase (PDI) proteins that participate in parasite–host cell interactions. PDI-specific antibodies may constitute part of the mucosal antibody repertoire, which is possibly involved in defense against parasites. The potential roles of those proteins for isopod parasite control will be investigated in our further study.

In conclusion, our results represent the first comparative proteomic study to detect key proteins from the whole body of fed and unfed T. chinensis isopod parasites. Owing to the lack of genomic data, we were able to identify only 888 proteins, and all were found in both stages. Differentially expressed proteins related to energy metabolism were upregulated in unfed individuals, particularly those involved in ATP generation. This may indicate that T. chinensis may require considerable energy during its search for a host. We also found that similar to other hematophagous parasites, T. chinensis secretes antihemostatic, anti-inflammatory, and immunomodulatory molecules to facilitate blood meal acquisition. Our study provides valuable empirical data that will support future molecular research on isopod parasitization of crustaceans.
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The success of cattle tick fixation largely depends on the secretion of substances that alter the immune response of the host. The majority of these substances are expressed by the parasite salivary gland and secreted in tick saliva. It is known that hosts can mount immune responses against ticks and bovine European breeds, and bovine industrial crossbreeds are more susceptible to infestations than are Bos indicus cattle. To identify candidates for the development of novel control strategies for the cattle tick Rhipicephalus (Boophilus) microplus, a salivary gland transcriptome analysis of engorged females fed on susceptible or resistant hosts was performed. Using RNA-Seq, transcriptomes were de novo assembled and produced a total of 235,451 contigs with 93.3% transcriptome completeness. Differential expression analysis identified 137 sequences as differentially expressed genes (DEGs) between ticks raised on tick-susceptible or tick-resistant cattle. DEGs predicted to be secreted proteins include innexins, which are transmembrane proteins that form gap junction channels; the transporters Na+/dicarboxylate, Na+/tricarboxylate, and phosphate transporter and a putative monocarboxylate transporter; a phosphoinositol 4-phosphate adaptor protein; a cysteine-rich protein containing a trypsin inhibitor-like (TIL) domain; a putative defense protein 3 containing a reeler domain; and an F-actin-uncapping protein LRRC16A with a CARMIL_C domain; these genes were upregulated in ticks fed on tick-susceptible cattle. DEGs predicted to be non-secreted proteins included a small heat shock protein and the negative elongation factor B-like, both acting in a coordinated manner to increase HSP transcript levels in the salivary glands of the ticks fed on tick-susceptible cattle; the 26S protease regulatory subunit 6B and another chaperone with similarity to calnexin, also upregulated in ticks fed on tick-susceptible cattle; an EF-hand calcium binding protein and a serine carboxypeptidase (SCP), both involved in the blood coagulation cascade and upregulated in ticks fed on tick-susceptible cattle; and two ribosomal proteins, the 60S acidic ribosomal protein P2 and the 60S ribosomal protein L19. These results help to characterize cattle tick salivary gland gene expression in tick-susceptible and tick-resistant hosts and suggest new putative targets for the control of tick infestations, as those genes involved in the mechanism of stress response during blood feeding.
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INTRODUCTION

The cattle tick R. (B.) microplus limits the development of the cattle industry worldwide, causing production losses estimated at US $3.24 billion annually in Brazil alone (Grisi et al., 2014). The losses caused by ticks are caused primarily by their feeding in the host and by pathogens transmitted via saliva thereafter. To feed, the tick must attach to the skin of the cattle, introducing their hypostome. The success of the fixation of the tick depends on the secretion of cement substances and anticoagulants, which alter the immune response in the place of the bite but can also cause systemic effects (Mans and Neitz, 2004). In addition, the success of pathogen transmission depends on some tick molecules associated with this event (Ramamoorthi et al., 2005; Hovius et al., 2008). The majority of these substances are expressed by the salivary gland and may be secreted in the saliva.

The tick saliva contains a rich variety of pharmacologically bioactive molecules that support blood feeding. During coevolution, blood sucking ticks have adapted mechanisms to evade host detection and prevent blood coagulation by synthesizing an extensive array of molecules with anesthetic, immunosuppressive, vasodilatory, profibrinolytic, and anticoagulant properties (Mans and Neitz, 2004). Blood feeding triggers a heat shock response by arthropods, as demonstrated by the increased production of heat shock proteins in response to the increase in temperature and other stresses observed during blood meal by ticks, which has been considered a stressful event in multiple forms (Shahein et al., 2010; Benoit et al., 2011).

Gene transcripts, such as glutathione S-transferase and gamma-glutamyl transferase, can be found in salivary glands because they have physiological functions; one of these genes plays a central role in the detoxication of xenobiotic compounds (de Lima et al., 2002), such as insecticides (Nandi et al., 2015; Hernandez et al., 2018), and another of which is involved in the cross-cell membrane trafficking of amino acids and peptides and in glutathione metabolism, respectively (Mulenga and Erikson, 2011).

Many other transcripts that can code for non-secreted or secreted proteins with different physiological functions may be present in tick salivary glands. Examples of predicted non-secreted proteins are the following: calnexin, which plays a role in the quality control and assembly of proteins and glycoproteins in the endoplasmic reticulum (Williams, 2006); longistatin, which modulates biochemical reactions within the cell as the inflammatory response and has a role in anticoagulant action (Anisuzzaman et al., 2012); serine carboxypeptidase, implied to be involved in degrading hemoglobin to peptides and regulating the interaction with the host; β-N-acetyl hexosaminidases, which participates in the turnover of the chitin exoskeleton (Hogenkamp et al., 2008); leucine aminopeptidase, which belongs to a diverse group of the M17 family of Zn-metalloproteases (Maggioli et al., 2018), playing important roles in the host immune response, tick-tissue development, and pathogen transmission (Ali et al., 2015); ribosomal proteins, playing essential roles in cell growth and proliferation (Trainor and Merrill, 2014); phosphorylase kinase, a holoenzyme that activates glycogen phosphorylase (Brushia and Walsh, 1999); E3 ligase, promoting cullin neddylation, required for the regulation of NF-κB, which is crucial in immune response and apoptotic pathways (Cajee et al., 2012); and mucins, providing lubrication and protection to the epithelium (Hollingsworth and Swanson, 2004).

Among the salivary gland transcripts predicted to code for secreted proteins, the following genes may be observed: innexins, transmembrane proteins (Richards et al., 2015) that form gap junction channels and hemichannels in invertebrates, including arthropods (Güiza et al., 2018); Na+/dicarboxylate, Na+/tricarboxylate and phosphate transporter, which may play a role in osmoregulation with ion transport function (Hui et al., 2014); the phosphoinositol 4-phosphate adaptor protein, a component of a molecule complex that recruits proteins to the cell membrane (Choudhury et al., 2005), a transduction pathway in tick salivary glands (McSwain et al., 1989); monocarboxylate transporters that catalyze rapid transport of many monocarboxylates (Lew-Tabor et al., 2011), cysteine-rich proteins containing trypsin inhibitor-like (TIL) domain, belonging to the family that comprises chymotrypsin, elastase and trypsin inhibitors (Sasaki et al., 2008), which has been found ubiquitously in blood-feeding insect and tick sialomes (Karim and Adamson, 2012; Maruyama et al., 2017); BmSI-7, a trypsin inhibitor-like cysteine-rich domain family, which is involved in the inflammatory response and in injury caused by tick fixation on the bovines (Sasaki et al., 2008); defense proteins, such as defense protein 3 (Zhao et al., 2019), and ixodidin, a antimicrobial peptide (Fogaça et al., 2006), which are probably involved in the immune response in the tick; PIXR, a protein with a reeler domain, favoring the colonization of Borrelia burgdorferi in Ixodes scapularis gut (Narasimhan et al., 2017); and proteins involved in actin metabolism, such as the F-actin-uncapping protein LRRC16A isoform X2.

All of these compounds may play a role interacting on the interface of the tick-host relation and are crucial to the success of tick fixation and/or pathogen transmission. On this basis, knowledge of the transcripts that have been upregulated or downregulated in both tick-susceptible and tick-resistant cattle could guide the development of more consistent immunogens against ticks at the time when the use of vaccines has presented results with varied effects, and the type of antigen used interferes with the efficacy of the vaccine (Csordas et al., 2018). In the absence of a vaccine with these characteristics, only chemical control remains for cattle producers seeking to prevent tick infestations. In addition, the use of acaricides at higher concentrations and in association to overcome the resistance of the tick to the acaricides indicates a global crisis in tick control (Higa et al., 2019), and vaccine development is a promising alternative.

It has been known for many years that hosts can mount immune responses against ticks, and non-natural hosts can mount highly effective anti-tick immune responses, preventing successful tick fixation and halting the tick life cycle (Trager, 1939). In this way, bovine European breeds (Bos taurus) and their industrial crossbreeds are more susceptible to tick infestations than B. indicus. This resistance is associated with the immune systems of the hosts, since in the first infestation, the number of ticks completing the cycle is similar in all races (Hewetson, 1972; Mattioli et al., 1993; Ghosh et al., 1999), and with the absence of transcripts of genes encoding enzymes producing volatile compounds, which may render the host less attractive to larvae (Franzin et al., 2017). Franzin et al. (2017) concluded that resistant hosts expose ticks to an earlier inflammatory response, which in ticks is associated with significantly lower expression of genes encoding salivary proteins that suppress host immunity, inflammation and coagulation. It means, at the same time, different levels of host immunity may affect the composition of tick saliva, contributing to these outcomes. The demonstration that immunosuppressive drugs eliminate this resistance reaffirmed the immune nature of this response (Bergman et al., 2000).

In this context, we aimed to differentiate the profile of salivary gland transcripts in ticks feeding on tick-resistant and tick-susceptible bovines to identify transcripts of genes encoding proteins with the potential to be used as immunogens for tick control.



MATERIALS AND METHODS


Ethics Statement

All experimental procedures were approved by Embrapa Beef Cattle's Ethics Committee on Animal Use according to Protocol 008/2014 and according to the requirements of the National Council for the Control of Animal Experimentation.



Cattle, Ticks, and Sample Collection

The trial for sample collection was conducted in Campo Grande, Mato Grosso do Sul, Brazil (20° 27′ S and 54° 37′ W, altitude of 530 m), at Embrapa Beef Cattle. The climate of this region is classified as rainy tropical savanna, characterized by irregular annual rainfall distribution, a well-defined dry period during the colder months, and a rainy period during the summer months.

Two weaned male cattle aged ~8 months from two bovine genotypes were used: a tick-susceptible animal, Holstein (Bos taurus taurus), and a tick-resistant animal, crossbreed, resulting from the crossing of the previous susceptible breed with a tick-resistant breed, Nelore (Bos taurus indicus). The animals were kept in a Brachiaria decumbens pasture for a 4 months period for disinfestation and immunological memory loss, and they were later taken to individual stalls, where they received feed of sorghum silage (17 kg/animal/day), concentrate (1 kg/animal/day), and water ad libitum throughout the experimental period.

Ticks used in the experiment for artificial infestation were from a colony of R. (B.) microplus reared in the Laboratory of Tick Biology of Embrapa Beef Cattle. Engorged females from a stabled bovine were collected (21 days) placed in Petri dishes and incubated in a biological oxygen demand chamber (BOD) at a temperature of ~28°C and humidity of ~80%. After egg laying, eggs were collected and separated into 500-mg samples containing an equivalent of 10,000 larvae. Samples were placed in 10 ml syringes with the tips removed, sealed with cotton, and then placed again on BOD for egg incubation until larval hatching. Syringes containing non-fed larvae were used for artificial infestation of cattle. An infestation with 10,000 active larvae (12 days after hatching) was performed on the dorsum in each of the experimental animals—the tick-susceptible and tick-resistant cattle, which remained immobilized for a period of 3 h to avoid self-cleaning.



RNA Isolation and RNA-Seq

Semi-engorged adult salivary gland samples were dissected on ice and processed immediately. Three salivary gland samples were obtained for each of the bovine genotypes. In a total of six samples, each sample contained salivary glands collected from ~10 ticks, which were used for RNA isolation following the TRIzol® reagent protocol (Life Technologies, Carlsbad, CA). The purity and amount of total RNA were assessed by electrophoresis in a 1.2% agarose gel stained with ethidium bromide and by spectrophotometry at 260 and 280 nm in a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Total RNA quality and integrity were analyzed using an Agilent 2100 Bioanalyzer® (Agilent Technologies, Palo Alto, USA). RNA was stored at −70°C until further analysis.

Library preparation and next generation sequencing using the RNA-Seq technique were conducted at the Animal Biotechnology Laboratory of Luiz de Queiroz College of Agriculture, University of São Paulo (ESALQ-USP, Piracicaba, SP), following the stranded TruSeq RNA Sample Prep Kit protocol (Illumina, Inc., San Diego, CA, USA). The cDNA libraries were sequenced in the Illumina HiSeq 2500 System (Illumina, Inc., San Diego, CA, USA), generating 2 × 150 bp paired-end reads, according to the standard manufacturer protocol.



Bioinformatics Analysis

Data obtained by HiSeq 2500 sequencing were analyzed using the Real Time Analysis (Illumina) software, which makes the calls from the sequencing images, converting them into a FASTQ format. Evaluation of the sequencing reads was performed using FastQC v0.11.4 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Read sequences were subjected to adapter trimming and quality filtering using Trimmomatic (v0.35) (Bolger et al., 2014) with default parameters, except for a head crop of 15 bases and a read minimal length of 30 bases. Reads were also checked for foreign RNA contamination. A similarity search against the NR database (v04/18) using either blastx (v2.6.0) or DIAMOND (v0.9.17) (Buchfink et al., 2015) was performed to identify and filter hits to mammal and bacterial sequences above 50% identity and e-value ≤ 1e-20.

Trinity software (v2.6.6) (Grabherr et al., 2011) was used to de novo assembly of a reference transcriptome using all filtered samples, as described in https://github.com/trinityrnaseq/trinityrnaseq/wiki. Inchworm kmer coverage was set to 3, and contig minimal length was set to 300 bases. Assembly quality was accessed through mapping back each library to the R. (B.) microplus salivary gland reference transcriptome using Bowtie2 (v2.3.4) (Langmead and Salzberg, 2012) and Trinity scripts. Mapped contig sequences were recovered for each genotype to compose the transcriptomes.

The completeness of the R. (B.) microplus salivary gland transcriptome was evaluated using BUSCO (Benchmarking Universal Single-Copy Orthologs) by comparing the transcriptome against a set of highly conserved single-copy orthologs of the known ancestral Arthropoda proteins (arthropoda_odb9, creation date: 2017-02-07, number of species: 60, number of BUSCOs: 1066) (Simão et al., 2015).

Differentially expressed genes (DEGs) between ticks fed on susceptible cattle and ticks fed on resistant cattle were identified by Trinity RSEM/edgeR differential expression analysis with FDR (False Discovery Rate) <0.05 and Fold Change ≥2. A preliminary similarity search, as described previously, was also performed in the DEG set of transcripts.

TransDecoder (v 5.0.0) (Haas et al., 2013) was used to obtain peptide ORFs from differentially expressed genes. Potential signal peptides and transmembrane domains were predicted from ORFs to identify secreted proteins according to the Min (2010) animal pipeline, which consists of filtering sequences that pass through Phobius (v 1.01), WolfPsort (v 0.02) TMHMM (v 2.0c) TargetP, and PS_SCAN tools.

To further investigate the biological functions of the DEGs, they were annotated to the Gene Ontology (GO) database for biological process (BP), molecular function (MF), and cellular component (CC) and to KEGG (Kyoto Encyclopedia of Genes and Genomes) for biological pathways using Blast2GO PRO (https://www.blast2go.com/). DEGs from the most represented GO terms and KEGG pathways were discussed further.




RESULTS


Gene Expression Profile and Secreted Proteins of Semi-engorged R. (B.) microplus Salivary Gland Fed on Tick-Susceptible and Tick-Resistant Cattle

Sialotranscriptomes from R. (B.) microplus fed on tick-susceptible (Holstein) and tick-resistant (Holstein × Nelore crossbreed) cattle were generated using RNA-Seq technology and de novo assembly. A total of 74,639,552 reads were obtained for ticks fed on Holstein cattle, and 63,013,658 reads were obtained for ticks fed on crossbreed cattle. Reads post-processing with Trimommatic resulted in a 99.9% recovery for the Holstein and crossbreed reads dataset, of which 92.53 and 92.79%, respectively, were realigned to the assembly with bowtie2. Trinity produced a total of 235,451 contigs with a mean length of 954 nt and a N50 of 1,624 nt. Completeness of the assembly, as evaluated using BUSCO, revealed that 93.3% of conserved genes across Arthropoda were present (994 out of 1,066). Complete and single-copy genes found (C) were 24.4%, complete and duplicated genes found (D) were 68.9%, fragmented genes found (F) were 5.0%, and genes missing (M) were 1.7%. To identify the function of the transcriptome-predicted genes, all 235,451 contigs were analyzed using Blast2GO PRO software, returning a total of 71,757 annotated transcripts with a sequence identity ≥50% and e-value ≤1e−10 (Table 1, Supplementary Material). Gene Ontology and KEGG categorizations of the annotated transcriptome are shown in Figure 1.


Table 1. Putative secreted proteinsa transcribed in R. (B.) microplus salivary glands.
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FIGURE 1. R. (B.) microplus salivar gland transcriptome functional annotation. Transcripts distribution based on GO categories Biological process (A), Cellular component (B), and Molecular function (C). Top 20 processes in KEGG pathways (D).


TransDecoder translation resulted in a total of 1,815 predicted ORFs, which were used for secreted protein identification. According to the pipeline proposed by Min (2010), a total of 20 ORFs were predicted as putative secreted proteins from the salivary glands (Table 1), corresponding to 15 candidate genes.



Differentially Expressed Genes Related to Cattle Resistance to Tick

The differential expression analysis identified 137 sequences as DEGs, corresponding to 126 candidate genes (Figure 1, Table 2, Supplementary Material). Gene Ontology analysis showed that the molecular functions most represented among DEGs upregulated in salivary glands from R. (B.) microplus fed on tick-susceptible and tick-resistant cattle were ion binding and hydrolase activity, while the most represented biological processes were the nitrogen compound metabolic process and the cellular metabolic process (Figure 2 and Table 2).


Table 2. Differentially expressed genes (DEG) upregulated in salivary glands from ticks fed on susceptible-tick cattle (Holstein) and ticks fed on resistant-tick cattle (Holstein × Nelore crossbreed) from most represented molecular functions and biological process GO terms.
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FIGURE 2. Number of the differentially expressed genes upregulated in salivary glands of R. (B.) microplus fed on Holstein (susceptible) and crossbreed (resistant) cattle, based on GO categories Molecular function (MF) and Biological process (BP).





DISCUSSION


DEGs Between Ticks Fed on Tick-Susceptible and Resistant Cattle

Blood feeding in arthropods is a stressful event in multiple forms and physiological targets. Energetic, thermal, osmotic and oxidative stresses are among the consequences of the rapid ingestion of large amounts of warm blood (Pereira et al., 2017). The large volumes of blood that arrives quickly to the midgut may increase the temperature of blood-feeding arthropods by up to 15°C in <1 min, and the thermal stress generated by the blood meal can trigger a heat shock response by arthropods, as demonstrated by the increased production of heat shock proteins (Benoit et al., 2011).

A transcript upregulated in ticks fed on tick-susceptible cattle showed similarity with the sequence of a small heat shock protein I gene cloned from salivary glands of Rhipicephalus annulatus—the RasHSPI (Hussein et al., 2014). The authors verified a strong immunogenic effect of the RasHSPI recombinant protein in rabbits, suggesting that it could be used as a potential protective antigen (Hussein et al., 2014). Previously, another sHSP also cloned from R. annulatus salivary glands, a RasHSPII, showed a role as a molecular chaperone, conferring protection at least or specifically to the tick salivary glands against the increase in temperature and other stresses observed during blood feeding by ticks (Shahein et al., 2010). Guilfoile and Packila (2004) verified an increase in the expression of a gene with similarity to a HSP70 in I. scapularis females and males throughout blood feeding and suggested that protein encoded by the gene may be required to stabilize tick proteins during ingestion of warm blood from the host or even when the parasite is in contact with the hot skin of the host. An increase in the expression of a small heat shock protein, HSP16, was also observed during the engorgement of I. scapularis females (Xu et al., 2005). According to Benoit et al. (2019), suppression of HSPs through RNA interference (RNAi) also leads to impaired digestion and subsequent egg production, indicating that prevention or repair of thermal-associated damage is critical to allow blood feeding arthropods to maximize egg production from a blood meal.

Recently, the role of an arthropod HSP70-like molecule in fibrinogenolysis during blood meal has been reported (Vora et al., 2017), as well as the protective effect of cellular protein integrity observed with the overexpression of genes from the heat shock protein family. In our results, in addition to an increase in heat shock gene expression observed in ticks fed on tick-susceptible cattle, downregulation of a transcript similar to the negative elongation factor B-like (NELF) was observed. Ghosh et al. (2011) found that NELF depletion in Drosophila, mediated by RNA interference, resulted in a delay in the dissociation of heat shock factors (HSF), the transcription factor that upregulates genes encoding heat shock proteins of the HSP genes during heat shock recovery. Thus, the observed increase in HSP transcript levels in the salivary gland of the ticks fed on tick-susceptible cattle may be related to the delay in the dissociation of the HSF from the HSP genes due to the downregulation of the NELF. This coordinated action may contribute to the success of the parasite in its interaction with the host.

Two isoforms of a transcript with similarity to an I. scapularis gamma-glutamyl transferase (GGT) were upregulated in ticks fed tick-susceptible cattle. GGT is an enzyme present in cell membranes and is involved in cross-cell-membrane trafficking of amino acids and peptides and in glutathione metabolism (Mulenga and Erikson, 2011). Glutathione S-transferases (GST) are proteins that belong to a multigene family and play a central role in the detoxification of xenobiotic compounds (de Lima et al., 2002), with increased expression levels being correlated with insecticide resistance in various organisms, including ticks (Nandi et al., 2015; Hernandez et al., 2018). GGT plays key roles in intracellular reduced glutathione (GSH) homeostasis by breaking down the extracellular molecule and providing cysteine for intracellular de novo synthesis of GSH (Accaoui et al., 2000; Zhang et al., 2005). Glutathione biosynthesis by GGT is important to maintain intracellular reduced glutathione and the cellular redox state. Additionally, during oxidative stress in rodents, GGT gene expression was increased, which is believed to constitute an adaptation to stress (Zhang et al., 2005). The authors also related that increased expression of GGT during oxidative stress facilitates GSH turnover, de novo GSH synthesis, and metabolism and detoxification of GSH conjugates, increasing cell resistance to subsequent stress. In Haemaphysalis longicornis, the analysis of two GSTs using real-time PCR showed that gene expression increases continuously in salivary glands and other organs of the tick as blood-feeding progresses until female engorgement, demonstrating the possible role of GSTs in coping with oxidative stress caused by blood-feeding (Hernandez et al., 2018).

The 26S proteasome, the heart of the ubiquitin-proteasome system, is a catalytic machine that cleaves most intracellular ubiquitinated proteins, maintaining cellular homeostasis by means of the recognition, unfolding, translocating and cleavage of protein substrates (Wang and Maldonado, 2006; Gallastegui and Groll, 2010). This proteasome is involved in the regulation of many crucial processes in the cell, such as the cell cycle, apoptosis, signal transduction, protein processing and immune and stress responses (Coux et al., 1996). In our study, the 26S protease regulatory subunit 6B was upregulated in salivary glands from ticks fed tick-susceptible cattle. An increase in the abundance of proteasome proteins was verified in Trypanosoma cruzy exposed to the antiparasitic benznidazole (Andrade et al., 2008). In the small brown planthopper Laodelphgax striatellus, the vector of the rice stripe virus, an increase in the accumulation of the virus was observed after disrupting the 26S proteasome, indicating that the small brown planthopper 26S proteasome plays a role in defense against rice stripe virus infection by regulating virus accumulation (Xu et al., 2015). In vertebrates, another function associated with proteasome proteolytic activity, first suggested by Yang et al. (1992), is that the proteasome is also a proteolytic generator of antigenic peptides that can be presented by class I MHC molecules. A 26S proteasome non-ATPase regulatory subunit protein was characterized as an immunogenic enzyme in 24 h fed I. scapularis saliva (Lewis et al., 2015), and in H. longicornis, the increased expression of the 26S proteasome regulatory subunit protein indicated an increase in expression of the ubiquitin-proteasome system during salivary gland degeneration in engorged females, certainly as a consequence of the programmed cell death that salivary glands undergo after tick engorgement (Wang et al., 2019).

Another chaperone, a transcript with similarity to calnexin (CNX), was upregulated in ticks fed tick-susceptible cattle. Calnexin is a chaperone involved in the quality control of proteins, ensuring correct folding and assembly of many glycoproteins in the endoplasmic reticulum (Williams, 2006). The endoplasmic reticulum is a specialized organelle that plays essential and central functions in the cell, including protein folding assisted by a battery of molecular chaperones. Situations that reduce the protein folding capacity of the endoplasmic reticulum, which results in the accumulation and aggregation of unfolded proteins, cause a condition known as endoplasmic reticulum stress (Guérin et al., 2008). In Schyzosaccharomyces pombe, calnexin overexpression is involved in the induction of apoptosis triggered by endoplasmic reticulum stress (Guérin et al., 2008). In the midgut of the argasid tick Ornithodoros moubata female, a calnexin protein has been identified and determined to be involved with the stress responses associated with blood digestion (Oleaga et al., 2017). A calnexin transcript was upregulated in the Ixodes ricinus-derived cell line IRE/CTVM19 at day 2 post-infection with the flavivirus tick-borne encephalitis virus (TBEV), which may have an important role in the response of tick cells to virus infection (Weisheit et al., 2015). In R. (B.) microplus, calnexin was predicted as a transmembrane protein and has been suggested as a target for tick control strategies because it showed a higher VaxiJen score (0.91) than that predicted for Bm86 (0.77) in a study from Richards et al. (2015). Calnexin has also been suggested as a promising vaccine candidate against multiple fungal pathogens because it induces fungal antigen-specific CD4+ T cell expansion and resistance to lethal challenge in mice with multiple fungal pathogens (Wüthrich et al., 2015).

The tick saliva contains a rich variety of pharmacologically bioactive molecules that support blood feeding. During coevolution, blood sucking ticks have adapted mechanisms to evade host detection and prevent blood coagulation by synthesizing an extensive array of molecules with anesthetic, immunosuppressive, vasodilatory, profibrinolytic, and anticoagulant properties (Mans and Neitz, 2004).

A transcript similar to longistatin, an EF-hand calcium binding protein, was overexpressed in ticks fed tick-susceptible cattle. The EF-hand calcium binding proteins modulate several crucial biochemical reactions within the cell and have a role in the blood clotting cascade, being secreted in some rare cases, as observed for the longistatin transcript identified by Anisuzzaman et al. (2012). The authors verified an overexpression of longistatin in salivary glands of the ixodide H. longicornis adults pre-engorged (96 h) and engorged (120 h) followed by an abrupt reduction in expression level with tick detachment, showing that longistatin clearly performs a vital function in the feeding process of the parasite through its anticoagulant action, resulting in fibrinogen hydrolysis and plasminogen activation. The post-transcriptional silencing of the longistatin gene in H. longicornis completely disrupted the ability of the parasite to form a blood pool and perform blood meals (Anisuzzaman et al., 2011).

In addition to the anticoagulant effect, longistatin has also been found to be able to modulate the inflammatory response of the host in a host-parasite interaction. The receptor for advanced glycation end products (RAGE) is highly expressed constitutively in different cell types of the skin and is responsible for immune activation mediation at inflammation sites. Anisuzzaman and Tsuji (2015) demonstrated that longistatin secreted in H. longicornis saliva binds to RAGE, modulating the host immune response and suppressing the inflammation associated with the lesion caused by the tick bite, thereby ensuring the successful acquisition of host blood. Immunization of mice with recombinant longistatin induced high levels of IgG protective antibodies against ticks, as well as reduced repletion of ticks by ~54%, post-engorgement body weight by ~11%, and nymph molting by ~34% (Anisuzzaman et al., 2012). H. longicornis treated with dsRNA failed to form a blood pool necessary for the proper blood meal, which led to a reduced engorged tick weight (Anisuzzaman et al., 2011).

Other binding Ca++-containing EF-hand motif molecules, similar to longistatin, have recently been identified from Strongyloides venezuelensis, the venestatin (Tsubokawa et al., 2017) and Aedes aegypt—the salivary factor LTRIN (Jin et al., 2018), which were upregulated promptly after larval invasion through the host's skin and during mosquito blood feeding, respectively.

A transcript similar to a serine carboxypeptidase (SCP) was upregulated in ticks fed on susceptible cattle compared to those fed on resistant cattle. SCPs are proteolytic enzymes that target serine in their catalytic activity and catalyze the hydrolysis of C-terminal residues in peptides and proteins (Anderson et al., 2008). In mammals, SCPs are involved in signaling events, such as the generation of bioactive peptides in the blood coagulation cascade (Turk, 2006), but little is known about SCPs in tick species. In Ixodes ricinus, enzymes as cathepsins B, C, and D, legumain, serine carboxypeptidase and leucine aminopeptidase were characterized as the main enzymes acting in the tick hemoglobinolytic system at midgut (Horn et al., 2009). Motobu et al. (2007) identified an H. longicornis SCP predominantly expressed in tick midgut upregulated in response to blood feeding, which has been described to play a role in hemoglobin degradation. SCPs were highly expressed in salivary glands and viscera from fully engorged Ixodes holocyclus female ticks (Rodriguez-Valle et al., 2018). The secretory/excretory proteome of helminths parasites identified SCPs that are part of a protein complex that regulates parasite-host interaction (Morassutti et al., 2012). Radulović et al. (2014) identified SCPs transcribed in the salivary gland of Amblyoma americanum that could act to regulate the interaction with the host.

Insect cells usually express a number of β-N-acetylhexosaminidases, which are important in various developmental stages during their life cycle, primarily in the turnover of the chitin exoskeleton (Hogenkamp et al., 2008). According to You and Fujisaki (2009), molecules associated with molt act to protect organisms against pathogen invasion, on peritrophic membrane control and other functions necessary during blood feeding and molting in ticks and may be candidates for parasite control. In our results, a DEG similar to a β-N-acetylhexosaminidase and upregulated in ticks fed on tick-susceptible cattle was found in salivary glands. Del Pino et al. (1998) inoculated anti-β-N-acetylhexosaminidase antibodies obtained against the enzyme purified from larvae of R. (B.) microplus into fully engorged, adult females and verified a decrease in the reproductive efficiency of R. (B.) microplus. Chitin is a polysaccharide that consists predominantly of unbranched chains of N-acetylglucosamine and is present together with a protein matrix in the cuticle of arthropods, including R. (B.) microplus (Hackman, 1975). Ticks periodically shed their old cuticles and resynthesize new ones, a process that is mediated by the elaboration of chitinase in the molting fluid that accumulates between the old cuticle and the epidermis (You and Fujisaki, 2009). Female ticks of the Ixodidae family, in general, increase their mass up to 100-fold during the 7–10 days feeding period and synthesize sufficient endocuticle to thicken their cuticle by the end of the slow phase of engorgement (Flynn and Kaufman, 2015); thus, the inhibition of enzymes involved in chitin metabolism during morphogenesis might cause serious tick damage (Del Pino et al., 1998).

A transcript similar to leucine aminopeptidase (LAP) was upregulated in ticks fed tick-susceptible cattle. Leucine aminopeptidases belong to a diverse group of the M17 family of Zn-metalloproteases and preferentially cleave a leucine residue at the N-terminus of the proteins and peptides (Maggioli et al., 2018). Metalloproteases, which have been found in tick saliva, salivary gland, ovary and midgut, play an important role in inflammation, immunomodulation, fibrinolysis, blood protein digestion, nociception, vitellogenesis, remodeling of extracellular matrix, and pathogen transmission (Ali et al., 2015). Leucine aminopeptidases have been identified in the midgut and salivary glands of engorged R. (B.) microplus (Kerlin and Hughes, 1992) and in the cytosol of cells of the midgut, salivary glands type II acini and epidermal cells from H. longicornis (Hatta et al., 2006). Overexpression of the midgut enzyme has been observed during blood feeding in H. longicornis, where the disruption of the gene encoding LAP through RNAi significantly delayed onset of egg-laying and reduced egg oviposition, suggesting that HlLAP plays a role as a blood digestive enzyme and affects tick fecundity (Hatta et al., 2007). In sheep, immunization with a leucine aminopeptidase purified from Fasciola hepatica resulted in high levels of animal protection against the endoparasite (Piacenza et al., 1999).

Ribosomal proteins play essential roles in cell growth and proliferation through the ribosome biogenesis process to translate mRNAs into proteins (Trainor and Merrill, 2014), and the assembly of a functional ribosome is vital for successful protein synthesis. In our study, two transcripts with similarity to ribosomal proteins were found among the DEGs in the salivary gland of R. (B.) microplus. The first transcript, a 60S acidic ribosomal protein P2, was upregulated in the salivary glands of ticks feeding on tick-susceptible cattle.

Phosphoproteins P1 and P2 form a complex with P0 protein to raise the eukaryotic ribosomal stalk. A number of ribosome-associated proteins were identified in female tissues from R. (B.) microplus, including components of the 40S and ribosomal subunits, as well as the 29S and mitochondrial ribosomal subunits (Stutzer et al., 2013), and in the salivary gland immune-proteome of A. americanum (Radulović et al., 2014). In the salivary gland transcriptome of Rhipicephalus appendiculatus, most represented pathways were ribosome, RNA transport, protein processing in endoplasmic reticulum, and spliceosome (de Castro et al., 2016). Ribosomal P proteins seem to play an important role in diseases related to infections caused by intracellular protozoan parasites. Rodríguez-Mallon et al. (2015) identified an immunogenic region of ribosomal protein P0 from Rhipicephalus spp. ticks and a synthetic 20 amino acid peptide from this sequence showed an efficacy of 96% as a vaccine against Rhipicephalus sanguineus in an immunization experiment with rabbits.

The second transcript, with similarity to 60S ribosomal protein L19 (RPL19), was upregulated in ticks feeding on tick-resistant cattle. Despite the essential role of the ribosome in protein synthesis, RPL19 is predicted to have an extra-protein translational function, and its overexpression in cell culture activated the cellular signaling pathway of the UPR (unfolded protein response) (Hong et al., 2014). The UPR pathway is conserved from yeast to humans (Zhang et al., 2016) and activated in response to an overloading of unfolded or misfolded peptides, and its action can either have a protective effect, with the change of protein synthesis rate decreasing peptide load into the endoplasmic reticulum or inducing cell death with apoptotic characteristics (Kim et al., 2008; Hong et al., 2014). The RPL19 gene was upregulated in ticks fed tick-resistant cattle, which indicates that cell death was the main pathway activated to salivary gland cells during host-parasite interactions. In Jurkat cells, RPL19 protein expression was decreased by heat stress, although there was no significant change in mRNA expression (Zhang et al., 2016).

Phosphorylase kinase (PhK) is a holoenzyme that activates glycogen phosphorylase (Brushia and Walsh, 1999) which, in turn, catalyzes the hydrolysis of glycogen to generate glucose-1-phosphate. In ticks fed on tick-susceptible cattle, an upregulation in a transcript similar to PhK was observed.

Genes involved in stress response include molecular chaperones, such as members of the heat shock protein gene family, as already mentioned, in addition to antioxidative enzymes (e.g., catalase, superoxide dismutases, and glutathione-S-transferases) and enzymes of carbohydrate metabolism (e.g., glycogen phosphorylase and phosphofructokinase) (Barat et al., 2016). In mammals, glycogen metabolism is profoundly affected by stress, with glycogen content in peripheral tissues decreasing during stress because of increased glycogenolysis and decreased glycogen synthesis (Van Cromphaut, 2009). To date, few studies have investigated tick glycogen metabolism. However, in a study on arthropod thermal tolerance, a reduction in glycogen content was observed in D. melanogaster with a sudden increase in temperature from 25 to 41.2–41.3°C with a ramping rate of 0.1°C min−1 (Overgaard et al., 2012). As appears to have occurred with HSPI and NELF transcripts, the upregulation of PHKA in ticks feeding on tick-susceptible cattle may be related to the stress condition imposed by blood feeding.

A transcript that encodes a conserved hypothetical protein (XP_002414744.1) with cullin-binding and a UBA_DCNL2 domain was upregulated in ticks feeding on tick-susceptible cattle. This protein functions as an E3 ligase, promoting cullin neddylation by binding to cullins through conserved interaction surfaces on each protein (Kurz et al., 2008). Neddylation is a post-translational modification process analogous to ubiquitination, where neddylated proteins are modified through the closest relative to ubiquitin—NEDD8 protein, which attaches to a lysine residue of the cullin scaffold proteins (Sakata et al., 2007; Rabut and Peter, 2008). Neddylation is important for a number of biological processes and is required for the regulation of a multifunctional transcription factor, NF-κB, which is crucial in immune-response and apoptotic pathways (Cajee et al., 2012). The gene upregulation verified in ticks fed on tick-susceptible cattle in our study corroborates the role of pathways related to cellular proteolysis, as already mentioned in the case of upregulation of HSP1, GGT, and downregulation of NELF, in the maintenance of the susceptible host-tick interaction.

In vertebrates, mucins are abundant in the lungs and digestive tract, where they provide lubrication and protection of the epithelium against physical damage and pathogens (Hollingsworth and Swanson, 2004). Mucins are either secreted and gel-forming or attached to the membrane by special cleavable transmembrane domains (Syed et al., 2008). A mucin-like family has been identified in insects, and its family members are distributed in salivary glands, midgut, and Malpighian tubules (Barry et al., 1999; Syed et al., 2008; Hegedus et al., 2009). In our study, a transcript similar to a mucin-17-like isoform X3 was upregulated in ticks fed on crossbreed cattle. In the hemipteran Nilaparvata lugens, the rice brown planthopper (BPH), a mucin-like transcript, was upregulated when the insects were transferred from a susceptible rice variety to a resistant one (Huang et al., 2017). The authors suggested that the elevated mucin production might enable BPH to cope with the stress of the defense responses or help BPH to suppress the defenses of the resistant plant (Huang et al., 2017). An upregulation in a mucin-17-like isoform X3 transcript was also observed in Diuraphis noxia fed on an aphid-resistant wheat plant in comparison to non-resistant plants (Sinha et al., 2016). In mice immunized with Anopheles gambiae midgut-bound mucin cDNA, increased mortality was observed among mosquitoes fed immunized mice compared to those fed control mice (Foy et al., 2003).

Mucin and mucin-like proteins have been found in R. (B.) microplus (Maruyama et al., 2017) and the sialotranscriptomes of other tick species (Karim et al., 2011; Díaz-Martín et al., 2013; Radulović et al., 2014; Tan et al., 2015; Ong et al., 2016; Antunes et al., 2018), and they may function in tick feeding by coating the chitinous feeding mouthparts or the feeding lesion (Francischetti, 2010). In 1998, an antigen purified from R. (B.) microplus and named BMA7, exhibiting similarity to vertebrate mucins, induced partial immunity against tick infestation in cattle (Mckenna et al., 1998).



DEGs Predicted as Salivary Gland Secreted Proteins

Innexins are transmembrane proteins that form gap junction channels and hemichannels in invertebrates, including arthropods (Richards et al., 2015; Güiza et al., 2018). Gap junctions allow endocrine signals to be rapidly shared among adjacent cells within a tissue by mediating the direct transport of ions, small molecules, and second messengers between them (Phelan and Starich, 2001). Pharmacological inhibitors of gap junctions, such as carbenoxolone, mefloquine, and meclofenamic acids, have been cited as potential insecticides in arthropod vectors, such as Aedes aegypti (Calkins and Piermarini, 2015). In our study, a transcript similar to innexin was downregulated in the salivary glands of ticks fed on resistant cattle. A transcript with similarity to innexin was also expressed in the salivary glands of the female tick A. americanum during blood feeding (Aljamali et al., 2009) and in the proteome of the saliva of the tick O. moubata (Díaz-Martín et al., 2013).

The gene that encodes the predicted secreted protein Na+/dicarboxylate, Na+/tricarboxylate, and phosphate transporter, was upregulated in salivary glands of ticks fed on susceptible cattle. Analyzing transcriptome changes in Eriocheir sinensis larvae after desalination, Hui et al. (2014) identified transcripts of many genes involved in ion transport processes, including the Na+/dicarboxylate, Na+/tricarboxylate, and phosphate transporter, to which it was attributed a potential role in osmoregulation.

A protein predicted as secreted, the phosphoinositol 4-phosphate adaptor protein, was upregulated in ticks feeding on resistant cattle. Four phosphate-adaptor proteins 1 and 2 (FAPP1 and FAPP2) are proteins that localize to the trans-Golgi network (TGN) on nascent carriers and interact with phosphatidylinositol-4-phosphate and the small GTPase ADP-ribosylation factor (ARF) through their plekstrin homology domain (Godi et al., 2004). Phosphoinositol 4-phosphate adaptor proteins are involved in lipid transport (Oleaga et al., 2017) and control the formation and fission of post-Golgi vesicles and regulate secretory transport from the TGN to the plasma membrane, and displacement or knockdown of FAPPs inhibits cargo transfer to the plasma membrane (Godi et al., 2004). In Ornithodoros moubata ticks, phosphoinositol 4-phosphate adaptor protein transcripts were upregulated in the midgut after blood feeding in comparison with non-fed ticks (Oleaga et al., 2017). The phosphatidylinositol-4-phosphate, in turn, is a minor plasma membrane phospholipid component of a signal transduction pathway in tick salivary glands (McSwain et al., 1989), a key regulator of membrane transport required for the formation of transport carriers from the TGN. ARF is a Ras-related GTP-binding protein that regulates the reversible binding of cytosolic coat proteins to Golgi membranes (Donaldson and Klausner, 1994).

A putative monocarboxylate transporter was identified on the A. americanum tick saliva immunoproteome from fed adult females (Radulović et al., 2014) and overexpressed in R. (B.) microplus engorged females treated with ubiquitin-63E dsRNA (Lew-Tabor et al., 2011). Monocarboxylate transporters catalyze rapid transport across the plasma membrane of many monocarboxylates, such as lactate and pyruvate (Lew-Tabor et al., 2011). A transcript similar to a monocarboxylate transporter, predicted as a secreted protein, was upregulated in ticks fed on tick-susceptible cattle.

A secreted cysteine-rich protein containing a trypsin inhibitor-like (TIL) domain was upregulated in the salivary glands of ticks feeding on tick-susceptible cattle. This family comprises chymotrypsin, elastase and trypsin inhibitors (Sasaki et al., 2008), although many extracellular proteins also contain multiple TIL domains (Wang et al., 2015). TIL domain-containing protein family members have been found ubiquitously in blood-feeding insect and tick sialomes (Karim and Adamson, 2012; Maruyama et al., 2017), and in fungal-pathogen interactions, members of this family are frequently associated with host adaptation or specialization (Schulze-Lefert and Panstruga, 2011).

In R. (B.) microplus, a member of this family, known as ixodidin, was purified from the hemocytes and characterized as an antimicrobial peptide, which affected the growth of Micrococcus luteus and Escherichia coli and presented inhibitory activity (Fogaça et al., 2006). BmSI-7, a protein from R. (B.) microplus belonging to the trypsin inhibitor-like cysteine-rich domain family showed strong inhibitory activity toward elastase, which participates in the inflammatory response and is involved in injury caused by tick fixation on bovines (Sasaki et al., 2008). A secreted cysteine-rich protein containing the TIL domain was upregulated in the proteome of fed Amblyomma sculptum, induced by blood feeding, compared with non-fed ticks (Esteves et al., 2017). In R. (B.) microplus, TIL domain-containing proteins were also upregulated in the fully engorged female proteome in comparison with partially engorged females (Tirloni et al., 2014).

A transcript similar to the putative defense protein 3 containing a reeler domain, predicted to be a secreted protein, was upregulated in ticks feeding on tick-susceptible cattle. A putative defense protein 3 was also upregulated in the proteome of a whitefly infected by two begomoviruses, the tomato yellow leaf curl virus (TYLCV) and the papaya leaf curl China virus (PaLCuCNV), as a defense response against the viruses (Zhao et al., 2019). Defense proteins with a reeler domain have been shown to have an important role in innate immune responses in a variety of insects (Bao et al., 2011; Arp et al., 2016). In I. scapularis, a predicted secreted protein with a reeler domain—PIXR—was induced upon feeding and upregulated in B. burgdorferi-infected tick guts, favoring colonization by the bacteria (Narasimhan et al., 2017).

In our results, a transcript similar to an F-actin-uncapping protein, LRRC16A isoform X2 (LRCC16A) with a CARMIL_C domain, a putative secreted protein, was upregulated in salivary glands from ticks feeding on tick-resistant cattle. Actins are the major constituents of the actin cytoskeleton and are essential for cell adhesion, migration, mechanosensing, and contractility in muscle and non-muscle tissues (Simiczyjew et al., 2017; Vedula and Kashina, 2018). Actin filaments grow and shrink by addition and loss, respectively, of actin monomers at the ends of filaments (Stark et al., 2017), and such regulation affects a wide range of cell processes, including development, differentiation, immunity, and inflammation (Marcos-Ramiro et al., 2014). Actin polymerization occurs primarily through elongation at the filament barbed end, and the elongation continues until the barbed end is capped by a capping protein (CP) (Yang et al., 2005). Regulation of barbed-end capping occurs by binding of the inhibitor factors to the filament, thereby protecting it from CP, by binding to CP and inhibiting its capping activity or by uncapping (Yang et al., 2005). CARMILs are multidomain proteins that regulate the actin-binding activity of CP binding directly to it and induce a conformational change that decreases its actin-capping activity (Stark et al., 2017).

Our results help to characterize cattle tick salivary gland gene expression in both susceptible and resistant hosts and suggest new putative targets for infestation control, as those genes involved in stress response mechanism during blood feeding. A possible coordinated regulation targeting a small heat shock protein and a negative elongation factor B-like genes, the latter expressed in order to maintain heat shock gene expression increased during blood feeding; along with upregulation of a 26S proteasome subunit and calnexin, other chaperone, shed light to the role of this mechanism in maintaining tick feeding. Other interactions, as the one described, are under analysis, and may evince important new targets to vaccines development.
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Ticks are hematophagous arthropods, and their blood feeding on vertebrate hosts is essential for their development. The vertebrate blood contains high levels of free iron that can react with oxygen in ticks, resulting in the production of hydrogen peroxide (H2O2), one of the reactive oxygen species. Peroxiredoxins (Prxs), H2O2-scavenging enzymes, take on an important role in the ticks' oxidative stress coping mechanism. Ticks also transmit several disease-causing pathogens, including tick-borne encephalitis virus (TBEV), in animals and humans. Therefore, the control of ticks and tick-borne pathogens is a key issue that needs to be addressed. Infection with an arthropod-borne flavivirus is known to induce oxidative stress in insect cells. We hypothesize that vector-derived Prxs could have an effect on the infection and/or replication of flaviviruses in the hosts, since ticks Prxs are possibly transmitted from ticks to their hosts. In this study, we established stable strains of baby hamster kidney (BHK) cells expressing two types of H2O2-scavenging Prxs from the hard tick Haemaphysalis longicornis (BHK-HlPrx and BHK-HlPrx2 cells). Although the infection of TBEV surrogate Langat virus (LGTV) did not induce H2O2 production in normal BHK cells, the mortality rate and the virus titer of LGTV infected BHK-HlPrx cells increased. In addition, HlPrx proteins in BHK cells can facilitate LGTV replication in cells, while HlPrx2 proteins in BHK cells cannot. The results also demonstrated that this facilitation of LGTV replication by the 1-Cys Prx in the BHK cells is not by scavenging H2O2 but by an unknown mechanism. In order to understand this mechanism, more studies using tick-derived cells and ticks are necessary.

Keywords: tick, peroxiredoxins, tick-derived molecule in the host, host–virus interaction, langat virus


INTRODUCTION

Ticks are obligate hematophagous ectoparasites and require blood feeding throughout their life cycle, except in the egg stage. The process from blood-feeding to blood-digestion lead to providing nutrition to ticks and activating tick life cycles including development, molting, and embryogenesis (Grandjean, 1983). Ticks feed on vertebrate blood that contains high levels of iron, like heme, and ferrous iron (Galay et al., 2014). In addition, ticks concentrate host-derived blood with iron, leading to a high concentration of iron in ticks. The concentrated iron can react with oxygen in the tick's body, resulting in high levels of reactive oxygen species (ROS), including hydrogen peroxide (H2O2) (Citelli et al., 2007; Galay et al., 2015). A high concentration of H2O2 causes oxidative damage to biopolymers, such as membrane lipids, nucleic acids, and proteins, leading to harmful effects on aerobic organisms (Robinson et al., 2010). Ticks have antioxidant enzymes that scavenge H2O2, like peroxiredoxins (Prxs) (Tsuji et al., 2001; Kusakisako et al., 2016a), catalases (Kumar et al., 2016), and selenoproteins (Adamson et al., 2014). Reports have demonstrated that the knockdown of these H2O2-scavenging enzyme genes has an inhibition effect on tick blood feeding and/or reproduction (Adamson et al., 2014; Kumar et al., 2016; Kusakisako et al., 2016a). Therefore, the antioxidant enzymes controlling the H2O2 concentration in ticks can be considered to be important in tick blood feeding and reproduction (Kusakisako et al., 2018a).

On the other hand, ticks are vectors of pathogens with economic importance to humans and animals, such as viruses, protozoa, and bacteria (Hoogstraal, 1985). H2O2-scavenging enzymes, such as Prxs, catalases, and selenoproteins, also have been analyzed in ticks to comprehend the interaction between the antioxidant enzymes and tick-borne pathogens (Narasimhan et al., 2007; Budachetri et al., 2017a,b). A Prx homologous protein (Salp25D) derived from the salivary glands of an Ixodes scapularis tick facilitates Borrelia to escape from neutrophil oxidation in the vertebrate host, resulting in successful transmission of the parasites from tick to host (Narasimhan et al., 2007). In addition, silencing of the catalase gene and inhibition of that protein resulted to the low transmission of Rickettsia parkeri to eggs of Amblyomma maculatum ticks (Budachetri et al., 2017b). Furthermore, the gene silencing of a selenocysteine insertion sequence (SECIS) binding protein (SBP2), involved in selenoprotein synthesis, significantly diminished the transovarial transmission of R. parkeri parasites to eggs in A. maculatum ticks (Budachetri et al., 2017a). Thus, these enzymes are also important to the vector competency of ticks with regard to horizontal transmission and transovarial transmission (Kusakisako et al., 2018a; Hernandez et al., 2019).

Tick-borne flaviviruses (TBFVs) induce considerable disease and death worldwide. Infections are characterized by mild to severe neurological symptoms, like meningitis and encephalitis (Weber et al., 2014; Mlera et al., 2015). In Europe, Russia, and Far East, including Japan, tick-borne encephalitis virus (TBEV) is considered one of the most medically important arboviruses, with 10,000 to 15,000 cases recorded each year (Lindquist and Vapalahti, 2008; Weber et al., 2014). Since most TBFVs require at least a biosafety level 3 (BSL3) containment facility, use of Langat virus (LGTV), a TBFV of low neurovirulence, provides a convenient BSL2 model of TBEV and other highly pathogenic TBFVs (Mlera et al., 2015). The Dengue virus, a known mosquito-borne flavivirus, requires the catalase gene to invade the mosquito midgut (Oliveira et al., 2017). Furthermore, some reports have demonstrated that mammalian cells which were infected with some arbovirus, such as Togaviridae, or expressing nonstructural proteins derived from TBEV were induced the production of ROS (Kuzmenko et al., 2016; Camini et al., 2017). These reports suggest that the H2O2-scavenging enzymes could also be important in the vector competency of arthropod-borne viruses.

Among these H2O2-scavenging enzymes in ticks, Prxs have been well-characterized in tick biology and in relationship to tick pathogens (Tsuji et al., 2001; Narasimhan et al., 2007; Kusakisako et al., 2016a, 2018a,b). Furthermore, Narasimhan et al. (2007) demonstrated that one tick Prx facilitate the transmission of pathogen from ticks to their host. Therefore, we considered that tick Prxs could be important for the interaction between ticks and tick-borne pathogens in the host. In this study, we established tick Prxs–expressing mammalian cells and investigated the interaction between tick-derived Prxs and LGTV infection in the mammalian cells.



MATERIALS AND METHODS


Cell Culture and Virus

Baby hamster kidney (BHK-21) cells (ATCC CCL-10) were maintained in Eagle's minimum essential medium (EMEM) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) containing 5% fetal bovine serum (FBS) (Equitech-Bio, Kerrville, TX, USA) and 1% antibiotic/antimycotic (Nacalai Tesque, Kyoto, Japan). The cells were maintained at 37°C under 5% CO2 until use.

The LGTV TP21 used in this study was amplified in BHK cells, and the virus stock titer was determined via focus forming assay as previously described (Talactac et al., 2016). The virus stock was aliquoted and stored at −80°C until use.



Construction of Haemaphysalis longicornis Tick-Derived Prx Gene Expression Vectors Using the H. longicornis actin (HlAct) Promoter Region

Prxs can be classified into two groups in accordance with the presence of one or two conserved cysteines, 1-Cys or 2-Cys Prxs (Hall et al., 2011). In hard ticks, especially H. longicornis, some previous reports on tick Prxs have focused on 1-Cys Prx (HlPrx) (Tsuji et al., 2001), and 2-Cys Prx (HlPrx2) (Kusakisako et al., 2016a,b).

To construct H. longicornis tick-derived Prx (HlPrx and HlPrx2) gene expression vectors using an HlAct promoter region, the human phosphoglycerate kinase (PGK) promoter of the pmirGLO plasmid (Promega, Madison, WI, USA) was replaced with an HlAct promoter region as previously described (Kusakisako et al., 2018b), with some modifications. The reason we constructed the gene expression vectors using a tick-derived promoter was that tick-derived molecules were considered to be compatible with the tick-derived promoter for foreign protein expression in the host cells. The pmirGLO vector was double digested using BglII and XhoI, and the PGK promoter and luciferase sequence were removed from the pmirGLO plasmid (pmirGLO-no pro-no Luc). The plasmid was purified using the NucleoSpin® Gel PCR Clean-up Kit (Macherey-Nagel, Düren, Germany). The HlAct promoter region or HlPrx and HlPrx2 genes with a FLAG-tag were amplified by polymerase chain reaction (PCR) using KOD-Plus-Neo (Toyobo, Osaka, Japan) with pmirGLO-Bgl II-HlAct-F and pmirGLO-HlAct-kozak-FLAG-R primers for the HlAct promoter region, FLAG-HlPrx-F and HlPrx-Xho I-R primers for the HlPrx gene, and FLAG-HlPrx2-F and HlPrx2-Xho I-R primers for the HlPrx2 gene (Table 1). These PCR products were purified using the NucleoSpin® Gel PCR Clean-up Kit (Macherey-Nagel). The pmirGLO-no pro-no Luc plasmid and the purified PCR products were mixed with a 5× Infusion Enzyme (Takara, Shiga, Japan) and incubated at 50°C for 15 min. The pmirGLO-HlAct pro-HlPrx and pmirGLO-HlAct pro-HlPrx2 plasmids were transformed into an Escherichia coli stellar strain, and the plasmid was then increased and purified using the Qiagen® Plasmid Midi Kit (Qiagen, Hilden, Germany) as previously described (Kusakisako et al., 2018b).


Table 1. Oligonucleotide primer sequences used for the construction of plasmids.
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Transfection of Plasmid Vectors Into BHK Cells and Establishment of HlPrx-Expressed BHK Cells Using Antibiotic G418

BHK cells were seeded in a 6-well plate at 2 ml/well of 1.5 × 105 cells/ml and incubated at 37°C overnight. The plasmid vector (6 μg/well), 120 μl of Opti-MEM (Gibco, Grand Island, NY, USA), and 12 μl of HilyMax (Dojindo, Kumamoto, Japan) were mixed and incubated at room temperature (RT) for 15 min. Then the incubated mixture was added to the culture medium in each well, and the cells were incubated at 37°C for 16 h. After 16 h, 2 ml of the medium was added to each well, and the cells were further incubated for 32 h.

After transfection of the HlPrx-expressed plasmids to BHK cells, the supernatant was removed, and the medium with 1 mg/ml G-418 Sulfate Solution (Geneticin, Wako Pure Chemical Industries, Ltd.) was added every third day until the cells were confluent (around 10 days). G418 was used for the drug selection, since the pmirGLO plasmid originally has a G418-resistant gene. The confluent cells were transferred into a 96-well plate at 0.1 ml/well of 8 cells/ml and incubated at 37°C for 3 days. After 3 days, 0.1 ml of the medium with 0.3 mg/ml G418 was added to each well. The supernatant was replaced, and the medium containing 0.3 mg/ml G418 was replaced every third day until the single cell was colonized. The single-cell colony was transferred to a larger culture plate and flask. Finally, the drug-selected and HlPrx-expressing BHK cells (BHK-HlPrx and BHK-HlPrx2, respectively) were obtained. In addition, BHK cells used as a control cells following experiments did not go through the transfection process as described above.



Protein Extraction and Western Blotting

To confirm the FLAG-tagged HlPrx and HlPrx2 proteins in BHK cells, immunostaining was performed. The obtained BHK cells were collected and suspended in phosphate buffered saline (PBS) and sonicated for 6 min at 45 kHz using a VS-100III ultrasonic cleaner (AS ONE Corporation, Osaka, Japan) and then centrifuged at 22,140 ×g. The supernatant was resolved in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel under reducing conditions. After SDS-PAGE, the proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (Immobilon®-P, Millipore, Danvers, MA, USA). The membranes were blocked for 1 h at RT with 0.3% skim milk in PBS containing 0.05% Tween 20 (PBS-T, blocking solution); they were incubated with 1:1,000 dilutions of Anti-DDDDK-tag pAb (rabbit, MBL, Nagoya, Japan) against FLAG-tagged HlPrx; and HlPrx2 proteins in a blocking solution at 4°C overnight. For loading control, α-tubulin was detected using a monoclonal anti-α-tubulin antibody (mouse, Sigma-Aldrich, St. Louis, MO, USA). After washing three times in PBS-T, the membranes were incubated with a 1:50,000 dilution of horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse immunoglobulins (Dako, Glostrup, Denmark) in a blocking solution at RT for 1 h. After washing three times in PBS-T, bands were detected using AmershamTM ECLTM Prime Western Blotting Detection Reagent (GE Healthcare, Buckinghamshire, UK) and viewed using FluorChem® FC2 software (Alpha Innotech, San Leandro, CA, USA).



Detection of H2O2 Using BES-H2O2-Ac in BHK Cells

The intracellular H2O2 detection in BHK cells was performed using BES-H2O2-Ac (Wako Pure Chemical Industries, Ltd.) as previously described (Kusakisako et al., 2018b), with some modifications. BHK, BHK-HlPrx, and BHK-HlPrx2 cells were seeded in a 24-well plate at 500 μl/well of 1.5 × 105 cells/ml and incubated overnight at 37°C. After removing the supernatants, the cells were washed with 500 μl of PBS in each well. After washing the cells, the supernatants were replaced with 5 μM BES-H2O2-Ac and 1 μM Hoechst 33342 (Dojindo) in a culture medium without FBS and incubated at 37°C for 30 min. The cells were washed again with PBS, and then the supernatants were replaced with 0.05% H2O2 in a culture medium and incubated at 37°C for 30 min. After exposure to H2O2, the cells were washed with PBS, and the supernatants were replaced with the culture medium. The cells were observed under a fluorescent microscope (IX71, Olympus, Tokyo, Japan). Furthermore, to measure the fluorescence intensities of H2O2 in the cells, the cells were collected using 120 μl of 0.25% Trypsin-EDTA solution (Wako Pure Chemical Industries, Ltd.). The collected cells (100 μl) were transferred to a 96-well plate to measure their fluorescence. Fluorescence was detected using a microplate reader (SH-9000Lab, Corona Electric, Ibaraki, Japan) with excitation at 480 nm and emission at 535 nm for BES-H2O2-Ac and with excitation at 352 nm and emission at 461 nm for Hoechst 33342.



Cell Survival Assays After the H2O2 Treatment of BHK Cells

After H2O2 treatment, the BHK cells (20 μl) were used for in vitro cell survival assay (Strober, 2001). The cells were mixed with 20 μl of Trypan blue (Nacalai Tesque). Then the ratio between the surviving and dead Trypan blue–stained cells was determined using a hemocytometer.



Cell Survival Assays After LGTV Infected BHK Cells

To measure the cell survival rate of the LGTV-infected BHK cells and the BHK-HlPrx and BHK-HlPrx2 cells, the normal BHK, BHK-HlPrx, and BHK-HlPrx2 cells were seeded in a 24-well plate at 500 μl/well of 4.0 × 105 cells/ml and incubated overnight at 37°C. The supernatants were replaced with a culture medium containing 0.01 multiplicity of infection (MOI) of LGTV and incubated for 1 h at 37°C. For each assay, cells were either infected with LGTV or were mock-infected with control medium. The cells were washed with PBS to remove the unabsorbed viruses. Then the plates were incubated at 37°C for 3 days. To collect the dead cells during this experiment, the supernatants were collected and centrifuged at 100 ×g. The supernatants for the measurement of virus titers were collected in new tubes and stored at −30°C until use. The live cells attached to the plate were collected using 100 μl of 0.25% Trypsin-EDTA (Wako Pure Chemical Industries, Ltd.). Finally, the centrifuged detached cells and the collected attached cells were mixed. The counting of the live and dead cells was performed as mentioned above.



Titration of LGTV in the Supernatant Using a Focus Forming Assay

The LGTV used in this study was amplified in BHK, BHK-HlPrx, and BHK-HlPrx2 cells, and the virus titers were determined by focus forming assay as previously described (Talactac et al., 2016). Briefly, serial 10-fold dilutions of the cultured supernatants were plated on 4.0 × 105 cells/well of BHK cells in 24-well plates and incubated at 37°C for 1 h. After washing with PBS, the infected cells were overlaid with 1.5% methylcellulose containing modified Eagle's medium (MEM) (Gibco) with 1% FBS and 1% antibiotic/antimycotic and incubated at 37°C for 4 days. The supernatants were removed, and the cells were fixed by a 4% paraformaldehyde phosphate buffer solution (pH 7.4) at RT for 30 min. The fixed cells were blocked by 5% skim milk in PBS at RT for 1 h. After washing with PBS, viral foci were detected by a primary antibody against Langat virus in mice (1:1,000 dilution), followed by Alexa Fluor® 594 goat antimouse IgG (1:1,000 dilution, Invitrogen, Carlsbad, CA, USA). For taking photos, we decided the maximum exposure time using the LGTV uninfected BHK cells, and then, the photos of the experimental groups were taken under the maximum exposure time. The foci were counted using a fluorescence microscope (IX71, Olympus), and the virus titers of the cultured supernatant derived from BHK, BHK-HlPrx, and BHK-HlPrx2 cells were expressed as focus-forming unit (FFU) per milliliter (FFU/ml).



Statistical Analysis

All experiments were done at least three times. The results are shown as average ± standard deviation (SD). A one-way ANOVA test was applied to the obtained data, and statistically significant differences (p < 0.001) in each group were demonstrated. For pair comparisons within groups, Tukey's test was applied. In contrast, the statistical comparison between two groups of the same cells was analyzed using Welch's t-test. P < 0.05 was considered to be a statistically significant difference.




RESULTS


Detection of FLAG-Tagged HlPrxs in Transfected BHK Cells Using Western Blotting

To detect FLAG-tagged HlPrx and HlPrx2 in the transfected BHK cells (BHK-HlPrx and BHK-HlPrx2 cells), Western blotting was performed using an anti-FLAG-tag antibody as a primary antibody. Western blotting demonstrated that the FLAG-tagged HlPrx and HlPrx2 in BHK cells were detected with molecular weights of 25.7 kDa (white arrowhead) and 23.5 kDa (black arrowhead), respectively (Figure 1). On the other hand, in the normal BHK cells, FLAG-tagged HlPrxs were not detected. These results demonstrated that the HlPrx- or HlPrx2-expressing plasmid-transfected BHK cell lines (BHK-HlPrx and BHK-HlPrx2 cells) expressed a certain Prx protein in the cells.
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FIGURE 1. Detection of FLAG-tagged HlPrxs in transfected BHK cells using Western blotting. The left column indicates the specific antibody against FLAG-tagged HlPrx and HlPrx2 proteins or α-tubulin in BHK cells. The upper rows show the BHK cell lines. The white arrowhead indicates the FLAG-tagged HlPrx protein (~25.7 kDa), while the black arrowhead indicates the FLAG-tagged HlPrx2 protein (~23.5 kDa). The α-tubulin protein served as a loading control. M, molecular weight Marker; BHK-HlPrx, Haemaphysalis longicornis 1-Cys peroxiredoxin-expressing baby hamster kidney cells; BHK-HlPrx2, H. longicornis 2-Cys peroxiredoxin-expressing baby hamster kidney cells.




Antioxidant Activity of BHK-HlPrx and BHK-HlPrx2 Cells Against H2O2 Exposure

To evaluate the antioxidant activity of BHK-HlPrx and BHK-HlPrx2 cells against H2O2, the detection of intracellular H2O2 in the BHK cells was conducted using a BES-H2O2-Ac probe. The BHK cells were incubated with 5 μM BES-H2O2-Ac and 1 μM Hoechst 33342, and then the cells were exposed to 0.05% H2O2. The cells were observed under fluorescence microscopy, while the fluorescent intensities in BHK cells were measured using the microplate reader. Fluorescent microscopy revealed that the fluorescence of the intracellular H2O2 in the BHK-HlPrx and BHK-HlPrx2 cells was of lower intensity than that in BHK cells (Figure 2A, H2O2), even though without the addition of external H2O2, the H2O2 fluorescence in the BHK-HlPrx and BHK-HlPrx2 cells seemed to be weaker than that in the BHK cells (Figure 2B, Normal). In addition, the microplate reader fluorescence intensity measurement showed that the intracellular H2O2 in the BHK-HlPrx and BHK-HlPrx2 cells had significantly lower relative intensities as compared with the BHK cells in both the normal and H2O2-exposed states (Figure 2B). In each cell line, the fluorescence intensities of H2O2 in the BHK cells significantly increased with exposure to 0.05% H2O2 (Figure 2B, Normal vs. H2O2).
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FIGURE 2. Antioxidant activity of BHK-HlPrx and BHK-HlPrx2 cells against H2O2 exposure. (A) The fluorescence of the BES-H2O2-Ac probe in BHK-HlPrx, BHK-HlPrx2, and BHK cells was observed under a fluorescence microscope after H2O2 treatment. The left column indicates the treatment of the cells. Scale bars: 100 μm. (B) Graph of the fluorescence intensities of the BES-H2O2-Ac probe in the BHK cell lines after exposure to 0.05% H2O2 for 30 min. The intensities are shown as the ratio of BES-H2O2-Ac/Hoechst 33342 intensities. (C) Graph of the mortality rate in BHK cell lines after exposure to 0.05% H2O2 for 30 min. In the (B,C) graph, the results are shown as average ± standard deviation (SD). Data were analyzed using Tukey's test in the same state as indicated by the line with asterisks and Welch's t-test in the same BHK cell line as indicated by the line with asterisks above error bars in the H2O2-treated state. *P < 0.05 and **P < 0.01 indicate significant differences. Normal, normal cultured state; H2O2, 0.05% H2O2-treated state; BHK-HlPrx, H. longicornis 1-Cys peroxiredoxin-expressing baby hamster kidney cells; BHK-HlPrx2, H. longicornis 2-Cys peroxiredoxin-expressing baby hamster kidney cells.


To evaluate the mortality rate among three cell lines cultured with or without H2O2, Trypan blue assays were conducted. The Trypan blue assays revealed that the mortality rate of BHK-HlPrx2 cells was significantly lower than that of BHK cells under the H2O2 treatment (Figure 2C, H2O2). In addition, the mortality rate of BHK-HlPrx and BHK cells in the H2O2-exposed state was significantly higher than in the normal state (Figure 2C). These results suggested that HlPrxs decrease the H2O2 concentration in the host cells, and HlPrx2 might have a higher antioxidant activity than HlPrx, resulting in a decreased mortality rate in BHK-HlPrx2 cells.



Interaction Between Tick Prxs and LGTV in BHK Cells

To evaluate the effects of LGTV infection on the mortality rate of BHK-HlPrx and BHK-HlPrx2 cells, Trypan blue assays were conducted after the BHK cell lines were infected with LGTV. Before conducting Trypan blue assays in these BHK cell lines, we confirmed whether the concentration of H2O2 will increase in BHK cells due to LGTV infection. First, we observed BHK cells infected with LGTV and treated with BES-H2O2-Ac and Hoechst 33342 under fluorescence microscopy. The fluorescence microscopy indicated that LGTV infection did not induce H2O2 production in LGTV-infected or the normal-state BHK cells (Supplementary Figure 1A). In addition, we evaluated the H2O2 fluorescence intensities in BHK cells using a microplate reader. We did not observe any difference in H2O2-specific fluorescent intensity between the normal state and LGTV-infected BHK cells (Supplementary Figure 1B). These results indicated that LGTV infection of BHK cells might not influence the concentration of H2O2. Therefore, we considered that the LGTV-infection also may not influence H2O2 concentrations in BHK-HlPrx and BHK-HlPrx2 cells. Next we conducted Trypan blue assays to evaluate the effects of LGTV infection on the mortality rate of BHK cell lines. The assays revealed that LGTV infection of the BHK cell lines significantly increased the mortality rate in all cell lines (Figure 3A). Although the mortality rate in BHK-HlPrx cells was significantly increased (142.7%) as compared with BHK cells, the mortality rate in BHK-HlPrx2 cells was significantly decreased (55.6%) as compared with BHK cells (Figure 3A, LGTV-infected; Supplementary Table 1).
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FIGURE 3. Interaction between tick Prxs and LGTV in BHK cells. (A) Graph of the mortality rate in BHK cell lines after infection with LGTV. (B) Observation of LGTV in BHK cell lines under fluorescent microscopy using anti-LGTV mouse antisera. Scale bars: 100 μm. NC, Negative Control for a baseline fluorescence. (C) Graph of the viral titers in cultured supernatants from the BHK cell lines infected with LGTV. Viral titers represented as foci-forming-unit (FFU)/ml. In the (A,C) graph, the results are shown as average ± standard deviation (SD). Data were analyzed using Tukey's test in the same state as described line with asterisks and Welch's t-test in the same BHK cell line as described asterisks above error bars in H2O2 treated state. **P < 0.01 indicate significant differences. Normal, normal cultured state; LGTV-infected, the cell lines infected with Langat virus; BHK-HlPrx, H. longicornis 1-Cys peroxiredoxin-expressing baby hamster kidney cells; BHK-HlPrx2, H. longicornis 2-Cys peroxiredoxin-expressing baby hamster kidney cells.


Moreover, to compare the LGTV replication among BHK-HlPrx, BHK-HlPrx2, and BHK cells, the virus titers of the culture supernatants were measured. First, the LGTV-derived proteins were observed under a fluorescent microscope using anti-LGTV mouse antiserum. The fluorescence microscopy revealed that LGTV-derived fluorescence was detected in all culture supernatants, and more fluorescent foci were observed in the BHK-HlPrx compared to BHK-HlPrx2 or normal BHK cells (Figure 3B). In addition, when the virus titers were measured in the culture supernatants, a significantly higher virus titer was detected in the supernatant of BHK-HlPrx cells than in the supernatants of BHK-HlPrx2 and BHK cells (Figure 3C; Supplementary Table 1). However, the virus titer in the supernatant of BHK-H1Prx2 cells was not significantly different from the virus titer in the supernatant of BHK cells, although the cell mortality rate in BHK-HlPrx2 cells was significantly lower than the one in BHK cells (Figure 3). These results indicated that the HlPrx protein in BHK cells increases LGTV replication, leading to a higher mortality rate in BHK-HlPrx cells.




DISCUSSION

H2O2-scavenging enzymes in ticks, like Prxs, catalases, and selenoproteins, have been investigated to comprehend not only their antioxidant effects in ticks (Adamson et al., 2014; Kumar et al., 2016; Kusakisako et al., 2016a), but also their interactions with tick-borne pathogens (Narasimhan et al., 2007; Budachetri et al., 2017a,b). In I. scapularis ticks, 1-Cys Prx (Salp25D) is important for B. burgdorferi transmission from ticks to the host to protect Borrelia from neutrophil oxidation in the host (Narasimhan et al., 2007). In I. ricinus ticks, two Prx-homologous genes were strongly induced in the hemolymph during B. burgdorferi infection (Rudenko et al., 2005). In addition, the obstruction of the catalase functions or knockdown of the SBP2 gene related to selenoprotein synthesis in A. maculatum resulted in the low transmission of R. parkeri to tick eggs (Budachetri et al., 2017a,b). Thus, these enzymes affect the transmission of tick-borne pathogens from ticks to hosts or from adult female ticks to their eggs.

In the present study, we utilized H. longicornis tick-derived Prxs-expressing BHK cell lines. The BHK cells themselves have four BHK cells-derived Prxs (Supplementary Table 2). Therefore, both the H. longicornis tick-derived Prx and BHK-cells derived Prxs are present within the cells, but on this study, we focused on the Prxs derived from H. longicornis ticks. Prxs can be divided into two groups (1-Cys and 2-Cys Prxs) based on the presence of one or two conserved cysteines (Hall et al., 2011). In general, 2-Cys Prxs have two conserved cysteines, peroxidatic and resolving ones (Hofmann et al., 2002). The peroxidatic cysteine reacts with and detoxifies H2O2. Then the post-reaction peroxidatic cysteine reacts with another Prx's resolving cysteine, and the two Prxs form homodimers via intermolecular disulfide bonds. These disulfide bonds are resolved by thioredoxins, and the reduced 2-Cys Prxs become active forms (Lu and Holmgren, 2014). On the other hand, 1-Cys Prxs contain only the peroxidatic cysteine without a resolving cysteine (Choi et al., 1998). The mechanism of 1-Cys Prxs is considered to react with and detoxify H2O2 as one molecule. Then the post-reaction peroxidatic cysteine is reduced by a hydrogen donor such as glutathione, and finally the enzyme is recycled (Wood et al., 2003). In addition, mammal Prxs are classified into six subgroups (Prx I to Prx VI) in accordance with the localization within the cells: Prx I and Prx II are localized in the cytosol, Prx III in mitochondria, Prx IV in the extracellular space, Prx V in mitochondria and peroxisomes, and Prx VI in the cytosol (Rhee et al., 2005). Prx I to Prx V are 2-Cys Prxs, and Prx VI is a 1-Cys Prx (Rhee et al., 2005). The tick Prxs used in this study were 1-Cys Prx (HlPrx) and 2-Cys Prx (HlPrx2). HlPrx was classified as Prx VI, and the identity with BHK cell-derived Prx VI, a 1-Cys Prx, was 62.8%, with 97% coverage against the Prx VI of BHK cells (Supplementary Table 2). HlPrx2 could be classified as Prx II, since the localization within tick hemocytes, a cell in tick hemolymph, is the cytosol (Kusakisako et al., 2016b) and the full length of the amino acid sequence is almost the same between HlPrx2 and Prx II (Supplementary Table 2). The identity with BHK cell-derived Prx II was 75.3%, with 96% coverage against the Prx II of BHK cells (Supplementary Table 1). In addition, the identity between HlPrx and HlPrx2 was 30.4%, with 75% coverage (Supplementary Table 2). These results suggested that HlPrx and HlPrx2 proteins expressed in the BHK-HlPrx or BHK-HlPrx2 cell lines would localize to the cytosol of the cells, and the functions against the cells might be different.

In this study, we were interested in the associated effects on the pathogen within the host cell in the presence of Prxs. We initially confirmed the biological activity of the expressed HlPrx and HlPrx2 proteins in the established BHK cell lines through the antioxidant activity against H2O2. The results (Figures 1, 2) demonstrated that the HlPrx and HlPrx2 proteins expressed in the established cell lines (BHK-HlPrx and BHK-HlPrx2 cells) had antioxidant activity through scavenging H2O2. The survival rate of the BHK-HlPrx2 cell line was higher than that of the other cell lines (Figure 2C). The HlPrx2 protein was reported to play an important role in the antioxidant activity in tick blood feeding and oviposition by controlling the H2O2 concentration in ticks (Kusakisako et al., 2016b). In addition, tick Prxs would transfer to their host body during tick blood feeding (Tsuji et al., 2001; Narasimhan et al., 2007; Tirloni et al., 2015; Kim et al., 2016). Therefore, the present study, together with other notable reports, indicates that the established cell lines (BHK-HlPrx and BHK-HlPrx2 cells) could be a model environment in which the tick-derived proteins interacted with tick-transmitted pathogens in the host cell.

To evaluate the interaction between BHK cells and LGTV on H2O2 induction in the host cells, we observed the fluorescence and amount of H2O2 in BHK cells infected with LGTV. However, there was no significant difference in the fluorescence and amount of H2O2 between the normal state and LGTV-infected BHK cells (Supplementary Figure 1). This suggested that LGTV infection does not induce H2O2 in BHK cells. On the other hand, it has been reported that a human liver-derived cell line infected with Togavirus, an arbovirus, were induced the production of ROS (Camini et al., 2017). Furthermore, Kuzmenko et al. (2016) reported that ROS induction was observed when non-structural proteins of TBEV were expressed in a human kidney-derived cell line. In other viruses, such as influenza A and lymphocytic choriomeningitis, infection of the host induced ROS production in granulocytes, including neutrophils (Akaike et al., 1996; Lang et al., 2013). These reports showed that the ROS production was induced by virus infections in cell lines, including the immune cells, such as neutrophils. In the present study, ROS induction was not observed in BHK cells infected with LGTV. It could be that LGTV did not stimulate ROS production in BHK cells or that the stimulation of ROS production in BHK cells by LGTV occurred minimally. Therefore, it is expected that further evaluation of the interaction between the viral infection and HlPrxs protein is possible by using the immune cells, such as neutrophils and macrophages, in which the induction of ROS production by viral infection has been reported.

Interestingly, our experiments demonstrated that the mortality rate of the LGTV-infected BHK-HlPrx cells and the virus titer of the culture supernatant from those cells increased, even though LGTV infection did not induce the production of H2O2 in the virus-infected BHK-HlPrx cells (Figure 3; Supplementary Figure 1). These results suggested that an unknown mechanism in HlPrx promotes the growth of LGTV in BHK-HlPrx cells. In general, flaviviruses replicate on the endoplasmic reticulum (ER), including the lysosome, after invading the target cells (Okamoto et al., 2017). 1-Cys Prx in mammalian cells is known to be localized in the cytoplasm and lysosome (Fisher, 2017), and thus, 1-Cys Prx would be abundant in the ER that produces lysosome. In addition, cyclophilin A, one of the immunophilins, facilitates the replication of flaviviruses to interact with virus-derived non-structural proteins (Qing et al., 2009), and cyclophilin A would be related to 1-Cys Prx (Prx VI) (Ishii et al., 2012). These reports suggested the possibility that 1-Cys Prx affects the replication of flaviviruses on the ER. On the other hand, LGTV infection is known to be involved in the apoptosis control system through the upregulation of caspase-3 and -7 in human embryonic kidney (HEK) 293T cells (Mlera et al., 2016). Dengue fever virus (DENV) infection was also reported to induce mitochondria-mediated apoptosis in BHK cells and Vero cells derived from a monkey kidney (Nasirudeen et al., 2008). In addition, the ER stress due to infection with the Japanese encephalitis virus (JEV) promoted apoptosis in BHK cells (Huang et al., 2016). Flavivirus-related apoptosis is often induced by virus-derived proteins, such as capsid proteins and non-structural proteins (Bhuvanakantham et al., 2010). These reports and our results suggest that the promotion of LGTV replication in BHK-HlPrx cells led to the induction of apoptosis of the infected cells and a higher mortality rate among the experimental cell lines.

In BHK-HlPrx2 cells, the mortality due to LGTV infection significantly decreased as compared to normal BHK cells, while the virus titer from the culture supernatant did not increase (Figure 3). The HlPrx2 protein in ticks is considered to be important for tick survival and development through the control of H2O2 concentration during and after blood feeding (Kusakisako et al., 2016b). However, the H2O2 concentration in BHK cells, including the BHK-HlPrx and BHK-HlPrx2 cell lines, would not increase (Supplementary Figure 1). In ticks, the HlPrx2 protein localizes inside the cell and tissue membranes using immunostaining (Kusakisako et al., 2016b). In addition, HlPrx2 proteins can become a hexamer with a chaperon activity (Moon et al., 2005; Hall et al., 2011; König et al., 2013; Kusakisako et al., 2016b), which would lead to protection of the membrane from damage, including oxidative stress and viral infection. Therefore, we concluded that the HlPrx2 protein in the BHK-HlPrx2 cell line acted to maintain homeostasis in the BHK cells, resulting in lower mortality of the BHK-HlPrx2 cells infected with LGTV in comparison with the BHK cells infected with LGTV. These results and reports also suggested that HlPrx2 proteins have a low possibility of being related to LGTV replication in the BHK cells.

Chen et al. (2018) reported that DENV replicates and induces ROS production in a mosquito-derived cell line without a cytopathic effect (CPE), while the infection of a mammalian cell line leads to cell death. Likewise, although LGTV infection of BHK cells induced CPE in the cells at Day 3 after inoculation, LGTV could replicate in an I. scapularis tick cell line (ISE6) without inducing CPE in the cells (Mlera et al., 2016). Additionally, many immune-associated pathways in I. scapularis/I. ricinus cells are observed with protein expression changes following TBFV infection (Weisheit et al., 2015; Grabowski et al., 2016). These reports and the results from this study indicate that LGTV infection of mammalian cells and tick cells would produce different reactions with different immune responses; thus, we should consider similar experiments using ISE6 cells infected with LGTV to evaluate the interaction between tick-derived Prxs and LGTV in tick cells. It would also be of interest and could be a subject of future studies if the same result could be observed if a more virulent TBFV such as TBEV is infected on both mammalian and tick cells.

As the purpose of this study was evaluation of the interaction between LGTV infection and HlPrxs, which are tick-derived molecules, we established the HlPrxs expressing BHK cell lines and investigated the effects of LGTV infection of these cell lines. The virus replication of LGTV and the cell mortality of BHK cell lines infected with LGTV were evaluated using the tick-derived molecules expressing BHK cells (BHK-HlPrx and BHK-HlPrx2 cells). These results suggest that LGTV might utilize the tick Prxs to facilitate replication in the host cells. This study is considered to be an important model to elucidate the interaction between tick-derived molecules and tick-borne pathogens in the host.
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Ovary Proteome Analysis Reveals RH36 Regulates Reproduction via Vitellin Uptake Mediated by HSP70 Protein in Hard Ticks
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Ticks are blood-sucking vector arthropods, which play an important role in transmitting pathogens between humans and animals. RH36 is an immunomodulatory protein expressed in the salivary glands, but not other organs, of partially fed Rhipicephalus haemaphysaloides ticks, and it reaches its peak on the day of tick engorgement. RH36 gene silencing inhibited tick blood feeding and induced a significant decrease in tick oviposition, indicating that another function of immunosuppressor RH36 was regulating tick reproduction. Why did RH36 protein expressed uniquely in the salivary gland regulate tick reproduction? RH36 regulated positively the expression of vitellogenin in ovary, which indicated RH36 protein played an important role in the integration of nutrition and reproduction. According to proteomic analysis, heat shock protein 70 (HSP70) was significantly down-regulated in the immature ovary of post-engorged ticks. In addition, gene silencing of HSP70 not only inhibited tick blood-sucking and the expression of vitellogenin, but also increased tick death rate. These results suggested RH36 affected tick vitellogenin uptake and then regulated ovary cell maturation by modulating the expression of HSP70 protein, and finally controlled tick oviposition.
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INTRODUCTION

Ticks transmit a wide range of zoonosis, such as tick-borne encephalitis (Grabowski et al., 2017), Lyme disease (Ehrmann et al., 2018), tick-borne spotted fever (Han et al., 2018), anaplasmosis (Parola and Raoult, 2001; Eisen and Eisen, 2018), and babesiosis (Kotal et al., 2015). These pathogens are transmitted via tick saliva to their vertebrate host when ticks feed on host. Transovarial transmission from adult female tick to its offspring may also occur in some tick species and tick-borne diseases (Danielova et al., 2002; Harris et al., 2017; Umemiya-Shirafuji et al., 2017; Jongejan et al., 2018; Moore et al., 2018). Tick salivary glands secrete immunosuppressant proteins including P36 protein that regulate the host immune system during blood feeding (Bergman et al., 2000; Alarcon-Chaidez et al., 2003; Konnai et al., 2009; Anatriello et al., 2010; Wang et al., 2017). Although P36 homolog proteins from Ixodid ticks are not highly conserved, all ticks share the same key site and structural features with conserved region “IDKGMLSPF”. Based on 3D structures of P36 from Dermacentor andersoni, a predicted conserved antigenic region was identified, located within the exposed loop with a potential of binding immunomodulating ligands, including glycerol and lactose (Oyugi et al., 2018). In our previous study, we found that RH36 from Rhipicephalus haemaphysaloides, P36 homolog, suppressed the T-lymphocyte mitogen-driven proliferation of splenocytes in vitro and in vivo, as well as the expression of several cytokines, including IL-2, IL-12, and TNF-α (Wang et al., 2017). P36 homologs expressed mainly in the salivary glands of partially fed ticks (Alarcon-Chaidez et al., 2003; Konnai et al., 2009) and RH36 protein production correlated with blood-feeding success and oviposition (Wang et al., 2017). Little information is known about the expression and interaction of RH36 molecules in the salivary glands and reproductive organs, including the ovary, while the mechanism by which the RH36 gene regulates ovary development is also unknown.

Ticks with a huge reproductive capacity produce hundreds of eggs, while the key of egg maturation is vitellogenesis, a process in which massive amounts of vitellin (Vn) precursors (vitellogenin, Vg) are expressed in fat bodies and midguts, and then secreted into hemolymph, and subsequently accumulated by developing oocytes via vitellogenin receptor-mediated clathrin-dependent endocytosis (Rosell and Coons, 1992; Esmeralda Parra-Peralbo, 2011; Khalil et al., 2011). After blood feeding, tick vitellogenesis is activated by a cooperative action of nutritional amino acid/target of rapamycin/S6 kinase (AA/TOR/S6K) (Umemiya-Shirafuji et al., 2012) and steroid hormone (20-hydroxyecdysone, 20E) pathways, closely correlated with mating (Thompson et al., 2005). In addition, heme and iron metabolism during tick blood feeding are essential for tick reproduction and egg fertility (Hajdusek et al., 2009; Galay et al., 2013; Perner et al., 2016). Genome and proteomics analyses of the parasitic processes seem to be unique in ticks, including prolonged feeding, new methods of hemoglobin digestion, heme detoxification, vitellogenesis and transmission of pathogens (Gulia-Nuss et al., 2016; Barrero et al., 2017). We hypothesized that the RH36 molecules participated in the integration between reproduction and nutrition and investigated the mechanism of RH36 in oviposition by proteomics analyses.

The significance of our study is revelation of the molecular mechanism of immunosuppressor RH36 modulating ovary development and oviposition in R. haemaphysaloides ticks. The main hypothesis addressed in this study was that RH36 may regulate tick vitellogenesis, while heat shock protein 70 (HSP70) was found to be down-regulated in the RH36 gene-silenced ticks by proteomic analysis, which regulated tick blood feeding and the expression of vitellogenin. This study illustrates the critical function of RH36 in the process of ovary development and tick reproduction, which are required for blood meal completion.



MATERIALS AND METHODS


Ethics Statement

The protocols (shvri-ra-2017070578) were approved by the Institutional Animal Care and Use Committee of the Shanghai Veterinary Research Institute, and authorized by the Animal Ethical Committee of Shanghai Veterinary Research Institute.



Ticks and Sample Preparation

Ticks were obtained from a colony of R. haemaphysaloides maintained on the ears of New Zealand white rabbits at Shanghai Veterinary Research Institute, CAAS. Off-host ticks were kept in an incubator at 25°C and 95% humidity. To detect dynamic expression of RH36 and other proteins, midguts, salivary glands, ovaries, hemolymph, and fat bodies were dissected from unfed female ticks, 5-day-fed female ticks, 7-day-fed female ticks, engorging ticks and ticks on day 3 or 10 after engorgement. Furthermore, unfed female adult ticks (N = 80 females per group, three replicates) were microinjected with RH36 and luciferase double-stranded RNA (dsRNA), respectively, as described previously (Wang et al., 2017). Two individual five-day fed female ticks from each group were collected to characterize RH36 mRNA levels after RH36 RNA interference (RNAi). Blood-feeding ticks from RH36 or luciferase gene silencing groups (14 ticks per group) were removed from rabbits at 5 (indicated by RF5 and LF5, respectively) or 7 days (indicated by RF7 and LF7). Engorged ticks (14 ticks per group) were also collected from RH36 or luciferase gene silencing groups at day 0 (denoted by RE0 and LE0), day 3 (denoted by RE3 and LE3), day 7 (denoted by RE7 and LE7) and day 10 (denoted by RE10 and LE10) after engorgement. The ovaries, hemolymph, fat bodies and salivary glands were dissected from 7 ticks per group for RNA or protein extraction and washed in PBS to remove hemolymph -related cells.

Total RNA was extracted from ovaries using TRIZOL (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA quality was evaluated using Agilent 2100 Bioanalyzer RNA Nano Chip (Agilent Technologies, Santa Clara, CA, USA). Tick ovaries with SDT buffer (containing 4% SDS, 100 mM DTT and 100 mM Tris-HCl, pH 7.6) and quartz sand (another 1/4 inch ceramic bead MP 6540-424 for tissue samples) were homogenized by MP homogenizer (24 × 2, 6.0M/S, 60s, twice) and subsequently sonicated and boiled for 15 min. After it was centrifuged at 10,000 rpm for 20 min, the supernatant was filtered with 0.22 μm filters. Total protein was also extracted from tick salivary glands, fat bodies and hemolymph according to the above instruction, respectively. The filtrate was quantified with the BCA Protein Assay Kit (Bio-Rad, USA). These RNA and protein samples were stored at −80°C until use.



Antibody Against RH36 Preparation and Expression Level of RH36 Protein by Western Blot

The B cell linear epitope of RH36 protein was predicted using the Immune Epitope Database (IEDB) of http://tools.iedb.org/bcell/result/. The peptide (LTDDYWKQGEHPSGEYPIS) was selected randomly and synthesized with peptide purify of at least 95% and coupled with KLH by GL Biochem (Shanghai, China), and emulsified with an equal volume of Freund's complete adjuvant (Sigma-Aldrich, St. Louis, MO, USA) used to intraperitoneally inject Balb/c mice. Two booster injections of RH36 peptide were given with the same procedure but using Freund's incomplete adjuvant. One week after the final immunization, sera were collected following centrifugation. Antibodies against RH36 peptides were used to detect expression levels by Western blot. According to standard techniques, total proteins were separated on a 12% SDS-PAGE gel and transferred to PVDF membranes (0.45 μm, Millipore, Billerica, MA, USA), and the membranes were immunoblotted with RH36 antibody (1:200). The monoclonal antibody of β-actin against mouse (Proteintech, Rosemont, USA, Cat. No. 60008-1-Ig) was used as the control. IgG goat anti-mouse or goat anti-rabbit antibodies conjugated with HRP were used for secondary antibodies (1:8,000, Bethyl Laboratories, Inc., Montgomery, Texas, USA). The membranes were visualized using automatic chemiluminescence image analysis system (Tanon-5200, Tanon Science & Technology Co., Ltd, Shanghai, China). Densitometry used to analyze indicated protein bands was determined by Image J (NIH), normalized with the control (Schneider et al., 2012).



Antibody Against Vitellin Preparation and Expression Level of Vitellin Protein by Western Blot

Crude eggs were homogenized and subsequently centrifuged at 10,000 rpm for 20 min, the supernatant was applied onto a Sepharose CL-4B gel filtration column and diethyl-amino-ethyl (DEAE)-cellulose column in turn (Yang et al., 2015). Polyclonal antibody and monoclonal antibody against vitellin was generated from Balb/c mice (Wang et al., 2017). Splenocytes from immunized mice were fused to myeloma cells, SP2/0, using polyethylene glycol. Hybridomas were selected in HAT medium and the hybridoma culture supernatants were screened by enzyme-linked immunosorbent assay (ELISA) in 96-microtiter plates and Western blot (Yang et al., 2015).

Expression of vitellin was detected in the ovaries, hemolymph, fat bodies and salivary glands by Western blot according to the above description. The monoclonal antibodies of β-actin (Proteintech, Cat. No. 60008-1-Ig) and GAPDH (Proteintech, Cat. No. 60004-1-Ig) against mouse were used as the control. The bands were visualized using automatic chemiluminescence image analysis system (Tanon-5200, Tanon Science & Technology Co., Ltd., Shanghai, China). Heat shock protein 70 rabbit antibody (HSP70, Cell Signaling Technology, Boston, USA, Cat. No. 3177) was also used to detect the protein expression level in the different organs during different blood-feeding ticks by Western blot. The anti-GAPDH antibody against rabbit (Cell Signaling Technology, Cat. No. 2118) was used as the control.



Immunofluorescence Assays (IFA)

For immunofluorescence, ovaries were obtained from adult female ticks at 10 days after engorgement as described above, fixed with 4% paraformaldehyde in 0.2 M sodium cacodylate buffer, and dehydrated in a graded series of ethanol and embedded in paraffin. Sections (4 μm) were prepared and mounted on glass slides. Paraffin was removed from the sections with xylene and the sections were hydrated by successive 5-min washes with a graded series of 100, 80, 75, and 65% ethanol. The slides were treated with EDTA antigen repair buffer for 30 min at 37°C, washed with PBST and incubated with 2% bovine serum albumin (BSA; Sigma-Aldrich) in PBST for 30 min at room temperature. The slides were then incubated for 14 h at 4°C with primary antibodies against vitellin diluted 1:5–1:200 in 2% BSA mixture and developed for 30 min with goat-anti-mouse IgG conjugated with FITC (Sigma-Aldrich) (diluted 1:500 in 2% BSA mixture) after 3 washes in PBST buffer. The slides were incubated for 20 min with DAPI (1:200, 2% BSA dilution) after 3 washes in PBST buffer and mounted in Fluoromount Aqueous Mounting Medium (Sigma-Aldrich). Samples were observed and photographed with 10X objective, 1.0X zoom and the excitation of 488 nm (FITC) and 405 nm (DAPI) under a Zeiss inverted fluorescence microscope (Zeiss, Germany).



Proteomic Data Collection and Bioinformatics Analysis

Quantitative proteomic analysis by tandem mass tag (TMT) technology was performed by Shanghai Applied Protein Technology (APT, Shanghai, China). Each 100 μg peptide mixture digested with trypsin (Promega, Madison, WI, USA) was labeled using TMT reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The 6-plex TMT Labeling were fractionated into 15 strong cation exchange (SCX). LC-MS/MS analysis (1H) was performed on a Q Exactive mass spectrometer (Thermo Fisher Scientific) that was coupled to Easy nLC (Proxeon Biosystems, now Thermo Fisher Scientific) for 60 min. The mass spectrometer was operated in positive ion mode. MS data was acquired using a data-dependent top 10 method dynamically choosing the most abundant precursor ions from the survey scan (300–1,800 m/z) for HCD fragmentation. Automatic gain control (AGC) target was set to 3e6, and maximum inject time to 10 ms. Dynamic exclusion duration was 40.0 s. Survey scans were acquired at a resolution of 70,000 at m/z 200 and resolution for HCD spectra was set to 17,500 at m/z 200 and isolation width was 2 m/z. Normalized collision energy was 30 eV and the underfill ratio, which specifies the minimum percentage of the target value likely to be reached at maximum fill time, was defined as 0.1%. The instrument was run with peptide recognition mode enabled. And results were compared to a Uniprot database containing all sequences from Ixodidae (January 1, 2017) using MASCOT engine (Matrix Science, London, UK; version 2.2) embedded into Proteome Discoverer 1.4. The MASCOT identified parameters were set in Supplementary Table 1. Peptide identification was validated using false discovery rate (FDR ≤ 0.01). The standard of screening differentially expressed proteins was Fold change >1.2 and a P-value < 0.05 was considered statistically significant. Sequences of differentially expressed proteins were also searched using blastp tool against the online Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://geneontology.org/) and were subsequently mapped to pathways in KEGG. GO and KEGG pathway enrichment analysis were applied based on the Fisher's exact test. All assays were performed in three replicates.



RNA Sequencing and Analysis

After total RNA was treated with DNase I, mRNA was enriched by oligo (dT) with beads and fragmented into fragments of 100–400 bp. First-strand cDNA was synthesized from the mRNA fragments. And second-strand cDNA was then synthesized using DNA polymerase I and RNaseH. Short fragments were purified, end-repaired, connected with signal nucleotide A (adenine) addition and ligated with library-specific adaptors. The cDNA library was constructed and tested in qualification by Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System, and then sequenced using Illumina HiSeq 4000.

Tick ovary transcriptome de novo assembly was performed by Beijing Genomics Institute (BGI, Shenzhen, China). After sequencing, low-quality, adaptor-polluted and high content of unknown base (N) reads were filtered to get clean reads. Clean reads were assembled by Trinity assembles software to obtain high-quality contigs (Yu et al., 2015). T gicl was used to perform clustering and eliminate redundant data in the assembled transcripts to obtain unique genes. Subsequently, expression analysis, heterozygous SNP detection, and functional annotation were performed. Differentially expression genes (DEGs) were further analyzed with gene ontology functional enrichment and KEGG pathway functional enrichment. The false discovery rate (FDR ≤ 0.001) was used to determine the threshold P value in multiple tests. Results were the mean of three replicates.



HSP70 RNA Interference (RNAi) for Gene Knockdown in Ticks

The dsRNA was synthesized using the T7 RiboMAX™ RNAi System (Promega, Madison, WI, USA) according to the manufacturer's recommendations. Oligonucleotide primers containing T7 promoter sequences (in italics at 5′-end) were listed in Supplementary Table 2. A dsRNA targeting luciferase used as a negative control was subjected to the same PCR amplification protocol using luciferase-specific primers (Yu et al., 2013). These dsRNA were maintained at −80°C until use. Unfed adult ticks (N = 50 females per group, two independent groups) were microinjected with 0.5 μL HSP70 dsRNA (about 1 μg RNA) at the base of the fourth right leg of the ventral surface of ticks. Control ticks were microinjected with unrelated luciferase dsRNA. After microinjection, ticks were maintained in an incubator at 25°C and 95% humidity for 24 h and then allowed to feed on rabbits' ears. Four female ticks per group were collected at 5 days of blood feeding for RNA and protein extraction to characterize gene knockdown by real-time quantitative PCR and Western blot with respect to luciferase control. Remaining ticks were allowed to feed until engorgement, which tick mortality, engorgement rate and engorgement weight was determined in individual engorged female ticks.



Determination of Tick mRNA Levels by Real-time Quantitative PCR

The primers and amplicon length of target genes used for real-time quantitative PCR are listed in Supplementary Table 3. The first-stranded cDNA was synthesized from 1 μg RNAs with the PrimeScript RT reagent kit (Perfect Real Time) (Takara, Shiga, Japan) in the following program: 37°C for 15 min, 85°C for 7 s, and finally 4°C. Quantitative real-time PCR was performed using SYBR Premix Ex Taq (Takara, Japan) with QuantStudio 5 (ABI, Waltham, USA) in 20 μL reaction mixtures including 0.4 μL ROX Dye II. The reactions were incubated for 30 s at 95°C, followed by 40 cycles at 95°C for 5 s, 60°C for 34 s, and analysis of a melting curve. Tick elongation factor 1α (ELF1α) was used as an internal control because of its stability in R. microplus and R. appendiculatus ticks (Nijhof et al., 2009). All reactions were performed in triplicate. The 2−ΔCt method was used to calculate relative expression levels.



Statistical Analysis

The body weights of engorged ticks were expressed as the mean ± standard error of mean (SEM) and analyzed using Student t-test. Differences in the attachment rate, engorgement rate, and death rate of ticks in different groups were tested using the Chi-square test. Significance of quantitative real-time PCR results was expressed as means ± SEM and determined with the one-way analysis of variance (ANOVA), and statistical analysis was conducted using software SPSS version 20.0. P < 0.05 and 0.01 were considered to be statistically significant (*) and extremely significant (**), respectively.




RESULTS


The Immunomodulatory Protein RH36 Regulated the Complex Changes of Vitellin

RH36 protein was expressed exclusively in the salivary glands, not in the midguts, ovaries or fat bodies of 5-day-fed ticks and engorged ticks (Figure 1A). Additionally, RH36 protein was expressed at higher levels in 7-day-fed and saturated ticks and subsequently decreased after engorgement, which was highly consistent with the time of tick ovarian development (Figure 1B). To confirm our hypothesis that RH36 modulating tick ovary development via vitellogenesis, four vitellogenin genes (named RHVg1, RHVg2, RHVg3, and RHVg4, respectively) were cloned from ovarian transcriptome from the post-engorgement R. haemaphysaloides female ticks (Supplementary Figure 1). These sequences are highly homologous in Haemaphysalis longicornis and Dermacentor variabilis (Supplementary Figure 2). RHVg1, RHVg2, RHVg3, RHVg4 sequences were available in the GenBank databases under the accession numbers: MK584634, MK584635, MK584636, MK584637, respectively. In addition, RHVg1 (Supplementary Figure 3A), RHVg2 (Supplementary Figure 3B) and RHVg3 (Supplementary Figure 3C) genes were widely distributed in the different development stages of ticks and RHVg4 (Supplementary Figure 3D) was detected only in engorged adults not larvae and nymphs by real-time quantitative PCR and semi-quantitative PCR (Supplementary Figure 3E). What's more, RHVg2 and RHVg4 was expressed in the fat body and ovary of engorged adult ticks, respectively (Supplementary Figure 3F).


[image: Figure 1]
FIGURE 1. RH36 is expressed uniquely in the salivary gland and expressed higher in 7-day-fed ticks and engorged ticks. Expression level of RH36 was detected at different organs from 5-day-fed ticks (upper panel, A) and engorged ticks (lower panel, A), and different development stages (B) using polyclonal antibody prepared by KLH binding RH36 polypeptide. Density analysis shows RH36 protein is induced by feeding and expressed characteristically in salivary glands. The protein level of RH36 was normalized to β-actin. FB, fat body; HE, hemolymph; OV, ovary; SG, salivary gland; MG, midgut; F5, at day 5 for blood feeding; F7, at day 7 for blood feeding; E0, on the day of engorgement; E3, at 3 days post-engorgement.


Vitellin was purified from crude egg extraction by gel filtration (Sepharose CL-4B) and ion exchange chromatography on DEAE-cellulose and identified by possible polypeptide bands with molecular weights of 43.0, 47.3, 64.4, 72.6, 79, 85.9, 94, 102.3, 108.7, 136.5, and 161.5 kDa, respectively (Supplementary Figure 4A), in which two polypeptides (136.5, 72.7 kDa) were identified by LC-MS/MS (Supplementary Tables 4, 5). Monoclonal antibodies were generated and had specific immunological reaction with two polypeptides (136.5, 72.7 kDa) of vitellin (Supplementary Figure 4B). Vitellin proteins were highly expressed in fat body, hemolymph and ovary of adult ticks after engorgement (Figure 2).


[image: Figure 2]
FIGURE 2. Vitellin expression is induced by blood feeding. Except for salivary gland, vitellin protein was expressed highly in fat body, hemolymph, ovary at different engorgement statuses by Western blot. The intensities of vitellin protein bands (136 and 72 kDa) were determined, normalized to β-actin. Vn, Vitellin; FB, fat body; HE, hemolymph; OV, ovary; SG, salivary gland; UF, unfed; F5, at day 5 for blood feeding; F7, at day 7 for blood feeding; E0, on the day of engorgement; E3, at 3 days post-engorgement; E10, at day 10 after engorgement.


After RH36 gene silencing, there was no difference for four vitellogenin genes in the fat body of adult ticks (Figures 3A,C,D). There was one exception: RHVg2 gene was up-regulated significantly at 7 days after engorgement (p < 0.01, Figure 3B). In the ovaries, although there was no difference in the transcript level of RHVg1 (Figure 4A), RHVg2 (Figure 4B) and RHVg3 (Figure 4C) genes from blood feeding to post-engorgement, RHVg4 gene was down-regulated significantly at 7 days or 10 days post engorgement (p < 0.01, Figure 4D). In addition, vitellin (the band of 136 kDa) protein decreased in the ovary of adult ticks at 3 or 10 days after engorgement, but not at 5 days of blood feeding (Figure 4E). Compared to mature oocytes from luciferase gene-silenced adult ticks, immunofluorescence showed that vitellin protein was less expressed in the cytoplasm of immature oocytes in response to RH36 gene-silencing (Figure 4F).


[image: Figure 3]
FIGURE 3. Expression of RHVg mRNA in fat body of female ticks is not affected after RH36 gene silencing. Transcript levels of RHVg1 (A), RHVg2 (B), RHVg3 (C), and RHVg4 (D) were detected in the fat body of 5-day-fed ticks, engorgement ticks, 3 day post-engorgement ticks and 7 day post-engorged ticks by real-time quantitative PCR. The data were normalized to tick elongation factor 1α and gene-specific standards were the respective plasmids. RHVg2 mRNA was up-regulated significantly at 7 day post-engorgement (p < 0.01), but there was no difference for other RHVg genes. ** means highly statistical significance that p-values less than 0.01. FB, fat body; F5, at day 5 for blood feeding; E0, on the day of engorgement; E3, at 3 days post-engorgement; E7, at 7 days after engorgement.



[image: Figure 4]
FIGURE 4. RH36 is involved in expression and/or processing of RHVg genes and vitellin protein after engorgement. Transcript level of RHVg1 (A), RHVg2 (B), RHVg3 (C), RHVg4 (D) genes was tested in the ovaries of adult ticks at 5 days blood feeding, engorgement, 3 days post-engorgement, 7 days post-engorgement and 10 days post-engorgement by real-time quantitative PCR, which shows RHVg4 gene is observably down-regulated at 7 days post-engorgement (p < 0.01) and 10 days post-engorgement (p < 0.05). ** means highly statistical significance that P-values less than 0.01. * means statistical significance that p-values less than 0.05. The data were normalized to tick elongation factor 1α and gene-specific standards were the respective plasmids. Protein level of vitellin reduced in the ovaries at 3 days post-engorgement and 10 days post-engorgement by Western blot (E). The intensities of vitellin protein bands (136 and 72 kDa) were normalized to GAPDH. RH36 regulates tick ovary development by reducing vitellin uptake in oocytes using immunofluorescence assay (F). Tick ovaries were collected at 10 days after engorgement from RH36 and luciferase (as control) RNAi groups and stained with mouse anti-vitellin antibodies. Vitellin was observed in green fluorescent and DNA was stained with DAPI (blue fluorescent). Scale bar: 20 μm. LF5, 5-day-fed ticks from luciferase RNAi groups; RF5, 5-day-fed ticks from RH36 RNAi groups; E0, on the day of engorgement; LE3, 3 days post-engorgement ticks from luciferase RNAi groups; RE3, 3 days post-engorgement ticks from RH36 RNAi groups; E7, at day 7 after engorgement; LE10, 10 days post-engorgement ticks from luciferase RNAi groups; RE10, 10 days post-engorgement ticks from RH36 RNAi groups; Vn, Vitellin; OV, ovary, arrows point to oocytes.




The Importance of HSP70 in the Ovary Development in Response to RH36 Depletion

To identify which proteins regulate ovary development, ovaries from adult female ticks at 5 days blood feeding and 10 days post-engorgement were selected to conduct TMT proteomics analysis. Because of significant difference in total proteins found in ovaries between blood feeding and post-engorgement (Supplementary Figure 5), the TMT Mass-Tagging mass spectrometric (2, 6-plex) results were analyzed using MASCOT engine version 2.2. Ovary proteomics analysis resulted in the identification of 5,326 and 1,685 unique proteins in ticks at 5 days feeding and 10 days post-engorgement respectively. In the 5-day-fed ovaries, there were 44 proteins statistically significant (p < 0.05 and fold change > 1.2). Among these proteins, 25 and 19 proteins were up- and down-regulated, respectively (Figure 5A and Supplementary Table 6). In the day 10 post-engorgement ovaries, RH36 gene knockdown resulted in 208 proteins with statistically significant production differentiation (p < 0.05 and fold change > 1.2). Among these proteins, 74 were up-regulated and 134 were down-regulated (Figure 5A and Supplementary Table 7). According to GO and KEGG analyses, differentially expressed proteins mainly correlated with cellular process, developmental process and metabolic process with function of lipid transporter activity, catalytic activity and binding in the ovaries at 5 days feeding (Figure 5B) and 10 days post-engorgement (Figure 5C), in which vitellogenin (Supplementary Figure 6A) and HSP70 (Supplementary Figure 6B) involved in protein export and protein processing in endoplasmic reticulum, respectively (Figures 5D,E).


[image: Figure 5]
FIGURE 5. Vitellogenin and HSP70 were expressed differentially in the ovary proteomic analyses. Twelve tick ovary samples were collected from RH36 or luciferase gene-silenced adult ticks at 5 days blood feeding and 10 days post-engorgement and analyzed using TMT technology. Number of total proteins and differentially-expressed proteins were obtained from ovary samples of adult ticks (A). Differentially expressed proteins mainly involved in cellular process, developmental process and metabolic process with function of lipid transporter activity, catalytic activity and binding in the 5-day-fed tick ovaries (B) and 10-day post-engorged tick ovaries (C) by GO analysis, in which vitellogenin and HSP70 involved in protein export and protein processing in endoplasmic reticulum using KEGG enrichment analysis, respectively (D). Differentially expressed proteins in the 10-day post-engorged tick ovaries chiefly participate in focal adhesion, endocytosis and protein processing in endoplasmic reticulum using KEGG enrichment analysis (E).




RH36 Gene Regulated the Expression of HSP70 Protein

Since HSP70 protein was very important in tick blood-sucking and ovary maturation, we obtained HSP70 gene sequence (GenBank accession numbers: MK584638) from the ovary transcriptome (Table 1) and found that the open reading frame (ORF) of HSP70 was 1,980 bp long, encoding a deduced protein with 660 amino acids in length, a predicted molecular mass of 72.5 kDa and a pI of 5.32. It was also found that HSP70 protein included three signature sequences and the extreme C-terminal endoplasmic reticulum targeting sequence (KDEL, Supplementary Figure 7A). As shown in Supplementary Figure 7B, HSP70 from R. haemaphysaloides was highly conserved with over 83% identity in arthropods and mammals, in which it was highly homologous in Haemaphysalis flava and Ixodes scapularis with the identity of 96.21 and 91.06%, respectively. HSP70 protein was widely distributed in the hemolymph, ovary, salivary gland and fat body of post-engorgement ticks, with highest levels in the ovary at 7 days blood feeding and in the circulating hemolymph at 3 days post-engorgement (Figure 6).


Table 1. List of heat shock 70 kDa protein in the tick ovaries transcriptome.
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FIGURE 6. HSP70 protein was widely distributed in a variety of organs and accelerated by blood feeding. HSP70 protein was expressed widely in fat body, hemolymph, ovary and salivary gland of adult ticks at 5 days blood feeding, 7 days blood feeding, engorgement, 3 days post-engorgement and 10 days post-engorgement by Western blot. The intensities of HSP70 protein were determined and normalized to β-actin. β-actin bands were used in the previous Figure 2. FB, fat body; HE, hemolymph; OV, ovary; SG, salivary gland; UF, unfed; F5, at day 5 for blood feeding; F7, at day 7 for blood feeding; E0, on the day of engorgement; E3, at 3 days post-engorgement; E10, at day 10 after engorgement.


After RH36 gene knocking down, there was no difference for HSP70 gene expression in the fat body, salivary gland, midgut, ovary and hemolymph of 5-day-fed and 7-day-fed adult ticks (Figures 7A,B, respectively). On the day of engorgement, HSP70 gene was down-regulated significantly in the ovary, midgut and salivary gland of adult ticks (p < 0.05, Figure 7C), coinciding with RH36 down-regulation expression. At 3 days post-engorgement, HSP70 gene also decreased markedly in the fat body, ovary, midgut, salivary gland, and hemolymph of adult ticks (p < 0.05, Figure 7D). In addition, HSP70 gene expression reduced observably in the ovary of adult ticks at 10 days post-engorgement (p < 0.01, Figure 7E). From tick blood-sucking to engorgement, HSP70 protein level decreased in the ovaries of adult ticks from RH36 RNAi groups by Western blot (Figure 7F). These results suggested that RH36 promoted expression of HSP70 protein in the post-engorged adult ticks.
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FIGURE 7. RH36 gene silencing inhibits expression of HSP70 protein after engorgement. Transcript level of HSP70 was detected in the fat body, salivary gland, midgut, ovaries and hemolymph at 5 days blood feeding (A), 7 days blood feeding (B), engorgement (C), 3 days post-engorgement (D), and 10 days post-engorgement (E) by real-time quantitative PCR, results show HSP70 gene is observably down-regulated in the different organs at engorgement, 3 days post-engorgement and 10 days post-engorgement (p < 0.05 or p < 0.01). The data were normalized to tick elongation factor 1α and gene-specific standard was the HSP70 plasmid including open reading frame. ** means highly statistical significance that P-values less than 0.01. * means statistical significance that p-values less than 0.05. Protein level of HSP70 reduced in the ovaries at 5 days blood feeding, 3 days post-engorgement and 10 days post-engorgement by Western blot (F). The intensities of HSP70 were normalized to GAPDH. GAPDH bands appeared in the previous Figure 4. GAPDH bands were re-used due to LF5, 5-day-fed ticks from luciferase RNAi groups; RF5, 5-day-fed ticks from RH36 RNAi groups; F7, at day 7 for blood-feeding; E0, on the day of engorgement; LE3, 3 days post-engorgement ticks from luciferase RNAi groups; RE3, 3 days post-engorgement ticks from RH36 RNAi groups; LE10, 10 days post-engorgement ticks from luciferase RNAi groups; RE10, 10 days post-engorgement ticks from RH36 RNAi groups; FB, fat body; HE, hemolymph; OV, ovary; MG, midgut; SG, salivary gland.




Impacts of HSP70 Gene Knockdown on Tick Blood Feeding

HSP70 mRNA decreased by 73.86% (Figure 8A) and HSP70 protein was significantly down-regulated after microinjecting HSP70 dsRNA (p < 0.05, Figure 8B). After HSP70 gene silencing, mean of 48 h attachment rate and average engorgement rate was 52.22 and 2.56%, respectively. Meanwhile, these parameters showed 88.89 and 80.39% in the luciferase RNAi groups, respectively, which revealed that down-regulation of HSP70 gene decreased tick blood feeding and engorgement rate (Table 2). Although ticks attached to rabbit ears after HSP70 gene silencing (Figure 8C), the engorged body weight of ticks decreased and death rate increased compared to the luciferase RNAi groups (p < 0.05, Table 2 and Figure 8D), which shows that HSP70 gene facilitates abundance of tick blood feeding and protects ticks from death. After HSP70 gene knockdown, two vitellogenins (RHVg1 and RHVg2, Figure 9A) and vitellin (Figure 9B) were observably down-regulated (p < 0.05), indicating that HSP70 protein regulated expression of vitellogenin proteins via promoting tick blood feeding.


[image: Figure 8]
FIGURE 8. Effect of HSP70 gene knockdown on tick blood feeding. Relative expression level of HSP70 was determined by real-time quantitative PCR (A) and Western blot (B) after interference with HSP70 dsRNA vs. luciferase dsRNA. The data were normalized to tick elongation factor 1α and gene-specific standard was the HSP70 plasmid. * means statistical significance that p-values less than 0.05. Tick attachment was observed at 5 days blood feeding (C,D). It shows HSP70 gene-knocked down inhibits blood feeding and increases tick death. F5, 5-day-fed ticks; L, luciferase RNAi groups.



Table 2. Effect of HSP70 gene knockdown on tick blood feeding and death rate.
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FIGURE 9. HSP70 gene silencing down regulates expression of Vg and vitellin. RHVg1 and RHVg2 genes decreased significantly in 5-day-fed ticks by real-time quantitative PCR (A, p < 0.05). ELFIa gene served as the endogenous control. Every group has three biological repeats and each repeat is three times. Data are calculated with 2−ΔCT. Gene-specific standards were the respective plasmid of RHVg genes. Meanwhile, vitellin protein was down-regulated dramatically at 5 days blood feeding using Western blot (B, p < 0.05). The intensities of vitellin protein bands (72 kDa) were determined, normalizing to β-actin. * means statistical significance that p-values less than 0.05. L, luciferase RNA interference, Vn, Vitellin.




RH36 Gene Played an Important Role in the Integration of Nutrition Uptake and Reproduction

As shown in Figure 10, RH36 gene expressed-uniquely in salivary gland controlled tick blood feeding and modulated tick ovary development and oviposition by regulating the expression of vitellin in ovary, while HSP70 protein was down-regulated significantly in the ovaries of post-engorged ticks after RH36 gene silencing by real-time quantitative PCR and Western blot (p < 0.05). HSP70 gene positively modulated tick blood feeding and ovary development via nutrition uptake. Therefore, we speculated that RH36 gene silencing hindered tick blood feeding and oocytes maturity by inhibiting vitellin uptake mediated by HSP70 protein. In addition, HSP70 gene silencing considerably increased tick death rate during blood feeding.


[image: Figure 10]
FIGURE 10. Model of RH36 regulated tick oviposition via nutrition uptake. RH36 expressed-uniquely in salivary gland regulates tick blood feeding and ovary development by inhibiting vitellin uptake mediated by HSP70 protein using real-time quantitative PCR and Western blot. In addition, HSP70 gene silencing considerably increased tick death rate during blood feeding but it is still to be further studied that RH36 gene regulates tick oviposition by accelerating cell damage via HSP70.





DISCUSSION

RH36 not only is an immunomodulatory protein that suppressed the proliferation of splenocytes and expression of several cytokines such as IL-2, IL-12, and TNF-α, but also modulates blood feeding and oviposition in hard ticks (Wang et al., 2017). Moreover, RH36 was induced by blood feeding and expressed specifically in salivary glands, but not in other organs such as ovary and hemolymph (Figure 1). How did RH36 regulate tick ovary development indirectly? We speculated that RH36 was involved in the integration of nutrition and reproduction in ticks, in which vitellogenin is critical to tick ovary maturation since it serves as the nutritional source for tick survivability and reproduction (Xavier et al., 2018). Vitellogenin and vitellin are structurally, biochemically and immunologically similar in the majority of insects, including ticks, which results in McAb against vitellin recognized vitellogenins (Kaufman, 2004; Yang et al., 2015). Four vitellogenin genes (Supplementary Figure 1) and McAb against vitellin (Figure 4) were obtained to test the dynamics of vitellogenesis. Vitellogenin genes were widely distributed in fat body, midgut, hemolymph and ovaries of fed and engorged adult ticks (Figure 2 and Supplementary Figure 3). It is reported that vitellogenin is synthesized in the fat body and midgut of female ticks after mating and transported through the hemolymph, captured by surface receptors called vitellogenin receptors (VgRs), and endocytosed into developing oocytes within the ovaries (Rosell and Coons, 1992; Khalil et al., 2011; Mitchell et al., 2019). RH36 gene did not regulate transcripts of RHVg1, RHVg3, and RHVg4 genes in the fat body of adult ticks (Figures 3A,C,D), but RHVg2 gene in fat body was up-regulated at 7 days post-engorgement (Figure 3B), which may be stimulated by down-regulation of vitellin protein in the ovaries of 7-day-engorged ticks (Figure 4D). RHVg4 gene and vitellin protein decreased significantly in the post-engorged ovaries after RH36 gene silencing (p < 0.05, Figures 4A–E), and vitellin protein was less expressed in the cytoplasm of immature oocytes compared to mature oocytes at 10 days after engorgement (Figure 4F), which suggested RH36 gene silencing attenuated vitellin expression in ovaries at post-engorgement. Due to the absence of available genome for Rhipicephalus haemaphysaloides ticks, some ovarian-specific proteins may be lost by searching Ixodidae database resulting in less proteins correlating with reproductive process in proteomic analysis (Figure 5C). Differentially-expressed proteins relating to endocytosis played an important role in vitellogenesis (Figures 5C,E). It is suggested that RH36 may modulate vitellin uptake via endocytosis. Clathrin heavy chain involved in endocytic pathway regulates expression of vitellogenin in R. haemaphysaloides (Kuang et al., 2020). Vitellin is a hemoglycolipoprotein consisting of many bands (James and Oliver, 1997; Yang et al., 2015). Similarly, there were 11 polypeptides of vitellin identified by proteomic analysis in the R. haemaphysaloides ticks and vitellin antibody in this study recognized two bands of 136 and 72 kDa (Supplementary Figure 4) that is different from the peptides of vitellogenin in ovary proteomics analysis (Supplementary Tables 4, 5), resulting in inconsistent phenomenon.

The ovarian transcriptome from post-engorged R. haemaphysaloides females was analyzed and revealed that the transcripts related to lipid metabolism and other metabolisms were differentially expressed. These transcripts may play an important role in ovary development after tick engorgement. The metabolism processes could be involved in the increase of fat body cells observing in the vitellogenesis/oogenesis processes (Denardi et al., 2009). In addition, the abundance of metabolic transcripts could be related to changes in the reproductive tissues during the oogenesis/vitellogenesis processes, such as ovary size growth and oocyte maturation (Moreira et al., 2017), which is consistent with the result that RH36 gene silencing affects tick ovary development and oocytes maturity (Wang et al., 2017).

In the ovary proteomic analysis of ticks fed for 5 days, HSP70 was a typical stress protein in response to micro-injection of RH36 dsRNA (Villar et al., 2010). In the 10 days post-engorged ovary, HSP70 was inhibited significantly after RH36 gene silencing (p < 0.05, Figures 5A, 7) and related closely to protein processing in endoplasmic reticulum (Figure 5E). Recent work has shown that heat shock proteins are secreted to the cell exterior partially in response to stress, we hypothesize that RH36 may modulate ovary development indirectly via mediator HSP70 protein. On the one hand, HSP-70 like protein in salivary gland of ticks participates in variable fibrinogenolysis and accelerates engorged quantity upon blood feeding (Vora et al., 2017), immunomodulatory protein RH36 may be dependent on HSP70 protein to modulate tick blood feeding and nutrient supply (Wang et al., 2017). On the other hand, HSP70, as a endoplasmic reticulum chaperone, exhibits both pro-inflammatory and anti-inflammatory properties, depending on the context in which they encounter responding immune cells (Pockley and Henderson, 2018). HSP70 may have a synergistic effect with RH36 protein in salivary gland of adult ticks. However, the mechanism of HSP70 gene regulating tick oocytes development was still to be further identified. Furthermore, it is still unknown that RH36 gene regulates tick oviposition by accelerating cell death via HSP70.

After HSP70 gene silencing, the mean of 48 h attachment rate, average engorgement rate and expression of vitellin significantly decreased (p < 0.05, Table 2 and Figure 9). This indicates that the down-regulation of HSP70 gene decreases tick blood feeding and nutrition uptake. In ticks, blood feeding triggered salivary gland degeneration (L'Amoreaux et al., 2003) and ovary maturation (Friesen and Kaufman, 2009), suggesting vitellin protein reduced by HSP70 gene silencing inhibits tick ovary development. Starvation activates cell apoptosis and increases tick death. Consistent with this, HSP70 gene silencing dramatically increased tick death rate (Table 2 and Figure 8). We speculated that nutrition deficiency accelerated HSP70-mediated cell damage in ticks (Figure 10). The expression of HSP with antioxidant activity extends lifespan via regulating the downstream protein autophagy-related gene 7 (Morrow et al., 2004; Liao et al., 2008; Chen et al., 2012; Sarup et al., 2014; Vos et al., 2016), while HSP depletion reduces the number of viviparous offspring and simultaneously increases the number of premature nymphs, suggesting an unexpected role in aphid embryogenesis and eclosion (Will et al., 2017). Therefore, it is suggested that RH36 gene regulates vitellogenin uptake via HSP70 protein and extends lifespan of ovary to improve oviposition rate.
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Ticks are arthropod ectoparasite vectors of pathogens and the cause of allergic reactions affecting human health worldwide. In humans, tick bites can induce high levels of immunoglobulin E antibodies against the carbohydrate Galα1-3Galβ1-(3)4GlcNAc-R (α-Gal) present in glycoproteins and glycolipids from tick saliva that mediate anaphylactic reactions known as the alpha-Gal syndrome (AGS) or red meat allergy. In this study, a new animal model was developed using zebrafish for the study of allergic reactions and the immune mechanisms in response to tick salivary biogenic substances and red meat consumption. The results showed allergic hemorrhagic anaphylactic-type reactions and abnormal behavior patterns likely in response to tick salivary toxic and anticoagulant biogenic compounds different from α-Gal. However, the results showed that only zebrafish previously exposed to tick saliva developed allergic reactions to red meat consumption with rapid desensitization and tolerance. These allergic reactions were associated with tissue-specific Toll-like receptor-mediated responses in types 1 and 2 T helper cells (TH1 and TH2) with a possible role for basophils in response to tick saliva. These results support previously proposed immune mechanisms triggering the AGS and provided evidence for new mechanisms also potentially involved in the AGS. These results support the use of the zebrafish animal model for the study of the AGS and other tick-borne allergies.
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INTRODUCTION

Arthropod ectoparasites are a growing burden worldwide (Stutzer et al., 2018). Local allergic reactions to the bite of arthropod ectoparasites such as mosquitoes, ticks, fleas, mites, and lice are common, but in some cases large local and anaphylactic reactions are possible (Lee et al., 2016; Mihara, 2017; Stringer et al., 2017; Haddad et al., 2018; Ha et al., 2019).

Ticks are vectors of pathogens affecting human and animal health worldwide (de la Fuente et al., 2008, 2017). Tick saliva contains multiple biomolecules such as proteins and lipids that facilitate feeding while counteracting host defense responses, properties that also lead to possible application of these molecules in therapeutic interventions (Chmelar et al., 2019). However, tick bites themselves can induce a spectrum of inflammatory reactions in response to toxic and anticoagulant biogenic substances present in tick saliva and/or mouthpart penetration such as coagulative necrosis producing firm papules, tick paralysis, intense pruritus, tick bite alopecia, cutaneous lymphoid hyperplasia, and cell histiocytosis (Mihara, 2017; Stringer et al., 2017; Haddad et al., 2018; Ha et al., 2019). Additionally, tick bites can induce in humans high levels of immunoglobulin E (IgE) antibodies against the carbohydrate Galα1-3Galβ1-(3)4GlcNAc-R (α-Gal) present in glycoproteins and glycolipids from tick saliva that mediate delayed anaphylaxis to red meat consumption, and immediate anaphylaxis to tick bites, xenotransplantation, and certain drugs such as cetuximab (Mateos-Hernández et al., 2017; Hilger et al., 2019). These anaphylactic reactions are known as the alpha-Gal syndrome (AGS) or red meat allergy and are now the focus of recent investigations (Commins et al., 2009; Van Nunen et al., 2009; Platts-Mills et al., 2015; Steinke et al., 2015; Galili, 2018; Cabezas-Cruz et al., 2019; de la Fuente et al., 2019; Hilger et al., 2019).

Recently, C57BL/6 α1,3-galactosyltransferase-knockout (α1,3-GalT-KO) mice that like humans do not synthesize α-Gal have been used as a model to characterize the percutaneous sensitization to α-Gal and Amblyomma sculptum tick saliva (Araujo et al., 2016) and the IgE-mediated immune response to cutaneous exposure to Amblyomma americanum tick proteins (Chandrasekhar et al., 2019). Additionally, this animal model has been used to study the antibody response to the carbohydrate α-Gal and its potential for the control of infectious diseases caused by pathogens with this modification on their surface (Yilmaz et al., 2014; Cabezas-Cruz et al., 2016; Iniguez et al., 2017; Moura et al., 2017; Portillo et al., 2019). In this context, various fish species constitute models for investigating human diseases (Schartl, 2014), and zebrafish (Danio rerio Hamilton 1822) is a relevant animal model for research in genetics, developmental biology, toxicology, oncology, immunology, and allergy (Huang et al., 2018).

In this study, we have developed a new zebrafish animal model for the study of tick-borne allergies caused by biogenic substances present in tick saliva. First, we showed that as occurs in humans, zebrafish do not have α-Gal in their tissues and produce anti–α-Gal IgM antibodies likely in response to bacteria with this modification present in the gut microbiota. Then, an experiment was conducted to evaluate the effect of tick saliva and the salivary components α-Gal and prostaglandin E2 (PGE2) alone and in combination with red meat consumption on zebrafish allergic response and survival. The results showed that some zebrafish develop hemorrhagic anaphylactic-type reactions provoking deaths in response to tick saliva, but only fish previously exposed to tick saliva develop allergic reactions to red meat consumption with rapid desensitization and tolerance. The immunity in response to tick saliva and red meat consumption showed tissue-specific differences and suggested immune mechanisms triggering the AGS. Taken together, these results identified allergic reactions and immune mechanisms in response to tick saliva and red meat consumption and provided a new animal model for the study of the AGS and other tick-borne allergies.



MATERIALS AND METHODS


Ethics Statement

Animal experiments were conducted in strict accordance with the recommendations of the European Guide for the Care and Use of Laboratory Animals. Animals were housed and experiments conducted at experimental facility (IREC, Ciudad Real, Spain) with the approval and supervision of the Ethics Committee on Animal Experimentation of the University of Castilla La Mancha (PR-2018-06-13) and the Counseling of Agriculture, Environment and Rural Development of Castilla La Mancha (ES130340000218).



Zebrafish

Wild-type adult (6–8 months old) AB male and female zebrafish were kindly provided by Dr. Juan Galcerán Sáez from the Instituto de Neurociencias (IN-CSIC-UMH, Sant Joan d'Alacant, Alicante, Spain). These zebrafish were certified by Biosait Europe S.L. (Barcelona, Spain; https://biosait.com) as free of major fish pathogens such as Mycobacterium spp., Pseudoloma neurophilia, Pseudocapillaria tomentosa, and zebrafish retroviruses. The zebrafish were maintained in a flow-through water system at 27°C with a light–dark cycle of 14/10 h and fed twice daily with dry fish feed. For bacterial microbiota studies, 15 freshwater zebrafish adults were also included purchased from a pet store in Ciudad Real, Spain, and used immediately for analysis in the laboratory.



Zebrafish Feeds and Feeding

Zebrafish were fed before and throughout the experiment twice daily at 9:30 a.m. and 1:30 p.m. Before the beginning of the experiment and up to day 2, all fish were fed with fish feed (Premium food tropical fish, DAPC, Valladolid, Spain; 50–70 μg/fish). On day 2, each experimental group was divided into two subgroups. One subgroup continued to be fed with fish feed at the same regimen, and the second subgroup was fed with dog food (Classic red, ACANA; Champion Petfoods LP, Edmonton, Alberta, Canada; 150–200 μg/fish). The fish feed contains cereals, fish and fish byproducts, soya, yeast, crustaceans, and algae. The dog food is composed of lamb meat meal (23%), steel-cut oats (22%), fresh ranch-raised beef (5%), fresh Yorkshire pork (5%), lamb fat (5%), whole red lentils, whole green peas, whole green lentils, raw grass-fed lamb (4%), whole oats, fresh beef liver (2%), pork meat meal (2%), herring oil (2%), fresh pork liver (2%), whole garbanzo beans, whole yellow peas, sun-cured alfalfa, lentil fiber, fresh beef tripe (1%), dried brown kelp, fresh pumpkin, fresh butternut squash, fresh parsnips, fresh green kale, fresh spinach, fresh carrots, fresh Red Delicious apples, fresh Bartlett pears, freeze-dried beef liver (0.1%), fresh cranberries, fresh blueberries, chicory root, turmeric root, milk thistle, burdock root, lavender, marshmallow root, and rosehips.



Tick Saliva and Salivary Biogenic Components

Rhipicephalus sanguineus (Latreille 1806) female ticks were collected in an animal shelter at Ciudad Real, Spain, while feeding on naturally infested dogs. Ticks were collected at different feeding times for saliva collection as previously described but using pilocarpine hydrochloride (Poole et al., 2013). Partially fed ticks were inoculated with 5 μL of a 2% (wt/vol) solution of pilocarpine hydrochloride in phosphate-buffered saline (PBS), pH 7.4 (Sigma-Aldrich, St. Louis, MO, USA), into the hemocoel using a 50-μL syringe with a 0.33-mm needle (Hamilton Bonaduz AG, Bonaduz, Switzerland). Saliva was harvested using a micropipette, kept on ice, pooled, and stored at −80°C. Saliva protein concentration (1.96 μg/mL) was determined using a BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer's recommendations. Prostaglandin E2 was obtained from Sigma-Aldrich. The bovine serum albumin (BSA) coated with α-Gal (thereafter named α-Gal) was obtained from Dextra (NGP0203 Gala1-3Gal-BSA 3 atom spacer; Shinfield, UK).



Protein Extracts From Zebrafish Tissues and Feeds, Human HL60 Cells, Pork Kidney, and Tick Salivary Glands


Zebrafish, HL60 Cells, and Pork Kidney

Wild-type adult AB zebrafish (N = 5; three females and two males) were dissected and muscle, liver/kidney, and gut collected for protein extraction. Human promyelocytic leukemia HL60 cells (ATCC CCL-240; α-Gal negative) were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, and 25 mM HEPES buffer as previously described (de la Fuente et al., 2005). Pork (Sus scrofa) kidney (1 g; α-Gal positive) was obtained from a slaughterhouse at Ciudad Real, Spain. All samples were homogenized in lysis buffer (7 M urea, 2 M thiourea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, CHAPS) supplemented with complete mini protease inhibitor cocktail (Roche, Basel, Switzerland). Samples were boiled for 2 min, mixed in a thermocycler for 1 h, and sonicated for 1 min in an ultrasonic cooled bath followed by 10-s vortex. After three cycles of sonication vortex, the homogenate was centrifuged at 200 g for 5 min at 4°C, and the supernatant was quantified using an RC DC protein assay (BioRad, Hercules, CA, USA) with BSA as standard. This methodology has been previously shown to preserve the presence of the α-Gal epitope in extracted proteins (Lima-Barbero et al., 2019).



Tick Salivary Glands, Dog Food, and Fish Feed

Salivary glands were dissected from unfed and partially fed R. sanguineus female ticks and pooled for analysis (N = 10 per pool). Dog food and fish feed were pooled (1 μg per sample) for analysis. Samples were pooled in 500 μL lysis buffer (PBS, 1% Triton X-100) supplemented with complete protease inhibitor mixture (Roche) and homogenized by passing through a needle (27-gauge). Samples were sonicated for 1 min in an ultrasonic cooled bath, followed by vortexing for 10 s. After three cycles of sonication vortex, total protein extracts were centrifuged at 200 g for 5 min to remove debris. The supernatants were collected, and protein concentration was determined using the BCA Protein Assay (Life Technologies, Carlsbad, CA) with BSA as standard following the manufacturer's recommendations.




Determination of α-Gal Content by Enzyme-Linked Immunosorbent Assay

The α-Gal levels were determined by enzyme-linked immunosorbent assay (ELISA) in zebrafish proteins from different organs, R. sanguineus saliva and salivary gland proteins, fish feed, and dog food in comparison with pork kidney (α-Gal–positive control) and human HL60 cells (α-Gal–negative control). Plates were coated with 100 ng proteins per well from different samples in carbonate/bicarbonate buffer incubated overnight at 4°C, following five washes with PBS containing 0.05% Tween 20 (PBST). Unspecific unions were blocked with 1% human serum albumin (HSA; Sigma-Aldrich) and the α-Gal epitope monoclonal antibodies (M86; Enzo Life Sciences, Farmingdale, NY, USA) were added at 1:50 dilution in PBS and incubated for 1 h at 37°C followed by five washes with PBST. Finally, anti–mouse IgM (μ-chain specific)–peroxidase antibody produced in goat (Sigma-Aldrich) was added at 1:2,000 dilution in PBS. Reactions were visualized by adding 100 μL of 3,3′,5,5-tetramethylbenzidine (TMB; Promega, Madison, WI, USA) and incubated for 20 min in the dark at room temperature (RT). The optical density (OD) was measured at 450 nm with an ELISA reader. The average value of the blanks (wells without sample proteins; N = 5) was subtracted from all reads, and the average of nine replicates for each sample was used for analysis. A calibration curve with 0.0 to 1.0 ng α-Gal and OD values at 450 nm was constructed using Microsoft Excel for Mac (v. 16.26) to convert ELISA reader values to α-Gal content per sample (R2 = 0.992; Supplementary Figure 5A). To further validate the calibration curve, a correlation was constructed between 0.0 to 3.5 ng α-Gal and 0.0 to 1.0 μg tick salivary gland proteins using Microsoft Excel for Mac (v. 16.26) (R2 = 0.992; Supplementary Figure 5B). The results (average ± SD of α-Gal/1 μg protein) were compared between samples and negative or positive controls by Student t-test with unequal variance (p < 0.05, N = 3–5 biological replicates).



Characterization of α-Gal–Positive Bacteria Zebrafish Gut Microbiota

The study was performed using wild-type adult AB and pet store adult female and male zebrafish (N = 5 for each fish group; three females and two males). The microbiota was sampled as previously described (Cantas et al., 2012). Briefly, the ventral belly surface of freshly euthanized fish was opened with sterilized micro–surgical blade and forceps under a light source. The intestinal system was transferred to 1.5-mL tubes containing 200 μL sterile PBS. The intestines were homogenized with a motorized pestle, and disposable plastic loops were used to streak on 5% chicken (α-Gal negative) (Parmentier et al., 2008) blood agar (Rockland Immunochemicals Inc., Pottstown, PA, USA) and tryptic soy agar (Sigma-Aldrich) bacteriological plates for isolation of aerobic and anaerobic bacteria, respectively, following four serial dilutions. The plates were incubated at 28°C and followed by inspections every day for up to 1 week. Bacterial colonies were morphologically classified as aerobic types I (circular, pink, raised punctiform colonies), II (circular, diameter ≤ 5 mm, creamy white, raised colonies), III (irregular, dry white, flat colonies), and anaerobic types Ib (circular, diameter ≤ 5 mm, creamy white, raised colonies) and IIb (circular, white, raised, punctiform colonies). Bacteria isolated from the zebrafish gut microbiota were washed in PBS, fixed, and permeabilized with the Intracell fixation and permeabilization kit (Immunostep, Salamanca, Spain) following manufacturer recommendations. The cells were incubated with 3% HSA (Sigma-Aldrich) in PBS for 1 h at RT. Then, cells were incubated for 14 h at 4°C with the anti–α-Gal monoclonal antibody (M86; Enzo Life Sciences) diluted 1:50 in 3% HSA/PBS. Fluorescein isothiocyanate (FITC) goat anti–mouse IgM (Abcam, Cambridge, UK)–labeled antibody diluted 1:200 in 3% HSA/PBS was used as a secondary antibody and incubated for 1 h at RT. The Escherichia coli O86:B7 (ATCC 12701) and BL21 (DE3) cells were included as positive and negative α-Gal controls, respectively (Cabezas-Cruz et al., 2017c). Samples were analyzed on a FACScalibur flow cytometer equipped with CellQuest Pro software (BD BioSciences, Madrid, Spain). The viable cell population was gated according to forward-scatter and side-scatter parameters. The mean fluorescence intensity (MFI) was determined by flow cytometry, and the geometric mean compared between aerobic and anaerobic bacteria by Student t-test with unequal variance (p = 0.05, N = 5 biological replicates).



Zebrafish Treatment With Tick Saliva and Salivary Biogenic Components

The first trial (Experiment 1) was designed and performed to evaluate the allergic reactions and immune response in zebrafish treated with tick saliva and salivary components and in response to red meat consumption (Figure 3A). Adult zebrafish were randomly distributed into five gender-balanced groups (tick saliva, α-Gal, PGE2, α-Gal + PGE2, PBS) (Figure 3A, Table 1). Fish were intramuscularly injected at days 1, 3, and 8 with a Monoject insulin syringe fitted with a 1-cm, 29-gauge needle at the muscle close to the caudal fin with 2.5 μL R. sanguineus saliva in 10 μL PBS (tick saliva), 5 μg α-Gal in 10 μL PBS (α-Gal), 350 pg PGE2 in 10 μL PBS (PGE2), 5 μg α-Gal and 350 pg PGE2 in 10 μL PBS (α-Gal + PGE2), and 10 μL PBS (PBS). On day 2, each experimental group was randomly divided into two subgroups allocated in two separate water tanks and continued to be fed with fish feed or changed to dog food until the end of the experiment at day 14 when all surviving fish were euthanized (Figure 3A, Table 1). Zebrafish local allergic reactions and behavior were examined immediately after treatment or feed change and followed daily until the end of the experiment at day 14. After fish death or euthanize, serum was collected from each animal to determine anti–α-Gal and antitick salivary gland protein IgM antibody titers. Fish were then divided into two longitudinal halves. One-half was used to dissect intestine and kidney for RNA extraction to characterize the mRNA levels for selected immune response markers–correlates of allergy. The second half was used for histochemical characterization of local basophils. Accumulated zebrafish survival was analyzed by a Cox proportional survival regression test (http://statpages.info/prophaz.html) (p = 0.05; N = 7–9 biological replicates). Accumulated zebrafish allergy was analyzed by a one-way analysis of variance (ANOVA) test (https://www.socscistatistics.com/tests/anova/default2.aspx) (p = 0.05; N = 7–9 biological replicates). The risk of allergic reactions was analyzed in female and male zebrafish by McNemar test (https://www.graphpad.com/quickcalcs/McNemar1.cfm) (p = 0.05; N = 7–9).


Table 1. Experiment 1 design and records of zebrafish allergies and deaths.

[image: Table 1]

A second trial (Experiment 2) was conducted with 10 zebrafish per group and treated with tick saliva and PBS control (Figure 3B). Experiment 2 was conducted to inject fish with less amount of tick saliva than in Experiment 1 (1 μL instead of 2.5 μL R. sanguineus saliva) to reduce response to toxic and anticoagulant biogenic compounds different from α-Gal and PGE2 present in tick saliva and to better monitor the incidence of allergic reactions, abnormal behavior patterns, and feeding during the experiment. As in Experiment 1, adult zebrafish were randomly distributed into two gender-balanced groups (tick saliva PBS) (Figure 3B). Fish were intramuscularly injected at days 1, 3, and 8 as in Experiment 1 with 1 μL R. sanguineus saliva in 10 μL PBS (tick saliva) and 10 μL PBS (PBS) as control. On day 2, each experimental group was randomly divided into two subgroups (N = 5 each) allocated in two separate water tanks and continued to be fed with fish feed or changed to dog food until the end of the experiment at day 10 when all surviving fish were euthanized (Figure 3B). Zebrafish local allergic reactions and behavior were examined immediately after treatment or feed change and followed daily until the end of the experiment at day 10. After fish were euthanized, serum was collected from each animal to determine anti–α-Gal IgM antibody titers. The percent of zebrafish affected by allergic reactions and abnormal behavior and feeding on each group fed with fish feed or dog food was compare between saliva-treated and PBS-treated control fish by a one-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx) (p = 0.05; N = 4–5 biological replicates).



Anti–α-Gal IgM Antibody Titers in Zebrafish

For ELISA, high-absorption-capacity polystyrene microtiter plates were coated with 100 ng of α-Gal per well in carbonate–bicarbonate buffer (Sigma-Aldrich). After an overnight incubation at 4°C, coated plates were washed one time with 100 μL/well PBST (Sigma-Aldrich) and then blocked with 100 μL/well of 1% HSA (Sigma-Aldrich) for 1 h at RT. Serum peritoneal fluid samples were diluted (1:100, vol/vol) in blocking solution, and 100 μL/well was added into the wells of the antigen-coated plates and incubated for 1.5 h at 37°C. Plates were washed three times with PBST, and 100 μL/well of species-specific rabbit anti–zebrafish IgM antibodies diluted (1:1,000, vol/vol) in blocking solution was added and incubated for 1 h at RT. Plates were washed three times with 300 μL/well of PBST. A goat anti–rabbit IgG-peroxidase conjugate (Sigma-Aldrich) was added, diluted 1:3,000 in blocking solution, and incubated for 1 h at RT. After four washes with 100 μL/well of PBST, 100 μL/well of TMB (Promega) was added and incubated for 15 min at RT. Finally, the reaction was stopped with 50 μL/well of 2 N H2SO4, and the OD was measured in a spectrophotometer at 450 nm. The OD at 450 nm was compared between fish treated with saliva, α-Gal, PGE2, or α-Gal + PGE2, and the PBS-treated control group by Student t test with unequal variance (p = 0.005; N = 7–9). A Spearman ρ correlation analysis (https://www.socscistatistics.com/tests/spearman/Default2.aspx) was performed between anti–α-Gal IgM antibody levels and allergic reactions to tick saliva rated as 10 for fish with allergic reactions and death (AD), 8 for fish with allergic reactions only (A), and 0 for fish without reactions (NR), ρ = 0.179, two-tailed p = 0.283.



Anti-tick Salivary Gland Proteins IgM Antibody Titers in Zebrafish

Proteins were extracted from R. sanguineus salivary glands as described above. For ELISA, high-absorption-capacity polystyrene microtiter plates were coated with 100 ng of protein extracts of salivary glands per well in carbonate–bicarbonate buffer (Sigma-Aldrich). After an overnight incubation at 4°C, coated plates were washed one time with 100 μL/well PBST (Sigma-Aldrich) and then blocked with 100 μL /well of 2% BSA (Sigma-Aldrich) for 1 h at RT. Serum peritoneal fluid samples were diluted (1:100, vol/vol) in blocking solution, and 100 μL/well was added into the wells of the antigen-coated plates and incubated for 1.5 h at 37°C. Plates were washed three times with PBST and 100 μL/well of species-specific rabbit anti–zebrafish IgM antibodies diluted (1:2,000, vol/vol) in blocking solution were added and incubated for 1 h at RT. Plates were washed three times with 100 μL/well of PBST. A goat anti–rabbit IgG–horseradish peroxidase conjugate (Sigma-Aldrich) was added diluted 1:3,000 in blocking solution and incubated for 1 h at RT. After four washes with 100 μL/well of PBST, 100 μL/well of TMB solution (Promega) was added and incubated for 10 min at RT. Finally, the reaction was stopped with 50 μL/well of 2 N H2SO4 and the OD measured in a spectrophotometer at 450 nm. A Student t-test with unequal variance was used to compare the OD at 450 nm of IgM antibody titers against tick salivary gland proteins between fish treated with saliva, α-Gal, PGE2, or α-Gal + PGE2, and the PBS-treated control group (p = 0.05; N = 7–9) and between zebrafish fed with fish feed or dog food (p = 0.05; N = 3–6).



Expression of Selected Immune Response Markers by Quantitative Reverse Transcription–Polymerase Chain Reaction

Total RNA was extracted from zebrafish intestine and kidney samples using the AllPrep DNA/RNA/Protein (Qiagen, Hilden, Germany). The expression of selected zebrafish immune response and food allergy markers (Lu et al., 2008; Huang et al., 2018) akirin 2 (akr2), complement component c3a (c3a), interleukin 1-beta (il1b), interleukin 4 (il4), nuclear factor interleukin 3 regulated (nfil3), Toll-like receptor 4b (tlr4b), interferon-induced GTP-binding protein MxA (mxa), interferon (ifn), and MYD88 innate immune signal transduction adaptor (myd88) was analyzed by quantitative reverse transcription–polymerase chain reaction (qRT-PCR) with gene-specific primers (Supplementary Table 1) using the KAPA SYBR FAST one-step universal kit (Sigma-Aldrich) in the Rotor-Gene Q (Qiagen) thermocycler following manufacturer's recommendations. A dissociation curve was run at the end of the reactions to ensure that only one amplicon was formed and that the amplicon denatured consistently in the same temperature range for every sample (Ririe et al., 1997). The mRNA Ct values were normalized against D. rerio glyceraldehyde-3-phosphate dehydrogenase (gapdh) using the genNormddCT method (Livak and Schmittgen, 2001). The normalized Ct values were compared between fish treated with saliva, α-Gal, PGE2, or α-Gal + PGE2, and the PBS-treated control group and between fish treated with saliva presenting anaphylactic-type reactions and dead on day 2 and fish without reactions by Student t-test with unequal variance (p = 0.005; N = 3–6).



Histochemistry of Local Granulocytes in Zebrafish

Euthanized fish at day 14 were sagittal sectioned and then immediately fixed in 10% neutral buffered formalin for 24 h at 21°C, dehydrated in a graded series of ethanol, immersed in xylol, and embedded in paraffin wax using an automatic processor. Sections were cut at 4 mm and stained with hematoxylin and eosin (Sigma-Aldrich) following manufacturer's instructions and standard procedures (Bennett et al., 2001). Stained tissue sections were examined by light microscopy to count granulocytes (three sections of 40 mm2 each per fish) and photographed at 40× and 100× magnifications. The average counts of granulocytes were compared between fish treated with tick saliva, α-Gal, or PGE2 α-Gal + PGE2, and PBS-treated controls and between fish fed on dog food or fish feed for each treatment by Student t-test with unequal variance (p = 0.05; N = 3–6).




RESULTS


Zebrafish Do Not Produce α-Gal and Have Natural Anti–α-Gal Antibodies in Response to Bacteria in the Gut Microbiota

This study was designed to evaluate the allergic reactions and immunity in response to tick saliva and salivary biogenic substances such as α-Gal and PEG2 and red meat consumption in the zebrafish model.

Herein we first characterized the α-Gal content in fish tissues (Figure 1A). The results showed that only zebrafish gut had α-Gal levels higher than the human HL60 α-Gal–negative control cells, and all zebrafish tissues had significantly lower α-Gal levels than the pork kidney α-Gal–positive control (Figure 1A). Then, the presence of α-Gal was characterized in bacteria from the gut microbiota of laboratory wild-type AB and pet store zebrafish (Figures 1B–D). Identified anaerobic and aerobic gut bacteria had α-Gal levels higher than the E. coli—negative and—positive controls (Figure 1B), with higher levels in aerobic than in anaerobic bacteria (Figure 1C). A total of five morphologically different bacterial colonies were isolated in both fish groups with α-Gal content higher than the E. coli-negative control (Figure 1D). These results were similar to those described in humans (Galili, 2018) and suggested that natural anti–α-Gal IgM antibody levels in untreated zebrafish are produced in response to gut bacterial microbiota (PBS-treated group; Figure 2A).
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FIGURE 1. The α-Gal content is similar in humans and zebrafish. The α-Gal content was determined in zebrafish tissues and gut bacterial microbiota and in R. sanguineus salivary glands. (A) The α-Gal levels were determined by ELISA in zebrafish muscle, liver/kidney, and gut and in comparison with pork kidney (α-Gal positive) and human HL60 cells (α-Gal negative) as positive and negative controls, respectively. The results were converted to α-Gal content per sample using a calibration curve (R2 = 0.992; Supplementary Figure 5A) and compared between all samples and negative (lines) or positive (*p < 1E-8) controls by Student t-test with unequal variance (p < 0.05, N = 5 biological replicates). (B) Flow cytometry showing the presence of α-Gal on the surface of aerobic and anaerobic bacteria isolated from zebrafish gut microbiota. Escherichia coli O86:B7 and BL21 (DE3) strains were included as positive and negative controls for α-Gal, respectively. For flow cytometry, cells were stained with Bandeiraea simplicifolia I-isolectin B4–FITC to visualize α-Gal, and the viable cell population was gated according to forward-scatter and side-scatter parameters. (C) The MFI was determined by flow cytometry, and the geometric mean ± SD compared between aerobic and anaerobic bacteria by Student t-test with unequal variance (p = 0.05, N = 5 biological replicates). (D) Distribution of the MFI among aerobic and anaerobic type bacteria in wild-type AB and pet store zebrafish and in comparison with E. coli O86:B7 and BL21 (DE3)–positive and –negative controls for α-Gal, respectively. The results (average ± SD) were compared between all samples and negative control by Student t-test with unequal variance (*p < 0.05, N = 5 biological replicates).
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FIGURE 2. Zebrafish develop antibodies against tick α-Gal and proteins. (A) The IgM antibody titers against α-Gal were determined by ELISA, represented as the average ± SD OD at 450 nm and compared between fish treated with saliva, α-Gal, PGE2, or α-Gal + PGE2, and the PBS-treated control group by Student t-test with unequal variance (*p < 0.005; N = 7–9). (B) The IgM antibody titers against tick salivary gland proteins were determined by ELISA, represented as the average ± SD OD at 450 nm and compared between fish treated with saliva, α-Gal, PGE2, or α-Gal + PGE2 and the PBS-treated control group by Student t-test with unequal variance (*p < 0.001; N = 7–9). (C) The α-Gal levels were determined by ELISA in salivary glands from unfed and partially fed ticks and saliva from fed ticks in comparison with pork kidney (α-Gal positive) and human HL60 cells (α-Gal negative) as positive and negative controls, respectively. The results were converted to α-Gal content per sample using a calibration curve (R2 = 0.992; Supplementary Figure 5A) and compared between all samples and negative (lines) or positive (*p < 1E-8) controls by Student t-test with unequal variance (p < 0.05, N = 3 biological replicates).


Additionally, zebrafish treated with tick saliva, α-Gal, and α-Gal+PGE2 developed IgM antibodies against α-Gal that showed higher levels than in fish treated with PGE2 or PBS (Figure 2A). Zebrafish treated with tick saliva, α-Gal, PGE2, and α-Gal+PGE2 but not PBS also developed IgM antibodies against proteins present in tick salivary glands (Figure 2B). Salivary gland proteins in both unfed and partially fed ticks and in tick saliva showed the presence of α-Gal (Figure 2C), thus suggesting that R. sanguineus synthesize α-Gal and explaining the anti–α-Gal IgM antibody titers in zebrafish treated with tick saliva (Figure 2A). As expected, because of the presence of PGE2 in tick saliva and salivary glands, zebrafish treated with PGE2 developed antibodies against salivary gland proteins (Figure 2B) but not against α-Gal (Figure 2A). Finally, a tendency was observed toward higher IgM titers against tick salivary gland proteins in fish fed with dog food when compared to those fed with fish feed (Supplementary Figure 1).

Taken together, these results evidenced similarities in α-Gal content and anti–α-Gal antibody response in zebrafish and humans, suggesting that zebrafish may be evaluated like an animal model for the study of tick-borne allergies produced by salivary biogenic components.



Zebrafish Develop Hemorrhagic Anaphylactic-Type Reactions and Abnormal Behavior Patterns in Response to Tick Saliva

The study was designed with two experiments to characterize the allergic response in zebrafish exposed to tick saliva and salivary biogenic components such as α-Gal and PGE2 (Figures 3A,B). In Experiment 1 (Figure 3A), zebrafish were injected with 2.5 μL tick saliva and biogenic substances α-Gal and PGE2 to evaluate the allergic reactions and immune response in fish feeding on fish feed or dog food. Experiment 2 (Figure 3B) was then conducted to inject fish with less tick saliva than in Experiment 1 (1 μL instead of 2.5 μL R. sanguineus saliva) to reduce responses to toxic and anticoagulant biogenic compounds different from α-Gal and PGE2 present in tick saliva and to better monitor the incidence of allergic reactions, abnormal behavior patterns, and feeding during the experiment.
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FIGURE 3. Experimental design. Experiments were designed and performed to evaluate the allergic reactions and immune response in zebrafish treated with tick saliva and salivary components and in response to red meat consumption. (A) In Experiment 1, zebrafish were injected with 2.5 μL tick saliva and biogenic substances α-Gal and PGE2 to evaluate the allergic reactions and immune response in fish feeding on fish feed or dog food. Serum and tissue samples were collected to determine anti–α-Gal IgM response, intestine and kidney for qRT-PCR analysis of immune response markers, and half fish for histochemical characterization of local granulocytes. (B) Experiment 2 was conducted to inject fish with less amount of tick saliva than in Experiment 1 (1 μL instead of 2.5 μL R. sanguineus saliva) to reduce response to toxic and anticoagulant biogenic compounds different from α-Gal and PGE2 present in tick saliva and to better monitor the incidence of allergic reactions, abnormal behavior patterns, and feeding during the experiment. Zebrafish local allergic reactions and behavior were examined immediately after treatment or feed change and followed daily until the end of the experiment at day 14 (Experiment 1) or day 10 (Experiment 2). Fish and tick representative images are shown.


In Experiment 1, the results showed that the incidence of allergic reactions was statistically significant in zebrafish treated with tick saliva (six animals; 66%) but not in fish treated with α-Gal, PGE2, α-Gal + PGE2, and PBS (Figure 4A, Table 1). In three animals treated with tick saliva (33%) and before food change, these reactions resulted in death that significantly affected fish survival rate (Figure 4B, Table 1). Although not statistically significant, one fish treated with α-Gal + PGE2 also developed allergy and died at day 1 (Figures 4A–C, Table 1). The results showed that zebrafish response to tick saliva was characterized by hemorrhagic anaphylactic-type reactions appearing 3 to 5 h posttreatment (hpt) with hemorrhage affecting various organs (Figure 4D). Although allergy was more prevalent in female than male zebrafish, the analysis by McNemar test of the risk of developing allergic reactions in response to tick saliva did not show a significant association in female (p = 0.07) and male (p = 1.00) zebrafish.
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FIGURE 4. Zebrafish injected with tick saliva develop hemorrhagic anaphylactic-type reactions (Experiment 1). (A) Accumulated zebrafish allergy was compared between different groups by a one-way ANOVA test (p < 0.05; N = 7–9 biological replicates). (B) Accumulated zebrafish survival in the different groups was compared by a Cox proportional survival regression test (p < 0.05; N = 7–9 biological replicates). (C) Signs of hemorrhagic anaphylactic-type reactions in zebrafish 29-1 injected with α-Gal + PGE2. Fish No. 29-1 died on day 1. (D) Representative comparison between necropsied control fish No. 30-1 injected with PBS and fish No. 26-1 injected with tick saliva. Evidence of hemorrhage is shown in organs of a saliva-injected fish.


Abnormal behavior patterns in Experiment 1 consisted of low mobility, permanence at the bottom of the water tank, and zigzag-type swimming (Supplementary Figures 2A–F). Low mobility and permanence at the bottom of the water tank were shown in three zebrafish injected with tick saliva (Supplementary Figure 2A), one zebrafish injected with α-Gal (Supplementary Figure 2C), and one zebrafish injected with α-Gal + PGE2 (Supplementary Figure 2E). Normal behavior patterns were seen in all zebrafish injected with PGE2 and PBS (Supplementary Figures 2D,F).

These results provided evidence to support that zebrafish develop delayed hemorrhagic anaphylactic-type reactions affecting survival and behavior in response to tick saliva.



Zebrafish Develop Allergic Reactions and Abnormal Behavior Patterns in Response to Red Meat Consumption After Exposure to Tick Saliva

The results of the Experiment 1 (Figure 3A) showed that zebrafish develop delayed hemorrhagic anaphylactic-type reactions and abnormal behavior patterns primarily in response to tick saliva resulting in deaths for 33% of the animals (Figures 5A,B). However, anaphylaxis to consumption of red meat with high α-Gal content is one of the symptoms of the AGS.
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FIGURE 5. Zebrafish injected with tick saliva and fed with red meat develop hemorrhagic anaphylactic-type reactions and desensitization (Experiment 1). (A) In the zebrafish model, 33% of animals treated with tick saliva on day 1 developed hemorrhagic anaphylactic-type allergic reactions 3–5 hpt and died. Furthermore, 100% of fish fed with dog food, but none of the fish that continued feeding on fish feed at day 2, developed allergy to tick saliva injected on day 3. Once recovered from anaphylactic-type reactions, all fish were desensitized and became tolerant to tick saliva injected on day 8. (B) Signs of hemorrhagic anaphylactic-type reactions in zebrafish No. 26-1, 26-2, and 26-3 injected with tick saliva and dying at day 2 before food change. After food change, only fish No. 14-7, 14-8, and 14-9 feeding on dog food developed anaphylactic-type reactions. Asterisks in red connect representative fish images in (A) with results in (B).


To address this sign of the AGS, zebrafish on each treatment group in Experiment 1 and without reactions in response to first treatment with tick saliva on day 1 were split into two subgroups on day 2 (Figures 3A, 5A, Table 1). One subgroup continued to feed on fish feed without α-Gal, whereas the other was fed with dog food containing α-Gal (Figure 6A), and both were treated again with tick saliva on day 3 (Figures 3A, 5A, Table 1). All zebrafish feeding on fish feed did not develop any visible reaction to tick saliva injected on day 3 (Figure 5A, Table 1). However, zebrafish fed with dog food and treated with tick saliva on day 3 did develop delayed (3–5 hpt) hemorrhagic anaphylactic-type reactions that lasted for 48 h (Figures 5A,B, Table 1). An abnormal zig-zag type swimming was also observed at day 3 in fish No. 14-8 injected with tick saliva and fed with dog food (Supplementary Figures 2B, 3). These fish recovered from allergic reactions after 48 h and as animals fed on fish feed did not develop any reactions when treated again with tick saliva on day 8 (Figure 5A). Although a tendency was observed toward a positive correlation between allergic reactions to tick saliva and anti–α-Gal IgM antibody levels, the correlation was not significant (Figure 6B). However, all fish developing anaphylactic-type reactions had IgM antibody levels higher than 0.6 OD at 450 nm (Figure 5C).
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FIGURE 6. α-Gal levels in dog food and fish feed and correlation analysis between anti–α-Gal IgM antibody levels and allergic reactions to tick saliva. (A) The α-Gal levels were determined by ELISA in fish feed and dog food and in comparison with pork kidney (α-Gal positive) and human HL60 cells (α-Gal negative) as positive and negative controls, respectively. The results were converted to α-Gal content per sample using a calibration curve (R2 = 0.992; Supplementary Figure 5A) and compared between samples and negative control and between dog food and fish feed by Student t-test with unequal variance (p < 0.05, N = 3 biological replicates). The main components of dog food and fish feed are shown. Only dog food contains α-Gal–positive animal-derived products. (B) Spearman ρ correlation analysis between anti–α-Gal IgM antibody levels and allergic reactions to tick saliva in Experiment 1 rated as 10 for fish with allergic reactions and death (AD), 8 for fish with allergic reactions only (A), and 0 for fish without reactions (NR). Correlation rank coefficient (ρ) and p-value are shown.


To gain additional information on the zebrafish allergic reactions and abnormal behavior patterns in response to red meat consumption after exposure to tick saliva, Experiment 2 was conducted (Figure 3B). One fish died on each group on day 5 but for reasons not related to the treatments. Although fish were injected with less tick saliva than in Experiment 1, the anti–α-Gal IgM antibody levels were higher than in PBS-treated controls (Figure 7A). Furthermore, in fish treated with tick saliva but not in controls, the anti–α-Gal IgM antibody levels were higher in fish fed on dog food than in those fed with fish feed (Figure 7A). The analysis of the fish affected by hemorrhagic-type allergic reactions and abnormal behavior and feeding showed that the percentage of affected fish with allergic reactions was higher in saliva-treated than in PBS-treated controls fed with either fish or dog food (Figure 7B). However, these reactions appeared after third treatment with tick saliva only in fish fed on dog food (Figure 7B). Abnormal behavior patterns and feeding were higher in saliva-treated fish than in controls only when feeding on dog food (Figure 7B).
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FIGURE 7. Zebrafish injected with tick saliva and fed with red meat develop allergic reactions and abnormal behavior and feeding patterns (Experiment 2). (A) The IgM antibody titers against α-Gal were determined by ELISA, represented as the average ± SD OD at 450 nm and compared between fish treated with tick saliva and the PBS-treated control group and between fish fed on fish feed or dog food Student t-test (*p = 0.003, **p = 0.0008; N = 4–5 biological replicates with individual values shown). (B) Zebrafish local allergic reactions and behavior were examined immediately after treatment or feed change and followed daily until the end of the experiment at day 10. The percent of zebrafish affected by allergic reactions and abnormal behavior and feeding on each group fed with fish feed or dog food was compared between saliva-treated and PBS-treated control fish by a one-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx) (p = 0.05; N = 4–5 biological replicates).


These results showed that zebrafish treated with tick saliva develop hemorrhagic-type allergic reactions with abnormal behavior patterns with higher incidence in fish fed with α-Gal–positive dog food than with α-Gal–negative fish feed. Once recovered from allergic reactions, fish continuing feeding on dog food became tolerant to tick saliva. A risk factor associated with anti–α-Gal IgM antibody levels was also identified.



Allergic Reactions to Tick Saliva and Red Meat Consumption in Zebrafish Are Associated With Different Tissue-Specific Immune Response Mechanisms

The expressions of selected immune response and food allergy markers were characterized in Experiment 1 using the kidney and intestine involved in both innate and adaptive fish immunity. Different immune responses were observed in zebrafish kidney and intestine and between fish fed on dog food and fish feed (Figures 8A,B). In the kidney of zebrafish fed on dog food but not on fish feed, except for c3a, all genes were downregulated in response to tick saliva when compared to PBS-treated controls (Figures 8A,B). However, in the intestine of fish fed on dog food all genes except for myd88, akr2, and il1b were upregulated in response to tick saliva but not to other treatments (Figures 8A,B). In response to α-Gal or PGE2 but not to the combined α-Gal + PGE2, various genes were downregulated in the kidney of zebrafish fed on dog food (Figures 8A,B). Minor or no changes in gene expression were observed in the kidney and intestine of fish fed on fish feed and treated with tick saliva, α-Gal, PGE2, or α-Gal + PGE2 when compared to PBS controls (Figures 8A,B).
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FIGURE 8. Tissue-specific differences in the immune response of zebrafish injected with tick saliva and fed with red meat (Experiment 1). (A) The expression of selected immune response and food allergy markers was analyzed by qRT-PCR in the kidney and intestine of zebrafish fed on dog food or fish feed. The mRNA Ct values were normalized against D. rerio gapdh, presented as average ± SD, and compared between fish treated with saliva, α-Gal, PGE2, or α-Gal + PGE2, and the PBS-treated control group by Student t-test with unequal variance (*p < 0.05; N = 3–6). (B) Representation of differential gene expression with respect to PBS-treated controls in the kidney and intestine of zebrafish fed on dog food or fish feed. Data were obtained from the analysis described in (A).


The analysis of granulocytes in zebrafish tissue sections collected in Experiment 1 identified the presence of these cells mainly in the skeletal muscle (Figure 9A and Supplementary Figure 4). The results showed a higher number (p = 0.00000002) of granulocytes and granulocyte agglomerations in zebrafish treated with tick saliva (8.8 ± 0.8) when compared to fish treated with α-Gal (2.7 ± 0.8), PGE2 (3.2 ± 0.8), α-Gal + PGE2 (3.2 ± 1.0), or PBS (2.3 ± 0.6) (Figures 9A,B, Supplementary Figure 4). No differences were observed between fish fed on fish feed or dog food for each treatment (Supplementary Figure 4). At a higher magnification, the structure of the granulocytes showed characteristics of fish basophils/eosinophils such as a highly granular cytoplasm with large and spherical granules (Figure 9C).
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FIGURE 9. Granulocyte profile in zebrafish (Experiment 1). (A) Representative images of granulocytes detected in tissue sections stained with hematoxylin and eosin of zebrafish treated with saliva, α-Gal, PGE2, or α-Gal + PGE2, or the PBS control and fed with dog food or fish feed. The fields were randomly chosen, and granulocytes are indicated with arrows. The average counts of granulocytes were compared between fish treated with tick saliva, α-Gal, or PGE2 α-Gal + PGE2, and PBS-treated controls and between fish fed on dog food or fish feed for each treatment by Student t-test with unequal variance (p < 0.05; N = 3–6; Supplementary Figure 4). Most granulocytes were observed in the skeletal muscle. Magnification ×40. (B) Representative images of granulocytes agglomerations only detected in zebrafish treated with tick saliva. Magnification ×40. (C) Selected images for identified granulocytes showing characteristics of basophils/eosinophils. Magnification ×100. (D) The expression of selected immune response and food allergy markers was analyzed by qRT-PCR in the kidney and intestine of zebrafish treated with saliva and presenting anaphylactic-type reactions and death on day 2, and fish without reactions and normalized mRNA Ct values (average ± SD) were compared by Student t-test with unequal variance (p < 0.05; N = 3–6). Only il1b gene in the intestine showed significant differences.


Finally, of the selected zebrafish immune response and food allergy markers, only the expression of il1b was significantly higher in the intestine of zebrafish treated with tick saliva and presenting anaphylactic-type reactions and death when compared to fish without reactions on day 2 (Figure 9D).

These results suggested that tick salivary biogenic components different from or in combination with α-Gal and PGE2 are essential for the modulation of zebrafish immune response to tick saliva and red meat consumption in both kidney and intestine but affecting different tissue-specific mechanisms. The results also suggested a role for basophils/eosinophils in zebrafish response to tick saliva.




DISCUSSION

Tick saliva contains biogenic substances including proteins, lipids, and other biomolecules such as PGE2 and α-Gal that modulate multiple biological processes affecting ectoparasite feeding and pathogen infection and transmission (Oliveira et al., 2011; Poole et al., 2013; Chmelar et al., 2019). These molecules may also affect host immune response leading to allergic diseases such as the AGS (Araujo et al., 2016; Cabezas-Cruz et al., 2017c, 2019; Chandrasekhar et al., 2019; Hilger et al., 2019). In this study, we focused on the brown dog tick R. sanguineus based on the worldwide distribution of this tick species as a major dog ectoparasite, the risk it poses for urban populations, its role in the transmission of pathogens such as Rickettsia rickettsii causing Rocky Mountain spotted fever and the cause of anaphylactic reactions to tick bite, and its phylogenetically close relationship with tick species such as Rhipicephalus bursa and Rhipicephalus microplus previously shown to contain α-Gal–modified proteins (Valls et al., 2007; Uspensky, 2014; de la Fuente et al., 2017; Mateos-Hernández et al., 2017).

Humans evolved with the inactivation of the α1,3-GalT gene, which resulted in the recognition of the carbohydrate α-Gal as a non–self-antigen, thus inducing the production of high antibody titers against this molecule (Galili, 2018). This evolutionary trait benefits humans by providing immunity to pathogens containing α-Gal in the surface while increasing the risks of developing the AGS triggered by the IgE antibody response against α-Gal present in glycoproteins and glycolipids from tick saliva and tissues of non-catarrhine mammals (Commins et al., 2009; Van Nunen et al., 2009; Platts-Mills et al., 2015; Steinke et al., 2015; Galili, 2018; Cabezas-Cruz et al., 2019; de la Fuente et al., 2019; Hilger et al., 2019; Román-Carrasco et al., 2019; Park et al., 2020). The AGS is characterized by delayed anaphylaxis to red meat consumption and immediate anaphylaxis to tick bites, xenotransplantation, and certain drugs such as cetuximab (Mateos-Hernández et al., 2017; Hilger et al., 2019). Despite recent advances in the study of the AGS (Commins et al., 2009; Van Nunen et al., 2009; Platts-Mills et al., 2015; Steinke et al., 2015; Mateos-Hernández et al., 2017; Galili, 2018; Cabezas-Cruz et al., 2019; de la Fuente et al., 2019; Hilger et al., 2019), the immune-mediated mechanisms induced by tick bites and leading to the AGS have been only partially characterized in α1,3-GalT-KO mice (Araujo et al., 2016; Chandrasekhar et al., 2019). The development of new animal models for tick-borne allergies such as the AGS would contribute to these studies.

Considering that zebrafish are evolutionarily naive to tick saliva as they are not naturally exposed to ticks, the observed allergic hemorrhagic anaphylactic-type reactions and abnormal behavior patterns may occur in response to toxic and anticoagulant biogenic compounds different from α-Gal and PGE2 present in tick saliva (Francischetti et al., 2009; Aleman and Wolberg, 2013; Mihara, 2017; Stringer et al., 2017; Haddad et al., 2018). For example, although uncommon, episodic hemorrhage has been described in humans during honeybee venom anaphylaxis (Mingomataj and Bakiri, 2012). This episodic hemorrhage has been associated with honeybee venom components that interfere with complement cleavage and bradykinin release, thus affecting coagulation, thrombolysis, hemolysis, and smooth muscle tone. Additionally, infestations by sea lice of the family Caligidae such as Lepeophtheirus and Caligus species affect fish behavior and cause abrasion-like lesions at their attachment and feeding sites by changing mucus consistency and damaging the epithelium, which results in loss of blood and fluids and cortisol release (Fast, 2014; Øverli et al., 2014). Some species of fish will spend more time lying on the bottom of the tank when they become stressed, which will also reduce eating (Kalueff et al., 2013). Zigzagging is also a behavior associated with fish stress (Kalueff et al., 2013).

Anaphylactic-type reactions have been previously described in channel catfish (Ictalurus punctatus Refinesque) and goldfish (Carassius auratus L.) following immunization and challenge with solubilized protozoa (Tetrahymena pyriformis) and human serum proteins, respectively, but not when challenged with the heterologous BSA antigen (Goven et al., 1980). The fishes sensitized and challenged with homologous antigens showed abnormal behavior patterns consisting of disorientation, breading problems, and increased defecation. Severe respiratory distress resulted in 33% death of treated catfish. The authors concluded that type I hypersensitivity reactions were the cause of observed anaphylaxis, a mechanism currently defined as type 2 T helper (TH2) immunity that has been proposed to be associated with the AGS (Wilson et al., 2017; Cabezas-Cruz et al., 2019; Chandrasekhar et al., 2019). In our study, the potential role of BSA present in in the α-Gal–coated particles in the observed allergic reactions when administered to zebrafish was discarded because as previously described (Goven et al., 1980), fish were not previously exposed to BSA, and BSA was likely not present in the tick saliva. Although fish were intramuscularly injected with tick salivary biogenic substances, part of the injected liquid remained subcutaneous, which would better resemble tick bites.

The effect of red meat consumption in the form of dog food containing α-Gal in zebrafish previously treated with tick saliva and normally fed with fish feed free of α-Gal is relevant for the study of the AGS. Dog feed was used because it contains fish-and plant-derived components also present in fish food, and it is registered for animal use. Both fish feed and dog food contained plant-derived compounds together for either fish or animal (red meat) products, thus making it difficult to assign the observed reactions to other compounds present in dog food. We did not add α-Gal to fish feed because it is possible that the immune response to α-Gal depends on the way this molecule is presented on proteins or lipids and not only the carbohydrate by itself. For still unknown reasons and despite identified risk factors such as gender, pollen allergy, bronchial asthma, pet keeping, age, blood group, and lifestyle (Cabezas-Cruz et al., 2017a,b, 2019), only a fraction of the humans exposed to tick bites develop the AGS, and cases of mammalian meat desensitization have been recently reported (Yucel et al., 2019). Despite the limitations associated with the low number of fish included on each treatment, in the zebrafish model 33% (Experiment 1) and 20% (Experiment 2) of the animals treated with tick saliva developed allergic reactions with no reactions in control fish. However, when fed with dog food, 100% of the animals in both experiments presented allergic reactions including abnormal behavior or feeding after treatment with tick saliva. Furthermore, once recovered from anaphylactic-type reactions, fish became tolerant to tick saliva by still unknown mechanisms. Differences in the presentations of allergic reactions between Experiments 1 and 2 may be due to the amount of tick saliva injected in fish (2.5 μL in Experiment 1 vs. 1 μL in Experiment 2). These results suggested a role for red meat consumption in the allergic reactions to tick saliva in zebrafish and in a rapid desensitization process to become tolerant to tick saliva.

In humans, anti–α-Gal IgE antibody levels (≥0.35 kU/L) have been identified like a risk factor for the development of the AGS (Commins et al., 2009; Van Nunen et al., 2009; Platts-Mills et al., 2015; Steinke et al., 2015; Galili, 2018; Cabezas-Cruz et al., 2019; de la Fuente et al., 2019; Hilger et al., 2019). Recently and albeit that cofactors are influential in the expression of mammalian meat allergy (Platts-Mills et al., 2020), Mabelane et al. (2018) reported that anti–α-Gal IgE antibody levels higher than 5.5 kU/L are an indicator of AGS with 95% confidence. Herein we showed that zebrafish as humans do not synthesize α-Gal and produce natural anti–α-Gal IgM antibodies in response to gut bacterial microbiota. However, in zebrafish, a significant correlation was not observed between anti–α-Gal IgM antibody levels and allergic reactions to tick saliva, but IgM antibody levels higher than 0.6 OD at 450 nm were identified as a risk factor for developing anaphylactic-type reactions to tick saliva and red meat consumption. Nevertheless, these results may be affected by the fact that the antibody levels in zebrafish dying from anaphylactic-type reactions were determined on day 2 after a single treatment with tick saliva, whereas most fish were treated three times and sera collected on day 14 for analysis.

To identify the possible immune mechanisms associated with allergic reactions observed in zebrafish in response to tick saliva and red meat consumption, selected immune response and food allergy markers involved in TH1 and TH2 cell–mediated responses (Lu et al., 2008; Huang et al., 2018) were characterized in the kidney and intestine involved in both innate and adaptive fish immunity (Liu et al., 2015; Brugman, 2016; Martins et al., 2019). The CD4+ T cells or T helper cells develop into TH1 and TH2 cells (Figure 10A). While type 1 T helper (TH1) cells produce interferon (IFN), interelukin 1 (IL-1), and Mxa, among other proteins, for cell-mediated immunity and macrophage-dependent protective responses, TH2 cells produce IL-1, IL-4, and other cytokines to induce antibody-mediated adaptive immune response and inhibition of several macrophage functions (Romagnani, 1999). Other cytokines such as IL-3 and regulated factors (NFIL-3) are produced by both TH1 and TH2 cells (Romagnani, 1999). Additionally, TH1 cells are involved in the pathogenesis of organ-specific autoimmune disorders, whereas TH2 mediates allergen-specific responses (Romagnani, 1999).
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FIGURE 10. Proposed mechanisms triggering the AGS. (A) Mechanisms mediated by CD4+ T cells or T helper (TH) cells that develop into TH1 and TH2 cells regulating cell-mediated and antibody-mediated innate and adaptive immune responses, respectively. (B–D) Immune mechanisms triggering the AGS that have been proposed based on existing evidence in (B) humans, (C) α1,3-GalT-KO mice, and (D) our zebrafish animal model. The interrogation marks (?) represent mechanisms that need additional evidence to be sustained.


In humans, the AGS has been proposed to be associated with tick saliva–induced inhibition of TH1-induced production of IL-1, basophil-mediated production of IL-4, decrease in TH1/TH2 ratio, and PGE2-induced antibody class switching, all resulting in the induction of TH2-mediated IgE response against α-Gal (Cabezas-Cruz et al., 2019; Kageyama et al., 2019) (Figure 10B). As recently concluded by Kageyama et al. (2019), repeated tick bites promote basophil recruitment and attract TH2 cells to the skin, which results in a proper cytokine milieu to enhance IgE antibody levels against tick proteins and α-Gal to facilitate acquired immunity to ticks and the AGS.

In the α1,3-GalT-KO mouse model, the induction of α-Gal–specific IgE antibodies following tick feeding and in response to subcutaneous injection of tick saliva was proposed to be associated with the salivary proteins modified with α-Gal–like antigens that might modulate host immune response toward anti–α-Gal IgE antibodies (Araujo et al., 2016). However, recently Román-Carrasco et al. (2019) provided evidence supporting that glycolipids but not glycoproteins containing α-Gal were able to cross the intestinal monolayer and trigger an allergic reaction such as the AGS. To characterize the immune mechanisms leading to production of IgE antibodies and allergic reactions in response to tick bites and red meat consumption, Chandrasekhar et al. (2019) showed in the α1,3-GalT-KO mouse model that the induction of IgE responses was dependent on CD4+ T cells and the expression of the B cell-intrinsic MyD88 adaptor for inflammatory Toll-like receptor (TLR) and IL-1 signaling pathways leading, among others, to the activation of the Akr2/nuclear factor κB (NF-κB) (Deguine and Barton, 2014) (Figure 10C).

The results reported here in the zebrafish model support some of the previously proposed immune mechanisms triggering the AGS and provided evidence for different tissue-specific mechanisms also potentially involved in the AGS (Figure 10D). While in zebrafish kidney α-Gal–containing glycolipids and glycoproteins may antagonize TLR-mediated response to promote TH2-mediated IgE response to α-Gal, in the intestine a mechanism similar to that proposed in humans and mouse model may trigger AGS through activation of TLR by α-Gal leading to production of proinflammatory cytokines and anti–α-Gal IgE response. As proposed for humans in response to tick saliva, basophils in zebrafish may be also recruited to attract TH2 cells producing IL-4 to the muscle inducing TH2-mediated IgE response to α-Gal. Basophils/eosinophils have been described in zebrafish and other fish species, but the functional role of these cells in immune response and allergy has not been previously characterized (Ainsworth, 1992; Bennett et al., 2001). The fact that il1b was the only gene upregulated in zebrafish suffering and dying of hemorrhagic anaphylactic-type reactions in response to tick saliva on day 2 and the regulation of this gene after red meat consumption suggesting a key role for this cytokine, which has been previously shown to promote adhesion of basophils, eosinophils, and neutrophils to human vascular endothelial cells (Bochner et al., 1991). Although a role for PGE2 during AGS has been proposed in humans (Cabezas-Cruz et al., 2017c), in the zebrafish model we did not find a correlation between this prostaglandin and the allergic response to tick saliva.

Based on the evidence obtained from studies in humans and the mouse and zebrafish animal models, the proposed mechanisms triggering the AGS involve TLR-mediated responses in both TH1 and TH2 cells with a role for basophils in this process (Figures 10B–D). The TLRs play a role in immune response by initiating signaling cascades that result in the recruitment of signaling adaptors such as MyD88 to trigger the formation of supramolecular organizing centers that coordinate various cellular responses such as translocation of Akr2/NF-κB and the activation of immune cells leading to the expression of proinflammatory cytokines and IFNs (Rosadini and Kagan, 2015). Pathogen-derived glycoproteins and glycolipids interact with TLRs with different outcomes. The TLR4 sensors bacterial lipopolysaccharides that activate the MyD88-dependent pathway resulting in Akr2/NF-κB activation leading to the production of IFN and proinflammatory cytokines (Perrin-Cocon et al., 2017). However, pathogen-derived glycolipids and glycoproteins can antagonize TLR-mediated response to interfere with cellular immune response (Hajishengallis and Lambris, 2011; Cochet et al., 2019). Basophil levels increase and infiltrate lesions after tick infestations contributing to acquired immunity and secretion of the histamine-repellent factor in tick-resistant animals (Karasuyama et al., 2018b; Tabakawa et al., 2018). Basophils have been also shown to activate TH2 IL-4–mediated responses (Karasuyama et al., 2018a), which may lead to acquired immunity to ticks and the high anti–α-Gal IgE antibody levels associated with the AGS (Kageyama et al., 2019). Additionally, basophils may attract TH2 cells to the tick bite site to induce intrinsic TH2 immunity-promoting adjuvant function of tick salivary components to enhance IgE response to α-Gal–containing tick proteins causing the AGS (Hilger et al., 2019; Kageyama et al., 2019).



CONCLUSIONS

In this study, a new animal model was developed using zebrafish for the study of allergic reactions in response to tick salivary biogenic substances and red meat consumption. The observed allergic hemorrhagic anaphylactic-type reactions and abnormal behavior patterns may occur in response to toxic and anticoagulant biogenic compounds different from α-Gal present in tick saliva. Furthermore, host-derived and not only tick-derived molecules with α-Gal may be involved in the AGS (Platts-Mills et al., 2020). However, the results showed that only zebrafish previously exposed to tick saliva and fed on dog food developed hemorrhagic anaphylactic-type allergic reactions and/or abnormal behavior or feeding patterns with rapid desensitization and tolerance. These allergic reactions were associated with tissue-specific TLR-mediated responses in TH1 and TH2 cells with a possible role for basophils in the immune response to tick saliva. The results obtained in this proof-of-concept study support some of the previously proposed immune mechanisms triggering the AGS in humans and the α1,3-GalT-KO mouse model and provided evidence for different tissue-specific mechanisms also potentially involved in the AGS. These results support the use of the zebrafish animal model for the study of the AGS and other tick-borne allergies.
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Skin is the interface between an attached, feeding tick and a host; consequently, it is the first line of defense against invading pathogenic microorganisms that are delivered to a vertebrate host together with tick saliva. Central to the successful transmission of a tick-borne pathogen are complex interactions between the host immune response and early tick-mediated immunomodulation, all of which initially occur at the skin interface. The focus of this work was to demonstrate the use of RNA in situ hybridization (RNA ISH) as a tool for understanding the cellular localization of viral RNA at the feeding site of Powassan virus (POWV)-infected Ixodes scapularis ticks. Intense positive staining for POWV RNA was frequently detected in dermal foci and occasionally detected in hypodermal foci after 24 h of POWV-infected tick feeding. Additionally, duplex chromogenic RNA ISH staining demonstrated co-localization of POWV RNA with Mus musculus F4/80 RNA, CD11c RNA, vimentin RNA, Krt14 RNA, and CD3ε RNA at the feeding site of POWV-infected ticks. In future studies, RNA ISH can be used to validate transcriptomic analyses conducted at the tick-virus-host cutaneous interface and will provide cellular resolution for specific gene signatures temporally expressed during infected tick feeding. Such a systems biology approach will help create a more refined understanding of the cellular and molecular interactions influencing virus transmission at the cutaneous interface.

Keywords: Powassan virus, tick-virus-host interface, skin, RNA in situ hybridization, tick feeding


INTRODUCTION

Mammalian skin serves as a mechanical and immunological barrier to protect the host from injury and infection (Pasparakis et al., 2014). This complex organ consists of an intricate network of epithelial cells, stromal cells, resident immune cells, migratory immune cells, blood and lymphatic vessels, peripheral nerves, and soluble mediators of the immune response (Wikel, 2013; Pasparakis et al., 2014; Nguyen and Soulika, 2019). Ticks are obligate blood-feeding ectoparasites of vertebrates and they require a blood meal at every active life stage. To acquire its necessary blood meal, an ixodid tick must remain attached to the skin of a vertebrate host and complete its multi-day feeding process without being deterred by the complex and redundant host cutaneous defense mechanisms. Successful tick feeding is enabled by the complex repertoire of bioactive factors in tick saliva, which can modulate host hemostasis, pain and itch responses, wound healing, and innate and adaptive immunity (Ribeiro et al., 2006; Kazimírová et al., 2017; Hermance and Thangamani, 2018; Wikel, 2018). Tick saliva is composed is of hundreds of proteins and short non-coding regulatory RNAs that are differentially expressed throughout the process of tick feeding (Ribeiro et al., 2006; Chmelar et al., 2016; Hermance et al., 2019). Studies have demonstrated that a variety of tick salivary proteins, as well as some non-proteinaceous molecules, can modulate the cutaneous immune defenses of the host (Ribeiro et al., 2006; Oliveira et al., 2011; Kazimírová et al., 2017).

Skin is the first mammalian organ that a tick-borne pathogen and tick salivary factors encounter during their journey from the infected tick salivary glands to the host. With respect to several tick-borne flaviviruses (TBFVs), an infected Ixodes species tick can transmit virus to the host on which it feeds in as little as a few minutes to several hours of feeding (Alekseev et al., 1996; Ebel and Kramer, 2004; Hermance and Thangamani, 2018). The rapid transmission of a TBFV from tick salivary glands to host underscores the importance of investigating the initial immunomodulatory events that occur at the cutaneous interface where a tick first delivers virus. In vivo models (infected ticks fed on small mammals) are valuable tools for studying the early host immune response to infected tick feeding. Using such models, transcriptional profiling and histopathological analyses conducted at the tick feeding site comprehensively illustrate how TBFV-infected tick feeding temporally influences the host cutaneous immune response. Comparative transcriptional analyses of TBFV-infected vs. uninfected tick feeding sites reveal significant up-regulation of transcripts related to the recruitment, migration, and accumulation of immune cells after the first 1–3 h of infected tick feeding (Hermance and Thangamani, 2014; Thangamani et al., 2017). Early cutaneous changes at the in vivo flavivirus-tick-host interface have been further illuminated with histopathological analyses. Until recently, these analyses have relied on immunohistochemical detection of viral antigen and specific cell markers at the tick feeding site. Specifically, Powassan virus (POWV) antigen was detected in fibroblasts and macrophages via immunofluorescence (Hermance et al., 2016), and Tick-borne encephalitis virus (TBEV) antigen was detected in fibroblasts and mononuclear phagocytes via immunohistochemistry (Thangamani et al., 2017). The present work is the first to demonstrate use of RNA in situ hybridization (RNA ISH) for precise localization of Mus musculus-specific F4/80, CD11c, vimentin, keratin 14, CD3ε, and CD49b RNAs at the tick feeding site, and to detect the distribution of POWV RNA at the skin site of POWV-infected Ixodes scapularis feeding. Simultaneous visualization POWV RNA with Mus musculus-specific mRNA targets is also demonstrated. Ultimately, a systems biology approach enables analyses of the complex interplay between tick-host-virus at the skin interface, and RNA ISH can be incorporated as a tool to visualize and validate cellular and molecular interactions occurring within the infected tick feeding site.



METHODS


Cells and Viruses

African green monkey kidney (VeroE6) cells were purchased from the American Type Culture Collection (ATCC) and maintained in culture with Modified Eagle's Medium (MEM) supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, and a 1% antibiotic mixture of penicillin/streptomycin incubated at 37°C with 5% CO2. The World Reference Center for Emerging Viruses and Arboviruses at UTMB provided stock of the POWV (LB strain), which had previously been passaged 7 times in suckling mice brains. The stock was then passaged 5 times on VeroE6 cells. Stock virus titers were determined by focus-forming immunoassay as described previously (Rossi et al., 2012). Next Generation Sequencing demonstrated that the consensus nucleotide sequence of the POWV genome was 99.98% identical to the POWV LB strain. Two nucleotide sequence differences were observed between our POWV stock and that of the POWV LB strain (NCBI Reference Sequence: NC_003687.1), which resulted in the following amino acid sequence difference in: E (Q442R).



Synchronous Infection of Ticks

POWV-infected I. scapularis nymphs were generated in the laboratory via synchronous infection, a technique that has been previously validated in our laboratory for virus infection of I. scapularis nymphs (Hermance and Thangamani, 2014; Hermance et al., 2016). Three days prior to synchronous infection, uninfected I. scapularis nymphs were stored in a 26°C environmental chamber at ~60% relative humidity for dehydration and desiccation. Ticks were then submerged in 1.5 × 107 FFU/mL of POWV LB strain at 34°C for 45 min with gentle mixing every 10 min. Ticks were mock-infected in the same manner with DMEM media. Infected and mock-infected ticks were washed two times with sterile PBS and then dried of excess moisture using sterile filter paper. All ticks were transferred to glass vials and stored inside a desiccator for 4 weeks at 26°C and ~90% relative humidity to allow extrinsic incubation of POWV.



Tick Infestation on Mice

Four weeks after synchronous infection, ticks were infested on mice as previously described (Hermance and Thangamani, 2014; Hermance et al., 2016). Briefly, tick containment capsules were fashioned from 2 mL cryotubes by cutting off the base of the tube, leaving approximately 5 mm of remaining tube and the screw cap lid intact. Tensoplast athletic tape (BSN Medical) was fitted around the perimeter of the base of the tube with approximately 1 cm of tape width around the edge of the capsule. Holes were punctured in the lid of the capsule with a 28-gauge needle to enable air-flow within the capsule during tick feeding. Mice were anesthetized with isoflurane for the capsule attachment process. The dorsum and lateral sides of each mouse was shaved with a size 40 electric razor blade. Livestock Tag Cement (Nasco) was applied to the adhesive side of the 1 cm athletic tape that was fitted around the edge of the capsule, and school glue was applied in a ring along the inner base of the capsule. Capsules were adhered to the center of the mouse dorsum 1 day prior to tick infestation. Capsule integrity was checked before and during the tick infestations.

One day after capsule attachment, a single I. scapularis nymph was placed inside each capsule. The screw-cap capsule lids were secured with a thin piece of masking tape. Ticks were fed on mice for 24 h. At 24 h after tick attachment (hours post-infection, hpi), mice were euthanized by CO2 inhalation followed by cervical dislocation. Immediately following euthanasia, 4 mm skin punch biopsies were harvested, including the attached ticks.



Histology and RNA in situ Hybridization

Each skin plus tick biopsy was formalin-fixed for a minimum of 48 h in 10% neutral buffered formalin at room temperature. Tick legs were snipped prior to fixation to expedite formalin penetration into the tick body cavity. The biopsy samples were treated with Decal (StatLab) for 2 h at room temperature, thoroughly washed with DI water, and returned to formalin. The biopsies were then dehydrated with a standard ethanol series followed by xylene. Paraffin embedding of each biopsy was performed at an orientation that, upon sectioning, would produce a cross-section of the mouse skin and a longitudinal section of the tick mouthparts and body (Hermance et al., 2016). Formalin-fixed paraffin-embedded (FFPE) biopsies were sectioned at 5 μm thickness and sections were mounted on Superfrost Plus slides (Fisher Scientific). Slides were dried at 34°C for 48 h and then stored at room temperature in plastic bags with desiccants.

RNA ISH was performed with the RNAscope™ platform (Advanced Cell Diagnostics), including the RNAscope 2.5 Duplex reagent kit, RNAscope probes, and the RNAscope HybEZ hybridization system. RNA ISH was performed manually with a RNAscope 2.5 HD duplex chromogenic assay (Advanced Cell Diagnostics) in accordance with the manufacturer's recommendations for FFPE tissue. The FFPE tissue sections were incubated at 60°C for 1 h and deparaffinized in xylene. Endogenous peroxidases were quenched with H2O2 for 10 min at room temperature. Pretreatment times of the tissue sections were optimized so the delicate skin and brittle tick tissue would not lift off the slide during boiling or be damaged during protease digestion; therefore, slides underwent target retrieval for 15 min in RNAscope Target Retrieval Reagent at 98°C. Slides were then incubated for 15 min in RNAscope Protease Plus reagent at 40°C with constant humidity and temperature maintained by the RNAscope HybEZ hybridization system. RNA probes hybridizing to POWV positive-sense RNA (ACD Cat. # 415641), Mus musculus F4/80 RNA (Cat. # 460651-C2), M. musculus CD11c RNA (Cat. # 311501-C2), M. musculus vimentin RNA (Cat. # 457961-C2), M. musculus keratin 14 RNA (Cat. # 422521-C2), M. musculus CD3ε RNA (Cat. # 314721-C2), M. musculus CD49b RNA (Cat. # 441081-C2), positive control M. musculus ubiquitin C (Ubc) RNA (Cat. # 310771), positive control M. musculus Polr2a RNA (Cat. # 312471-C2), and positive control M. musculus Ppib RNA (Cat. # 321651) were hybridized to the tissues for 2 h at 40°C. All remaining steps of signal amplification and detection were conducted as recommended by the RNAscope 2.5 HD duplex detection kit user manual. Horseradish peroxidase (HRP)-based green and alkaline phosphatase (AP)-based red chromogenic substrates were used for signal detection. Slides were counterstained with Gill's Hematoxylin I (diluted 1:1 in DI water) for 30 s, briefly washed in tap water, air dried for 45 min at 60°C, and cover-slipped using VectaMount (Vector Laboratories) reagent. Tissue sections were examined under a standard light microscope.




RESULTS AND DISCUSSION

The RNAscope™ platform (Advanced Cell Diagnostics) used in this study reveals positive RNA signals as punctate staining, and previous work demonstrated that each punctate dot represents a single mRNA transcript (Wang et al., 2012). Probes targeting the endogenous M. musculus housekeeping genes, ubiquitin C (Ubc), Ppib, and Polr2a, were used as positive controls to assess mouse skin biopsies with attached ticks for RNA integrity and to serve as technical assay controls for the RNA ISH procedures. Endogenously expressed Ubc RNA was detected with HRP-based green chromogen in a punctate staining pattern and was moderately to highly expressed (>20 transcript copies per cell) in many M. musculus skin cells (Figure S1A). The Polr2a probe was used as a rigorous positive control for low copy mRNA (1–5 transcript copies per cell). Polr2a signal was detected with AP-based red chromogen, and as expected, was lowly expressed in M. musculus skin (Figures S1A,B). The Ppib housekeeping gene was used as a positive control for moderately expressed RNA targets (6–20 transcript copies per cell) (Figure S1B). The attached I. scapularis tick body in these tissue sections served as an internal negative control because the M. musculus Ubc, Polr2a, and Ppib probes did not bind to the tick tissue and only bound to the M. musculus skin, demonstrating probe specificity.

POWV RNA was detected via HRP-based green chromogen in the cross-section of POWV-infected I. scapularis nymphs but not in mock-infected nymphs (Figure 1). In the cross-sections of mock-infected nymphs, only the hematoxylin counterstain was visible (Figure 1B). In addition to the POWV RNA probe, the M. musculus F4/80 RNA probe was simultaneously hybridized to these skin plus nymph tissue sections, and duplex chromogenic detection of RNA targets was performed. No F4/80 RNA signal was detected via AP-based red chromogen in the tick bodies, demonstrating target-specificity of the M. musculus F4/80 RNA probe.


[image: Figure 1]
FIGURE 1. Distribution of POWV RNA in the POWV-infected Ixodes scapularis nymph body. (A) POWV-infected I. scapularis nymph feeding on M. musculus skin for 6 h. (B) Mock-infected I. scapularis nymph feeding on M. musculus skin for 6 h. POWV RNA is detected with HRP-based green chromogen and M. musculus F4/80 RNA is detected with AP-based red chromogen. For rows (A,B), magnification is x10 and x40 from left to right. Black boxes on the left image panels indicate magnified regions shown in the right panels.


The main focus of this work was to demonstrate the use of RNA ISH technology as a tool for detecting the distribution of POWV RNA at the cutaneous feeding site of an infected tick while identifying co-localization of the POWV RNA signal with secondary mammalian-specific RNA targets of interest. In this study, POWV RNA was routinely detected with HRP-based green chromogen at the feeding site of POWV-infected I. scapularis nymphs that were fed on mice for 24 h (Figures 2–4). Intense viral RNA staining was often focally detected in the dermis (Figures 2A,C, 3A,C, 4A,C), and in some sections, intense POWV RNA signal was also detected in hypodermal foci (Figures 4A,C). Positive staining for POWV RNA in the epidermis was less common and weaker overall than the POWV RNA signals in the dermis (Figures 2A, 3A,C). The epidermis is the thinnest layer of murine skin, and nymphal tick mouthparts penetrate well-beyond the epidermis, reaching the dermal, and hypodermal layers of skin; therefore, it is not surprising that we detected less POWV RNA in the epidermis than the dermis. For skin cross-sections that include portions of POWV-infected tick mouthparts, POWV RNA was frequently identified within the bounds of the tick mouthparts (Figures 2A,C, 3A,C).


[image: Figure 2]
FIGURE 2. Distribution of POWV RNA, Mus musculus F4/80 RNA, and M. musculus CD11c RNA in the Ixodes scapularis nymph feeding site at 24 h post-tick attachment. (A) POWV-infected nymph feeding site showing POWV RNA (green signal) and M. musculus F4/80 RNA (red signal). Arrows indicate cells with co-localization of both RNA targets. (B) Mock-infected nymph feeding site with only M. musculus F4/80 RNA (red signal) detected. Arrowheads indicate cells with positive F4/80 RNA signal. (C) POWV-infected nymph feeding site showing POWV RNA (green signal) and M. musculus CD11c RNA (red signal). Arrows indicate cells with co-localization of both RNA targets. (D) Mock-infected nymph feeding site with only M. musculus CD11c RNA (red signal) detected. Arrowheads indicate cells with positive CD11c RNA signal. For rows (A–D), magnification is x10, x40, x100 from left to right. Each black box indicates the magnified region shown in the adjacent right panel. TH, tick hypostome; TC, tick cement.
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FIGURE 3. Distribution of POWV RNA, Mus musculus vimentin RNA, and M. musculus keratin 14 (Krt 14) RNA in the Ixodes scapularis nymph feeding site at 24 h post-tick attachment. (A) POWV-infected nymph feeding site showing POWV RNA (green signal) and M. musculus vimentin RNA (red signal). Arrows indicate cells with co-localization of both RNA targets. (B) Mock-infected nymph feeding site with only M. musculus vimentin RNA (red signal) detected. Arrowheads indicate cells with positive vimentin RNA signal. (C) POWV-infected nymph feeding site showing POWV RNA (green signal) and M. musculus Krt 14 RNA (red signal). Arrows indicate cells with co-localization of both RNA targets. (D) Mock-infected nymph feeding site with only M. musculus Krt 14 RNA (red signal) detected. Arrowheads indicate cells with positive Krt 14 RNA signal. For rows (A–D), magnification is x10, x40, x100 from left to right. Each black box indicates the magnified region shown in the adjacent right panel. TH, tick hypostome; TC, tick cement.
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FIGURE 4. Distribution of POWV RNA, Mus musculus CD3ε RNA, and M. musculus CD49b RNA in the Ixodes scapularis nymph feeding site at 24 h post-tick attachment. (A) POWV-infected nymph feeding site showing POWV RNA (green signal) and M. musculus CD3ε RNA (red signal). Arrows indicate cells with co-localization of both RNA targets. (B) Mock-infected nymph feeding site with only M. musculus CD3ε RNA (red signal) detected. Arrowheads indicate cells with positive CD3ε RNA signal. (C) POWV-infected nymph feeding site showing POWV RNA (green signal) and M. musculus CD49b (red signal). No arrows are present because POWV RNA and CD49b RNA signals did not co-localize in this tick feeding site. (D) Mock-infected nymph feeding site with only M. musculus CD49b (red signal) detected. Arrowheads indicate cells with positive CD3ε RNA signal. For rows (A–D), magnification is x10, x40, x100 from left to right. Each black box indicates the magnified region shown in the adjacent right panel. TH, tick hypostome; TC, tick cement.


We previously used the F4/80 antigen as an immunohistochemical marker for macrophages at the skin feeding site of POWV-infected ticks and demonstrated that macrophages contained POWV antigen (Hermance et al., 2016). In this study, we sought to detect F4/80 transcript expression within tissue context during POWV-infected tick feeding. POWV RNA and M. musculus F4/80 RNA probes were hybridized to the POWV-infected and mock-infected I. scapularis nymph feeding sites (Figures 2A,B). F4/80 RNA was detected with AP-based red chromogen in both the POWV-infected and mock-infected nymph feeding sites, and the F4/80 RNA signal was scattered throughout the dermis and hypodermis of these sections. Additionally, in the POWV-infected nymph feeding site, multiple F4/80-positive RNA signals were detected in the hypodermis and sub-muscular layer adjacent to the tick cement deposits and were likely expressed by the mononuclear cells infiltrating the tick feeding site (Figure 2A). Co-localization of POWV RNA with F4/80 RNA was detected in in the dermis of the POWV-infected tick feeding site (Figure 2A); however, as expected, co-localization of POWV and F4/80 RNA signals was not detected in the mock-infected tick feeding site (Figure 2B).

The distribution of POWV RNA and M. musculus CD11c RNA in the tick feeding sites was detected via HRP-based green chromogen and AP-based red chromogen, respectively (Figures 2C,D). CD11c RNA signals were detected in the epidermis, dermis, hypodermis, and sub-muscular layer of the I. scapularis feeding sites. Epidermal cells with CD11c-positive RNA signal are likely Langerhans cells, which are the main dendritic cell subpopulation in the epidermis (Kazimírová et al., 2017). In the present study, cells in which POWV RNA co-localized with CD11c RNA were located in the hypodermal and sub-muscular regions adjacent to the cement deposited by the feeding POWV-infected nymph (Figure 2C). These compartments of the skin included multiple cells with CD11c-positive RNA signal, which can likely be attributed to mononuclear phagocyte infiltrates recruited to the I. scapularis feeding site. Although we did not detect co-localization of POWV RNA with CD11c RNA in epidermal cells, our findings do not preclude Langerhans cells as putative cell targets of POWV infection at the tick feeding site. A previous study detected TBEV antigen in Langerhans cells emigrating from skin explants harvested at the feeding site of TBEV-infected ticks, suggesting that Langerhans cells are early cutaneous cell targets of TBEV infection and that they serve as vehicles for virus dissemination to skin-draining lymph nodes (Labuda et al., 1996). Furthermore, Langerhans cell migration to draining lymph nodes has been demonstrated in response to cutaneous infection with live West Nile virus (Johnston et al., 2000). Therefore, it is possible that some of the hypodermal and sub-muscular cells in this study that displayed co-localized POWV and CD11c RNA signals were Langerhans cells or dermal dendritic cells migrating from the tick feeding site to the lymphatic system.

Vimentin transcript expression was characterized in situ in the presence of POWV-infected vs. uninfected I. scapularis nymph feeding. M. musculus vimentin RNA was detected throughout the epidermis, dermis, hypodermis, and sub-muscular layers of the skin (Figures 3A,B). The vimentin gene encodes a type III intermediate filament protein which participates in numerous cellular functions, including cell adhesion, migration, differentiation, cytoskeletal rearrangements, and wound healing (Cheng et al., 2016). The most intense staining for vimentin RNA was detected near the feeding lesion of the tick where the tissue architecture, including the sub-muscular layer, had the appearance of streaming toward the tick mouthparts (Figures 3A,B). Previous studies conducted at the 24-h feeding site of uninfected and POWV-infected I. scapularis nymphs demonstrated upregulated gene ontology clusters related to cytoskeletal arrangements and histopathological changes related to wound healing (Heinze et al., 2012; Hermance et al., 2016); therefore, increased vimentin transcript expression in sites adjacent to the tick feeding lesion after 24 h of tick feeding was anticipated in these samples. Furthermore, RNA ISH revealed co-localization of POWV RNA with vimentin RNA (Figure 3A), supporting previous immunohistochemical findings where POWV and vimentin antigens co-localized at the POWV-infected tick feeding site (Hermance et al., 2016).

The distribution of M. musculus Keratin 14 (Krt14) RNA was characterized at the tick feeding site via RNA ISH. Krt14 is expressed in the basal layer of the epidermis and in hair follicles, and it is a prototypic marker of proliferative basal keratinocytes (Coulombe et al., 1989; Alam et al., 2011; Wang et al., 2016). The mouse skin biopsies included in this study displayed Krt14-positive RNA signals in the epidermis and hair follicles (Figures 3C,D). Here, several punctate dots of POWV RNA signal co-localized with Krt14 RNA in the epidermis of the POWV-infected tick feeding site (Figure 3C). This suggests that keratinocytes are early cutaneous cell targets of POWV infection at the tick feeding site. Previous reports have implicated keratinocytes as initial cell targets of flavivirus infection in vivo, which supports our findings (Labuda et al., 1996; Lim et al., 2011; Hamel et al., 2015). Additionally, M. musculus CD3ε RNA and CD49b RNA were also detected in the POWV-infected and mock-infected nymph feeding sites (Figure 4). The CD3ε-positive RNA staining was detected focally in the epidermis and dermis (Figures 4A,B), while foci of CD49b RNA were identified in all layers of the skin biopsies taken at the tick feeding sites (Figures 4C,D). POWV RNA co-localized with CD3ε RNA but not with CD49b RNA at the 24-h feeding site of the POWV-infected I. scapularis nymph (Figure 4A).

Identification of mammalian immune cells that are early targets of TBFV infection at the cutaneous interface contributes to our overall understanding of virus pathogenesis in the mammalian host. The present study adds knowledge to this realm via RNA ISH detection of POWV RNA and mammalian-specific RNAs at the tick feeding site, and the findings are summarized in Table 1. Although co-localization of POWV RNA and mammalian RNA targets suggests that a cell is infected with POWV, this does not confirm whether viral proteins co-localize with the mammal-specific protein or that the mammalian-specific transcript is involved in the lifecycle of POWV. A limitation of this study is that the RNA signals were not quantified. The development of a digital analysis program that could quantify individual RNA signals, as well as the relative degree of signal co-localization between two transcripts, would be an asset for future studies of this nature. Furthermore, this study detected POWV lineage I RNA at the feeding site of I. scapularis nymphs; however, results could vary for ticks infected with POWV lineage II, otherwise known as deer tick virus. Viral RNA distribution patterns at the cutaneous feeding site of a deer tick virus-infected tick could be different from that of a POWV-infected tick. Future studies investigating differences in the viral RNA distribution between both virus genotypes would be beneficial.


Table 1. Summary of RNA ISH findings at the POWV-infected Ixodes scapularis nymph feeding site.
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CONCLUSION

In summary, the present study is the first to demonstrate the use of RNA ISH technology for precise cellular localization of viral RNA at the tick feeding site. This technology can be applied to studies with other vector-borne pathogens to investigate cellular localization of pathogen RNA and the potential immune responses occurring at the vector-pathogen-host interface. Here, we detected the distribution of POWV RNA at the feeding site of POWV-infected I. scapularis nymphs and detected co-localization of POWV RNA with M. musculus F4/80 RNA, CD11c RNA, vimentin RNA, Krt14 RNA, and CD3ε RNA. In future studies, RNA ISH can serve as a validation tool for transcriptomic analyses investigating the host cutaneous immune response during infected tick feeding. This technology will also enable us to map specific gene expression signals to individual cells or compartments within the infected tick feeding site. Using RNA ISH to acquire cellular resolution for specific gene expression patterns will improve our understanding of the cellular and molecular interactions occurring at the tick-virus-host interface.
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Figure S1. Positive controls for RNA ISH of skin sections. (A) I. scapularis nymph feeding site where M. musculus ubiquitin (Ubc) RNA is detected with an HRP-based green chromogen and Polr2a RNA is detected with an AP-based red signal. (B) I. scapularis nymph feeding site where M. musculus Ppib RNA is detected with an HRP-based green chromogen and Polr2a RNA is detected with an AP-based red signal. For rows (A,B), magnification is x10, x40 from left to right. Black boxes on the left image panels indicate magnified regions shown in the right panels.
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Tick saliva contains a complex mixture of peptides and non-peptides that counteract their hosts' hemostasis, immunity, and tissue-repair reactions. Recent transcriptomic studies have revealed over one thousand different transcripts coding for secreted polypeptides in a single tick species. Not only do these gene products belong to many expanded families, such as the lipocalins, metalloproteases, Antigen-5, cystatins, and apyrases, but also families that are found exclusively in ticks, such as the evasins, Isac, DAP36, and many others. Phylogenetic analysis of the deduced protein sequences indicate that the salivary genes exhibit an increased rate of evolution due to a lower evolutionary constraint and/or positive selection, allowing for a large diversity of tick salivary proteins. Thus, for each new tick species that has its salivary transcriptome sequenced and assembled, a formidable task of annotation of these transcripts awaits. Currently, as of November 2019, there are over 287 thousand coding sequences deposited at the National Center for Biotechnology Information (NCBI) that are derived from tick salivary gland mRNA. Here, from these 287 thousand sequences we identified 45,264 potential secretory proteins which possess a signal peptide and no transmembrane domains on the mature peptide. By using the psiblast tools, position-specific matrices were constructed and assembled into the TickSialoFam (TSF) database. The TSF is a rpsblastable database that can help with the annotation of tick sialotranscriptomes. The TSA database identified 136 tick salivary secreted protein families, as well as 80 families of endosomal-related products, mostly having a protein modification function. As the number of sequences increases, and new annotation details become available, new releases of the TSF database may become available.

Keywords: tick, saliva, transcriptome, annotation, sialome switching, feeding, salivary glands


INTRODUCTION

Tick salivary glands serve multiple physiological roles: While off their hosts, special acini (type I) produce a hygroscopic saliva that spreads over the ticks' palps, absorbs atmospheric water vapor, and when re-ingested helps to keep the tick hydrated (Bowman and Sauer, 2004). The salivary glands are also a major excretion/water balance organ in ixodid ticks, as the majority of the water ingested during a blood meal is pumped back into their hosts as saliva (Binnington and Kemp, 1980). In ixodid males, due to their peculiar and successful oral sex reproduction mode, special male acini (type IV) contribute to salivary products that are uniquely male and are molecular homologs of insect seminal gland or vertebrate prostate gland proteins (Tan et al., 2015). Finally, and the focus of this article, tick salivary glands help blood feeding by secreting products that help tick attachment to the host's skin and that inhibit host hemostasis (a physiological response that encompasses platelet aggregation, vasoconstriction, and blood clotting), inhibit the vertebrate tissue repair response, and modulate host immunity (Francischetti et al., 2009).

There are 899 known tick species divided into two major families, the soft tick (Argasidae) and the hard tick (Ixodidae) families (Guglielmone et al., 2010). A third family, Nuttalliellidae, exists, but with a single species. Soft ticks feed relatively rapid (typically <1 h), while hard ticks feed for several days or weeks. Adult soft ticks can feed many times, while adult hard ticks feed only once. Hard ticks are further divided into Prostriate and Metastriate. Metastriate ticks have relatively short mouthparts, producing copious amounts of cement, while Prostriate ticks have longer mouthparts, producing less abundant cement. Adult and nymphal soft ticks do not produce cement. Blood is the only nutritious food for all ticks. It is estimated that there are over 15,000 species of arthropods that feed on blood, and this mode of feeding evolved independently at least 20 times (Mans, 2011)—thus creating a scenario of convergent evolution. Ticks, mosquitoes, sand flies, kissing bugs, and fleas evolved blood feeding independently, but they all share the presence of a salivary apyrase activity, an enzyme (ATP-diphosphohydrolase) that breaks down ATP and ADP released by damaged cells and trigger platelet and neutrophil activation. However, three different gene families were recruited for this task: (1) the 5′-nucleotidase in ticks (Stutzer et al., 2009), some genera of triatomine bugs, and mosquitoes; (2) the Cimex-type apyrase (CD73) in sand flies and the kissing bug genus Rhodnius; (3) the CD39 apyrase in fleas (Ribeiro and Arca, 2009). These types of enzymes are ubiquitous in eukaryotes, normally extracellular and bound to the membrane or intracellular and associated to endosomes; their transcripts always display a signal peptide indicative of secretion. Evolution of salivary apyrase, as an adaptation to blood feeding, thus happened by processes of gene duplication of a salivary gland expressed gene with loss of its membrane anchor (Champagne et al., 1995). Another common evolutionary process of adaptation to blood feeding involved further gene duplication events of already established salivary genes, which initially increased the mRNA dosage, but allowed for further functional or antigenic diversification. For example, sand flies and mosquitoes have several related salivary expressed genes of the D7 family, which belong to the odorant binding protein group, and are associated with binding of agonists of hemostasis and inflammation (Valenzuela et al., 2002a; Mans et al., 2007; Calvo et al., 2009; Alvarenga et al., 2010). Ticks and blood sucking Hemiptera had a large expansion of the lipocalin family, which are also associated with binding of agonists of hemostasis and inflammation (Andersen and Ribeiro, 2017). Fleas expanded members of the acid phosphatase family (function unknown) (Andersen et al., 2007; Ribeiro et al., 2012).

While Adult sand fly saliva has <50 polypeptides and mosquito saliva has near 100, hard tick saliva has several hundred, or thousands of polypeptides (Ribeiro and Arca, 2009; Ribeiro et al., 2010). The increased number of components in hard tick saliva was initially thought to derive from the prolonged period of tick feeding, where it would face not only the hemostatic host response, but also its tissue repair and immune responses. However, deep sequencing of salivary transcriptomes at different times of feeding uncovered that ticks change their salivary repertoire frequently, within hours; a process named “sialome switching” (Valenzuela et al., 2002b; Karim and Ribeiro, 2015; Perner et al., 2018). Thus, while in mosquitoes and other non-tick hematophagous organisms, all members of a salivary protein family are simultaneously expressed; in hard ticks, individual genes of the same family, or paralogs, are expressed at different times during the feeding process. Accordingly, when the host mounts an antibody response to a particular antigen, a process that takes a few days, chances are that the antigenic molecule has been substituted by a not antigenically recognizable paralogs. Sialome switching is thus thought to be a mode of immune evasion. It may also serve ticks when they feed on different host species, as they may “find” the best sialome when feeding on a lizard, which may be different then when feeding on a mouse. Sialome switching may thus be a mechanism adapting ticks to feed on different hosts.

The study of the function of saliva in blood feeding by arthropods in the last 30 years was transformed by the revolution of cheap DNA sequencing. In the beginning it was the “grind and find” way: salivary homogenates were used to discover activities determined by a bioassay; followed by chromatographic methods of purification of the biological activity; in the case it was a polypeptide, obtaining Edman sequences allowing the construction of degenerate DNA probes that were used to amplify fragments of the salivary cDNA; that would be used to find, by hybridization, and with luck, a full length clone from which the primary sequence of the studied protein could be determined. The research flow was then from the bioassay to the protein, and from the protein to the DNA or mRNA.

Currently, for <300 $, we can obtain 20 million sequences of 150 nucleotides (nt) in length that can be assembled “de novo” (in the absence of a genomic sequence to serve as an assembly scaffold), producing high quality transcript sequences that can be converted to their coding protein sequences. Accordingly, the “sialome” (from the Greek σíελoς = saliva) can be obtained inexpensively and in a relatively short amount of time (Ribeiro and Francischetti, 2003). These sialomes have revealed a surprising number of novel protein sequences; they frequently have no similar matches when comparing their primary sequence to a bank of known proteins. Less frequently, they produce matches to ubiquitous protein families, usually enzymes, but also members of the antigen-5 family or families of protease inhibitors, such as those containing cystatin, serpin, Kazal, or Kunitz domains. These deducted protein sequences can be further used in two ways: First, in the absence of the organism's genomic sequences, they will serve as a data bank for proteomic studies, a technology that requires a reliable “a priori” defined set of sequences; the tandem mass spectrometry (MS/MS) protocol maps the partial sequences.

Theoretically, if the genome sequence of the organism under study is known, then its deducted protein sequences could serve this purpose. However, most blood sucking insects and ticks still do not have a reliable genome sequence. The genome of the tick Ixodes scapularis is at best 50% complete (Gulia-Nuss et al., 2016). Even with better genomic data information, such as the anopheline mosquitoes (Holt et al., 2002; Neafsey et al., 2015), a detailed comparison of the protein sequences known to be salivary expressed with the deducted genomic protein sequences indicated that there was an error on ~50% of the predicted genomic sequences; either because they were missed, or because the intron-exon boundaries were incorrect (Arca et al., 2017). Proteomic studies of the salivary glands of blood sucking arthropods thus rely on carefully curated protein sequences deducted from the salivary transcriptome assembly. Second, the deducted protein sequences can guide production of recombinant proteins to be tested in bioassays to determine their functions, or as immunological markers of vector exposure. Thus, the research flows today from the mRNA to the protein, and from the protein to the bioassay.

Another approach exists, namely the immuno-proteome method, which is based on high throughput cloning and sequencing methods aimed at anti-tick vaccine discovery (Das et al., 2001; de la Fuente et al., 2006; Narasimhan et al., 2007; Radulovic et al., 2014; Becker et al., 2015; Lewis et al., 2015; Garcia et al., 2017). First, an animal is made hyperimmune to tick salivary proteins by previous tick exposure, or injection of salivary homogenates. The hyperimmune serum, and its control, are then used to scan expression cDNA libraries made from tick salivary glands. The positive clones are then sequenced, recombinantly expressed, and tested for their biological activity and as a vaccine to disrupt tick feeding. It has succeeded in discovering and characterizing many tick salivary proteins (Narasimhan et al., 2007; Dai et al., 2009; Schuijt et al., 2010). Somewhat surprisingly, many intracellular tick proteins, not having a signal peptide indicative of secretion, were discovered to be good antigen candidates; as was the case of the conserved tick protein, subolesin (de la Fuente et al., 2006), a member of the Akirin transcription regulator (de la Fuente et al., 2011). Similarly, a tick protein similar to vertebrate histamine releasing factor was found (Mulenga et al., 2003), and named histamine release factor (HRF). This is also a conserved member of the cytoskeletal family named “Translationally controlled tumor protein” (TCTP) and was responsible for the activity of human tissue homogenates to trigger histamine release by mast cells (Xiao et al., 2017). Human TCTP thus has a dual function: as a cytoskeletal protein: and as a cytokine-like protein when cells lyze and their contents are released to the extracellular milieu. ADP and ATP similarly are primarily intracellular molecules; however when released to the extracellular compartment after cellular disruption or secretion, they similarly trigger pro inflammatory reactions. It thus appears that tick saliva contains proteins that are secreted through the classic merocrine pathway, as well as non-conventional secretion pathways, including apocrine or holocrine secretions (Farkas, 2015). Indeed, merocrine and apocrine secretion has been characterized by ultrastructural studies in soft tick salivary glands (Coons and Roshdy, 1981). Hard tick salivary glands suffer a degeneration process after a blood meal (Harris and Kaufman, 1981; Friesen and Kaufman, 2009), and it is possible that this process starts while the tick is still feeding and thus generating a holocrine salivary secretion. Additionally, there is recent evidence that exosomes may be secreted in tick saliva (Hackenberg and Kotsyfakis, 2018; Zhou et al., 2018; Chavez et al., 2019). Exosomes can fuse with host cells and deliver their products intracellularly, including microRNAs that may inhibit translation of some protein types (Keller et al., 2006). The study of salivary exosomal secretion in tick feeding is still in its infancy, and the next decade should uncover its more precise role in feeding by ticks.

Ten years ago, a review on tick sialomes based on 3,500 tick salivary proteins identified more than 30 protein families, most having unknown function (Francischetti et al., 2009). That review was done when the first sialomes were uncovered with the now obsolete Sanger DNA sequencing method. At that point in time, the now defunct 454 and surviving Illumina protocols appeared, and the number of salivary-derived tick protein-coding sequences deposited to the National Center for Biotechnology Information (NCBI) soared, reaching over 287,000 in November/2019 (Figure 1). These sequences derive from 44 species within 10 genera; only 19 species from 7 genera are represented with more than one thousand sequences (Table 1). Considering that there are 899 tick species from 20 different genera (Guglielmone et al., 2010), we have achieved 1,000 sequences for only 2.7% of the known tick species, which covers 35% of the known genera. Clearly, we are still far from knowing the complete sialome repertoire of ticks (the sialoverse), a task that should take one or more decades for its fulfillment.


[image: Figure 1]
FIGURE 1. Tick salivary protein coding sequences (excluding EST's) deposited at the National Center for Biotechnology Information (NCBI). (A) Number of sequences deposited, 1993–2019. (B) Breakdown of sequences available in Nov/2019 by genus or family.



Table 1. Tick salivary coding sequences retrieved from NCBI on November 2019.
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To facilitate the task of annotating newly assembled transcriptomes, we present a rpsblastable database of tick salivary families, named TickSialoFam or TSFam. Together with an update on the classification of tick salivary families as proposed in 2009 (Francischetti et al., 2009), we provide further insights into the evolution of the genes coding for these proteins.



METHODS


Sequence Retrieval and Organization

The nucleotide database from NCBI (https://www.ncbi.nlm.nih.gov/nuccore/) was queried with the expression “ixodida[organism] AND salivary,” and the resulting records were downloaded in the gb (GenBank) format. Sequences with “mitochondr” in their description were excluded, as well as those results related to unassembled EST's, and those from the REFSEQ database. This resulted in a set of 287,343 sequences (Table 1). It should be noted that up to mid-2018, all protein sequences submitted to the NCBI Transcriptome Shotgun Annotation (TSA) database were deposited in the NCBI protein database, as were the nucleotide sequences deposited to the NCBI nucleotide database. After this time, all TSA submissions appear only in the nuccore database, solely as a link leading to downloading the nucleotide and protein sequences. These TSA databases were then downloaded and added to those of the nuccore database. A script written in visual basic version 6 (VB6) extracted the individual protein sequence in fasta format; this script also built a table that included the sequence accession code, its description, author's, date of publication of the sequence, and bibliographical information (including link to PubMed, when available). When the protein sequence was unavailable, the larger open reading frame was translated. These data were imported into a hyperlinked Excel spreadsheet available as Supplemental Spreadsheet 1.

Since this sequence set contained both those related to housekeeping, as well as a salivary secreted function (from now on just called as “housekeeping” or “secreted,”) we ran these sequences through the SignalP program (version 3.0) (Nielsen et al., 1999) to identify whether they had a predicted signal sequence indicative of secretion. We also ran them as well as through the TMHMM program (Sonnhammer et al., 1998) to determine their predicted transmembrane domains. Of the 287,343 sequences, 45,264 had a signal sequence, excluding those having one or more transmembrane domain outside the signal sequence; thus obtaining a set coding for putative classical secreted proteins (Table 2). To identify protein families, we clusterized these sequences by blasting each one against the remaining set and joining those that reached variable degrees of identity (varying from 25 to 95% in 5% increments), over at least 75% of the length of the larger sequence. Notice that if a polypeptide A satisfies the rule with polypeptide B, and B with polypeptide C, the cluster ABC would be formed, even though polypeptide A does not satisfy the rule with polypeptide C. For each cluster, we obtained a fasta file with its members. In the cases where the cluster had 5 or more sequences, a clustal (Larkin et al., 2007) alignment was obtained. The resulting fasta files and clustal alignments were hyperlinked to the spreadsheet with the indication of the cluster number (ordered from the most to the least abundant in sequences) and its number of sequences (Supplemental Spreadsheet 2).


Table 2. Putative secreted class of tick salivary sequences retrieved from NCBI on November 2019.
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From the original set of 287,343 sequences, we extracted the 45,264 sequences classified as secreted. The remaining sequences were submitted to the secretomeP program to identify those sequences that could qualify as secreted through non-classical pathways, as indicated by a secretomeP score larger than 0.6 (Bendtsen et al., 2004). The resulting 125,197 sequences are displayed on Supplemental Spreadsheet 3.



TickSialoFam Model Construction

A program was written in VB6 that inspected each alignment file from the various clusters of the “Secreted” data set (Supplemental Spreadsheet 2). In the cases where it had five or more sequences, and if the alignment indicated at least five sites of identity or conservation, then the fasta file was used to construct a PSIBlast-based model (Altschul et al., 1997; Schaffer et al., 2001). First, all sequences of the cluster were blasted against themselves, and the one that accrued the largest sum of scores (excluding self-blast) was elected as the cluster centroid. The program blastpgp, from the blast package (Psi-blast), was then run using the centroid sequence as input; the formatted cluster fasta sequences (using the blast suit program formatdb) was used as a target databank, with the parameters -W 2 (blastp word size), and -j 5 (maximum number of iterations). The -h switch (inclusion e value after the first blast step) was variable, according to the size of the centroid: the chosen values were 1e-15 for length (l) larger than 200; 1e-8 for 100 < l <200; 1e-6 for 60 < l <100; and 1e-4 for l <60. These values were arbitrarily adjusted according to size of the sequence: because a smaller sequence accrues a smaller score value than a large sequence and thus has a higher e value. The resulting matrix file was saved using the -C switch. These models were named according to the cluster parameters; for e.g., a model named 35-123 derived from the sequences found in cluster number 123 from the clusterization at 35% identity. These procedures are similar to those used for construction of the COG and KOG databases (Tatusov et al., 2003).

Another method to create matrices was done by psiblasting each sequence against the whole Ixodida database, using the same parameters indicated above. These models are named by the NCBI accession number of the parent protein sequence. These matrix files were then combined with the program makeprofiledb with the parameters -threshold 9.82 -scale 100.0 -dbtype rps -index true, forming the initial TSFam database. Finally, the number of models used in the final database was reduced by selecting those that produced a match with a maximum e-value of 1e-20.



Sequence Functional Classification

To further help classification of the protein sequences, possible proline-hydroxylation (Rhoads and Udenfriend, 1969; Bohmer, 1971; Kivirikko et al., 1972) and tyrosine sulfation (Nicholas et al., 1999) sites were determined, including the percentages of glycines, prolines, and tyrosines of each protein sequence, and their number of cysteine residues. These features helped to classify the families within the glycine-rich proteins (GRP) group. Determination of the presence of glycosyl-phosphate-inositol (GPI) anchors were determined with the program DGPI (Pierleoni et al., 2008). This helped to identify secreted proteins that were bound to membranes. The presence of furin cleavage sites were also detected (Duckert et al., 2004), identifying polyproteins with various cleavage sites. The percentages of serines and threonines were determined. The number of possible mucin-type galactosylation sites being measured with the program NetOGlyc (Hansen et al., 1998; Julenius et al., 2005) helps to further identify and classify the mucins. The set of secreted sequences were compared by blastp; to a subset of proteins from the NCBI NR database; to the Swissprot database; to the Enzyme Commission set from the KEGG database; to the salivary Ixodida sequences retrieved as indicated above; to the top 100 proteins associated with exosomes from exocarta (http://exocarta.org/download); and to rpsblast comparisons to the Conserved Domains database (CDD), Kog, Pfam, Smart, and TSF databases. All these comparisons were hyperlinked to the corresponding spreadsheets and allowed manual annotation of the sequences.

The annotations were transferred to the TSF models, which included in their description the following fields of information: (1) model name: as indicated in the previous section (e.g., 35-123 or JAP81818.1). (2) Group: This classification may include non-phylogenetically related sequences, such as the glycine-rich proteins (GRP) and mucins but can include groups such as the Lipocalins or Serpins. For this reason, this field is named group and not family. (3) Family: A subdivision of the group, containing phylogenetically related sequences. This field is empty in many models. (4) H/S/I: Indicates whether the sequence is classified as Secreted, Housekeeping, or in a few cases, Indeterminate. (5) Other: Includes additional information codified as E, enzyme; AM, antimicrobial; and PI, protease inhibitor. These fields are separated by “|” characters, which may be changed to tabs to produce the display shown in the hyperlinked spreadsheets.

The publicly available formatted TSFam database (Supplemental File 1) can be used in a rpsblast search using as an input a fasta file of tick salivary proteins, using a command line such as: “[x]blastall -p rpsblast -d [y]TSF -i [z]in.fasta -o [z]tsf.blt -IT -JT -v20 -b10 -e1e-4 -FF.” Where [x], [y], and [z] are the paths to the blast program, the TSFam database, and the input fasta and the output files, respectively. We recommend accepting the classifications using the TSFam database when the coverage of the model by the queried protein is at least 2/3 (>66.6%) and having a maximum e value of 1e-4. To access the blast programs, use version 2.2.26 available at ftp://ftp.ncbi.nlm.nih.gov/blast/executables/legacy.NOTSUPPORTED/2.2.26/.



Tools That Help With Mining the Database

Three tools, written in visual basic and compiled to run under the Windows environment, are available upon email request to jribeiro@niaid.nih.gov. The tool, fasta2tbl, reads a fasta file and creates a hyperlinked table that can be imported into a spreadsheet. The tool, rpsblast2tbl, reads a rpsblast result file and maps the results and annotation into a hyperlinked table that can be imported into the fasta table done with fasta2tbl. The tool, GetFSA, takes a list of sequence names found in the fasta table or spreadsheet and creates a fasta file that can be used for phylogenetic or other studies.



Phylogenetic Analysis

Phylogenetic analysis were done with Mega7 (Kumar et al., 2016). Alignments were done with Clustal (Larkin et al., 2007) and refined with Muscle (Edgar, 2004) using the MEGA7 program (Kumar et al., 2016). The program FUBAR (Murrell et al., 2013) of the HYPHY (Pond et al., 2005) package was used to find positively selected sites within the in-frame nucleotide sequences. Positively selected codons were identified by their assigned probabilities of the parameter α being smaller than beta. The program RDP4 was used to determine the number of recombination breakpoints within the nucleotide alignments (Martin and Rybicki, 2000).




RESULTS

Table 1 lists the number of retrieved sequences by species, sorted by species name (A), and number of sequences (B); Table 2 lists the same information for the subset of sequences classified as “secreted.”

Because the sequences under this study derive mainly from transcriptome assembly studies, many of the sequences are truncated either at their 5′ or 3′ ends. Only 57% of the 45,264 protein sequences start with a methionine (and even if it starts with one, there is no guarantee that it is the starting methionine); stop codons are found for 57% of the sequences. Both a starting methionine and stop codon occur in 49% of the sequences. Accordingly, identification of signal peptide indicative of secretion can only be found with confidence in a maximum of 57% of the set. Despite these flaws, truncated protein sequences are still important, as they may later serve as sequence templates for MS/MS studies that may include extension of selected coding sequences.


Putative Secreted Proteins

The TSFam database of motifs allowed classification of 18,963 sequences from the 45,264 salivary-derived Ixodida sequences from NCBI, classified as putative secreted proteins (Supplemental Spreadsheet 2). These were organized into 136 groups, as indicated in the Supplemental Table 1. The criteria for classification of these sequences required an e-value <1e-4 and a model coverage of at least 67% (2/3 of the model length). The classifications can be further grouped according to their similarities, or lack of similarities, to other known proteins or protein domains; they can also be grouped according to their known function, leading to the categories “Enzymes,” “Protease inhibitors,” “Ubiquitous families,” “Tick-specific anti-clotting peptides,” “Immune-related,” “Antimicrobials,” and “Tick-specific families” (Figure 2). Notice that the category “Tick-specific families” is the larger one, however, most of its members have no known function. Many of the groups are complex in nature and may contain phylogenetically unrelated families; for instance, the “Glycine-rich family,” is further subdivided into 19 families in Supplemental Spreadsheet 2. Six of the groups contains the majority of sequences (Figure 3).


[image: Figure 2]
FIGURE 2. Classification and relative number of sequences for the putative secreted salivary proteins from ticks.



[image: Figure 3]
FIGURE 3. Proportion of sequences accrued by the six larger superfamilies.


Considering all 136 groups of Supplemental Table 1, only 37 have been characterized with at least one member having been recombinantly expressed and its function determined by bioassay, enzymatic assay, or proteomic detection from tick saliva. These studies are referenced in Supplemental Table 1. From these 37 characterized families, four have been only enzymatically characterized. Accordingly, the responsible tick protein is only presumed; nine have been found by saliva proteomic studies, but their function has not been characterized. It is also possible that many of the deducted CDS derive from pseudogenes (Kalyana-Sundaram et al., 2012). Thus, we have relative confidence that we know the molecular nature and function of at least one member from 24 of the 136 groups. Confidence should be defined in this case as: (1) Ascertaining that the protein is expressed in the saliva; (2) determining the biological activity of the recombinant protein. Very few protein families have at least one member satisfying these two requirements. Accordingly, this database consists mostly of a hypothetical set to be further characterized by proteomic and functional studies and should be updated as new studies are published.

This new data set provides the mining rounds for further analysis into the evolution of previously known families, including characterization of novel protein families by recombinant expression and functional assay of the predicted proteins.



Evolutionary Insights on Tick Salivary Proteins

What follows is the phylogenetical analysis of selected protein families. Some large families have complex composition (such as, Kunitz, basic tail, Salp15) and will not be analyzed.



Apyrase/5′-Nucleotidase Family

As stated in the introduction, the saliva of unrelated blood feeding arthropods has the ability to hydrolyze ADP and ATP, thus inhibiting important pathways of platelet and neutrophil aggregation and other pro-inflammatory reactions (Francischetti et al., 2009). The Supplemental Spreadsheet 2 and Table 1 provide for 50 full length sequences belonging to the 5′-nucleotidase family; four of which have a GPI anchor, indicating they are not secreted and could represent the homolog ancestral genes that gave origin to gene versions coding for secreted products. Supplemental Spreadsheet 1 indicate the presence of 287 annotations for 5′-nucleotidase; fifty of which are full-length. Phylogenetic analysis of these 50 sequences (Supplemental Figure 1) confirms this scenario: The GPI-containing sequences group together in a single clade, while the remaining sequences group into three major clades, Clades I and II, with Metastriate and Prostriate sequences, and an Argasidae clade. Clade I has two main branches, one containing Prostriate sequences and another containing only Metastriate sequences. The Prostriate sub clade further divides into two branches, indicative of an ancient gene duplication event. Clade II is similarly organized, with two main branches, and containing a single Prostriate sequence. It is also relevant that the depth of amino acid divergence on the clades I and II are at least 2-fold of the depth of the classic GPI clade, which contains one sequence from Ixodes, two from Rhipicephalus, and one from Amblyomma. Notice that the analysis has many more sequences derived from I. ricinus than from other species, reflecting the larger read coverage for the Ixodes transcriptomes. As coverage is increased for other species, novel genes coding for products of the 5′-nucleotidase/Apyrase should appear. The phylogram indicates the existence of at least seven genes coding for secreted apyrases from I. ricinus, based on the branches having 100% bootstrap support; the amino acid divergence of the secreted proteins is larger than that of the housekeeping, GPI anchored sequences, indicating faster evolution of the genes coding for secreted salivary genes; this was either caused by neutral evolution of these genes when compared to a purifying evolution scenario of the housekeeping genes, or due to positive selection pressure on the genes coding for secreted enzymes, driven by the immune pressure of their hosts (Mans et al., 2017). Submission of the apyrase coding enzymes to the FUBAR analysis (Murrell et al., 2013) indicated no sites under positive selection. RDP analysis (Martin and Rybicki, 2000) using the same sequence alignment indicated three recombination breakpoints (Supplemental Spreadsheet 4).



Lipocalins

There are 3,689 sequences classified as lipocalins in Supplemental Spreadsheet 2 (considering >66% coverage with a TSFam lipocalin match). A subset of these sequences that had the PFAM His bind domain (with at least 80% coverage) amounted to 1,050 sequences. Attempts to construct a phylogeny (based on the faster Neighbor-Joining algorithm) with this subset were not informative, with most clades having poor bootstrap support. The phylogeny reconstruction of a smaller subset of 32 I. ricinus sequences, that were clustered at 40% sequence identity (Supplemental Figure 2), shows two main clades that further subdivide in eight smaller clades containing 2 or more sequences. FUBAR analysis indicated 16 codons under positive selection. RDP analysis indicated 11 recombination breakpoints (Supplemental Spreadsheet 4).



Metalloproteases

The TSF algorithm indicates 677 sequences as being metalloproteases in Supplemental Spreadsheet 2. Eighty-seven of these sequences, from I. ricinus, A. americanum, and R. appendiculatus were chosen for alignment and phylogenetic analysis based on their completeness and match to the CDD domain cd04272 named ZnMc_salivary_gland_MPs. The cladogram displays five Metastriate-specific clades with strong bootstrap support, plus five Prostriate ones; each clade further subdividing in two or more subclades (Supplemental Figure 3). We can conclude that in I. ricinus, and possibly in other ticks, there are at least 10 genes coding for this subdivision of the salivary metalloproteases. FUBAR analysis found no sites under positive selection. RDP indicated 3 recombination breakpoints (Supplemental Spreadsheet 4).



DAP36 Family

The founding member of this family was identified as an immunosuppressant salivary protein from Dermacentor andersoni (Bergman et al., 1995, 1998). In 2009 this family was characterized as a diverse Metastriate-specific family. However, here we find it is also composed of Ixodes ricinus members, as depicted in the phylogram of Supplemental Figure 4, built with a total of 121 sequences showing eight clades with strong bootstrap support, each containing subclades. These clades are composed of sequences originating from the same genus. FUBAR indicated strong positive selection for seven sites RDP analysis indicated six recombination breakpoints (Supplemental Spreadsheet 4).



Cystatins

Cystatins are peptide inhibitors of cysteine proteases that are widespread in vertebrates (Abrahamson et al., 2003). They were first found in tick saliva by screening a salivary transcriptome of I. scapularis (Ribeiro et al., 2006). Different from lipocalins, metalloproteases, and Kunitz products, salivary cystatins are poorly transcribed. A recombinant peptide indicated its specificity for cathepsin L, and the protein was named sialostatin L. The expected activity was found in the tick saliva and expression of the protein was confirmed by reactive antibodies raised against the recombinant protein (Kotsyfakis et al., 2006). Naturally infested guinea pigs do not develop antibodies against sialostatin L, but vaccination of guinea pigs with sialostatin L reduced the feeding of ticks, and a boost reaction was observed (Kotsyfakis et al., 2008). A second I. scapularis salivary cystatin, named sialostatin L2, has been characterized (Chen et al., 2014; Lieskovska et al., 2015a). The effects of sialostatin L and L2 in mammalian immunity has been well-studied (Sa-Nunes et al., 2009; Kotsyfakis et al., 2010; Horka et al., 2012; Schwarz et al., 2012; Bruhl et al., 2014; Chen et al., 2014; Klein et al., 2015; Lieskovska et al., 2015a,b; Wang et al., 2016; Kotal et al., 2019). Supplemental Figure 5 depicts the phylogram of 82 tick cystatins, which indicates at least 17 clear clades each being mostly genus specific. FUBAR analysis does not recognize any codon site under positive selection, but RDP indicates the existence of one recombination breakpoint (Supplemental Spreadsheet 4).



Proteins Possibly Secreted by Alternative Pathways

Supplemental Spreadsheet 3 contains proteins without a classical secretion signal but containing a secretomeP score indicative of secretion via non-classical pathways. Among these there are the subolesins, described in the introduction. Phylogenetic analysis, based on the alignments of 16 coding sequences, shows three clades of FUBAR indicates no sites under positive selection. RDP analysis indicates one recombination breakpoint.



Housekeeping Proteins

Annotation of the SignalP-containing sequences in Supplemental Spreadsheet 2 by the TSA algorithm identifies 1,931 coding sequences, organized into 80 groups (Supplemental Table 2 and Supplemental Spreadsheet 2) that probably have a housekeeping function associated with the ER or Golgi compartments. Notably, 1,409 sequences representing 72% of the total group of housekeeping sequences are enzymes. Among these enzymes, 187 code for glycosyltransferases, most probably associated with glycosylating the salivary secretome. The glycosylation of tick salivary proteins has been under scrutiny recently, due to the epidemics of α-Gal allergy triggered by consumption of beef proteins (Commins and Platts-Mills, 2013). Human cases are associated with previous exposure to tick bites, and spatially correlated with tick abundance (Commins et al., 2011; Mateo-Borrega et al., 2019). A recent search for enzymes coding for α-Gal transferases (GALT) in ticks (Cabezas-Cruz et al., 2018) showed that the classical α1-3 GALTs that produce the Galα1-3Galβ1-(3)4GlcNAc-R (α-Gal) are absent in ticks; their function is taken by other transferases of the α1-4 and β1-4 GALT families. These enzymes are recognizable in Supplemental Spreadsheet 2 by the TSFam group of Glycosyltransferases and subfamily Lactosylceramide 4-alpha-galactosyltransferase. Other previously identified enzymes that are associated with protein modification (Ribeiro et al., 2006; Francischetti et al., 2009) include those promoting proline hydroxylation and tyrosine sulfation. While tyrosine sulfation has been determined in tick salivary anticlotting peptides (Thompson et al., 2017; Watson et al., 2019), proline hydroxylation, a common modification in collagen (Bohmer, 1971), has not been confirmed in ticks despite the high abundance of salivary collagen-like cement proteins that display the motifs triggering proline hydroxylation (Rhoads and Udenfriend, 1969; de Jong et al., 1991; Shimizu et al., 2005). Proteomic studies should include these possible modifications in the databases used for identification of peptide fragments obtained by MS/MS.




DISCUSSION

The TSFam database, and its associated hyperlinked spreadsheets of tick salivary proteins and associated nucleotide sequences, helps the annotation of tick salivary secreted proteins, as well as the retrieval of these sequences for phylogenetic studies. It has been reported that the genes coding for salivary proteins of blood sucking arthropods show high evolutionary rates; either due to the relaxed constraint of the genes allowing for less negative selection pressure, or for the more rare occurrence of positive selection (Daix et al., 2007; Schroeder et al., 2007; Decrem et al., 2008; Dai et al., 2012; Arca et al., 2014; Mans et al., 2017). The phylogenetic analysis, derived from the alignment of tick salivary coding sequences from the lipocalin, metalloprotease, cystatin, apyrase, DAP36, and subolesin families (Supplemental Figures 1–6 and Table 3), indicate a high number of recombination breakpoints on the genes coding for lipocalins (11 sites) and DAP36 (6 sites); three recombination breakpoint sites for the apyrase and metalloproteases; and one recombination breakpoint on the genes coding for the cystatins and subolesin. No positive selection sites were identified for the metalloprotease, cystatin, and subolesin genes. It is to be noted that the occurrence of recombination breakpoints could lead to false predictions of positive selected sites (Posada and Crandall, 2002; Bay and Bielawski, 2011). While positive selection is associated with fast gene evolution and divergence, intragenic recombination can strongly contribute to genome diversity among individuals, a situation that might be occurring within the lipocalin and DAP36 coding genes (Lauer et al., 2018; Olabode et al., 2019; Salim et al., 2019). As a note of caution, it should be considered that the diversity of transcripts from these multi-gene families could be artifactual due to the “de novo” assembly from small reads which could create false recombinant assemblies (Salmon et al., 2010). I A possible way to verify the frequency of these artifacts would be to compare the resulting lipocalin transcripts derived from single tick transcriptomes to those derived from the combined libraries. On the other hand, if recombination exists and leads to new protein variants, is it a classical meiotic recombination derived from a high number of intra-genic breakpoints, or does it occur in a somatic environment, such as occurs with vertebrate immunoglobulins This question could be answered by attempting the genome mapping of each transcript and identifying whether the transcript derives from a mosaic of exons or a “well-behaved” sequence of exons.


Table 3. Recombination breakpoints and positive selected sites predicted by RDP4 (Martin et al., 2015) and FUBAR (Murrell et al., 2013).
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Mosquitoes of the Aedes genus transmit arboviruses of great importance to human health as dengue, chikungunya, Zika and yellow fever. The tiger mosquito Aedes albopictus can play an important role as arboviral vector, especially when Aedes aegypti is absent or present at low levels. Remarkably, the rapid worldwide spreading of the tiger mosquito is expanding the risk of arboviral transmission also to temperate areas, and the autochthonous cases of chikungunya, dengue and Zika in Europe emphasize the need for improved monitoring and control. Proteomic and transcriptomic studies on blood feeding arthropod salivary proteins paved the way toward the exploitation of genus-specific mosquito salivary proteins for the development of novel tools to evaluate human exposure to mosquito bites. We previously found that the culicine-specific 34k2 salivary protein from Ae. albopictus (al34k2) evokes specific IgG responses in experimentally exposed mice, and provided preliminary evidence of its immunogenicity to humans. In this study we measured IgG responses to al34k2 and to Ae. albopictus salivary gland protein extracts (SGE) in individuals naturally exposed to the tiger mosquito. Sera were collected in two areas of Northeast Italy (Padova and Belluno) during two different time periods: at the end of the low- and shortly after the high-density mosquito seasons. Anti-SGE and anti-al34k2 IgG levels increased after the summer period of exposure to mosquito bites and were higher in Padova as compared to Belluno. An age-dependent decrease of anti-saliva IgG responses was found especially in Padova, an area with at least 25 years history of Ae. albopictus colonization. Moreover, a weak correlation between anti-saliva IgG levels and individual perception of mosquito bites by study participants was found. Finally, determination of anti-al34k2 IgG1 and IgG4 levels indicated a large predominance of IgG1 antibodies. Overall, this study provides a convincing indication that antibody responses to al34k2 may be regarded as a reliable candidate marker to detect temporal and/or spatial variation of human exposure to Ae. albopictus; a serological tool of this kind may prove useful both for epidemiological studies and to estimate the effectiveness of anti-vectorial measures.

Keywords: Aedes albopictus, 34k2 salivary protein, human exposure, marker, vector control, arboviruses, epidemiological tool


INTRODUCTION

Arboviruses as dengue, chikungunya, Zika and yellow fever have been responsible for severe outbreaks in the last decades, causing tens of thousands deaths per year with heavy public health impact and important global economic losses (Wilder-Smith et al., 2017). These four major arboviruses are transmitted by mosquitoes of the Aedes genus, with the most important competent vectors being by far the yellow fever mosquito Aedes aegypti and the tiger mosquito Aedes albopictus. Due to globalization and environmental changes, their distribution is rapidly and progressively expanding into new tropical, subtropical and temperate areas (Kraemer et al., 2015, 2019). Even though Ae. aegypti is the main vector of these arboviruses, Ae. albopictus can play an important role as an epidemic driver, especially in areas where Ae. aegypti is absent or present at low levels. This has been the case for the large chikungunya (2005) and dengue (2018) outbreaks in the Reunion Island (Renault et al., 2007; Vincent et al., 2019), for the several cases of dengue and chikungunya autochthonous transmission (2007–2018) in Italy, France and Croatia (Gossner et al., 2018), or for the more recent cases of Zika virus transmission in southern France (Brady and Hay, 2019; Giron et al., 2019). Importantly, there are currently no specific anti-viral drugs to treat these diseases. A dengue vaccine has been approved by FDA in 2019 but its use appears to have some limitations (CDC, 2019; Espana et al., 2019), and despite the availability of a safe and effective vaccine for yellow fever, the disease is still endemic in Africa and in Central-South America (WHO, 2019). In this scenario, vector monitoring and control, along with the prevention of human-mosquito contact, still represent the main methods to contain the transmission of these arboviral diseases.

Evaluation of human-vector contact is essential to assess the risk of transmission of mosquito-borne diseases and to guide planning and implementation of vector control by public health authorities. For Aedes mosquitoes this is currently obtained by entomological methods as ovitraps, larval/pupal indices, adult traps or human landing catches (HLC), which provide estimates of adult and/or immature mosquito densities in a given area (ECDC, 2012). However, entomological measurements have some limitations and drawbacks. First, they only provide an indirect estimation of human exposure to vectors at community level. Second, they can be expensive, labor-intensive and/or difficult to carry out in some epidemiological settings (e.g., logistic constraints or low vector densities) or may raise ethical issues (e.g., for HLC). In addition to classical entomological methodologies, a novel tool for the evaluation of human exposure to disease vectors is emerging. This alternative approach, which allows for a direct estimation of human-vector contact at the individual level, relies on the assessment of host antibody responses against mosquito salivary proteins injected by hematophagous arthropods during blood feeding (Ribeiro and Arcà, 2009). As first shown for ticks (Schwartz et al., 1990), and then for several other blood feeders including anopheline and culicine mosquitoes (Trevejo and Reeves, 2005; Remoue et al., 2006; Doucoure et al., 2012b), these antibody responses can be used to evaluate human exposure to arthropod vectors. Transcriptomic and proteomic studies performed in the last two decades allowed to unravel the complexity of the salivary repertoires of blood feeding insects (Arcà and Ribeiro, 2018) and to identify groups of genus-specific mosquito salivary proteins, i.e., only found in the saliva of either anopheline or culicine mosquitoes (Ribeiro et al., 2010). These findings provided the starting point for shifting from the use of saliva or salivary gland protein extracts (SGE) to the exploitation of individual genus-specific mosquito salivary proteins. In fact, the use of saliva/SGE is inconvenient (difficult to obtain in large amounts) and may even be misleading (content variation according to physiological states, possible cross-reactions). On the other side, genus-specific salivary proteins may represent ideal candidates for the development of immuno-assays suitable for the evaluation of human exposure to either Anopheles or Aedes vectors.

A solid proof of principle has been already provided for anopheline malaria vectors. IgG responses to the Anopheles gambiae gSG6 or the gSG6-P1 peptide have been widely validated as marker of human exposure to Afrotropical malaria vectors in different epidemiological settings in Western and Eastern African countries (Poinsignon et al., 2008; Drame et al., 2010; Rizzo et al., 2011b; Badu et al., 2012; Stone et al., 2012; Proietti et al., 2013; Yman et al., 2016). Moreover, the same antigens have been successfully employed for Asian malaria vectors (Ya-Umphan et al., 2017) and may be of some use with Polynesian (Idris et al., 2017; Pollard et al., 2019) and American Old World anophelines (Montiel et al., 2020). For Aedes mosquitoes some promising indications have been obtained with the Nterm-34kDa peptide, which is designed on the culicine-specific Ae. aegypti 34k1 salivary protein (Sagna et al., 2018). This peptide allowed to detect variation of human exposure to Ae. aegypti bites in studies in Benin, Côte d'Ivoire and Lao PDR (Elanga Ndille et al., 2012; Ndille et al., 2014; Yobo et al., 2018). Moreover, it proved useful to evaluate vector control intervention at La Reunion Island (Indian Ocean), in an urban area where Ae. aegypti is not present and individuals are only exposed to Ae. albopictus (Elanga Ndille et al., 2016), suggesting it may be of use to assess exposure to both these vectors.

Toward the development of novel additional markers of human exposure to Aedes mosquitoes, and more specifically to Ae. albopictus, we previously analyzed in a murine model the immunogenic properties of the Ae. albopictus 34k2 salivary protein (al34k2). It is worth pointing out that this protein, as the 34k1 mentioned above, is also culicine-specific and a member of the 34kDa salivary protein family. Nevertheless, 34k1 and 34k2 proteins are significantly divergent and only share 32 and 33% amino acid identity in Ae. albopictus and Ae. aegypti, respectively (Arcà et al., 2007; Ribeiro et al., 2007). We found specific anti-al34k2 IgG responses in mice experimentally exposed to bites of Ae. albopictus and in a single human donor hyperimmune to Ae. albopictus saliva (Buezo Montero et al., 2019). Moreover, mice immunized by exposure to bites of Ae. aegypti had no IgG antibodies cross-reacting to al34k2, suggesting it may be useful for the development of species-specific immunoassays. To follow up these initial observations we analyzed in this study a set of sera collected from healthy human blood donors in two areas with different levels of natural exposure to Ae. albopictus (Padova and Belluno, Northeast Italy) during two different periods, at the end of the low-density mosquito season and shortly after the high-density mosquito season.



MATERIALS AND METHODS


Ethical Statement

This study was conceived according to good clinical practices and followed the ethical principles recommended by the Edinburgh revision of the Helsinki declaration. The protocol was approved by the Ethics Committee of Sapienza University (306/17 RIF.CE: 4479, April 10th 2017). All volunteers participating to the study provided written informed consent on the use of their sera to measure antibody responses to mosquito salivary antigens.



Study Areas and Sera Collections

The study was carried out in the Veneto region, Northeast Italy, in the cities of Padova and Belluno (Supplementary Figure 1A). Padova (45°24′23”N, 11°52'40”E) is located in a plain area (27 meters a.s.l.), has a relatively high population density (2.287 inhabitants/km2) and counts roughly 213,000 inhabitants. Belluno (46°08′27″N, 12°12′56″E) is situated in a valley at 389 meters a.s.l. and is surrounded by Bellunesi Prealps and Dolomites; total population is of approximately 36,000 inhabitants with a population density lower than Padova (243 inhabitants/km2). Aedes albopictus is widely spread almost all over Northeast Italy and Padova is one of the first cities in Europe colonized by this species. After its first finding in 1991 (Dalla Pozza and Majori, 1992), the tiger mosquito got very well established in the area and quickly became an important pest due to its aggressive behavior and daytime biting activity. Afterwards, the tiger mosquito progressively expanded its distribution to the entire Veneto region. Currently, it is by far the most abundant Aedes species in the urban areas of Italy, and these two cities were selected as sites with high (Padova) and low to moderate (Belluno) exposure to bites of Ae. albopictus. This assumption was mainly based on entomological data from the two areas in the years preceding this study (Montarsi et al., 2015; Montarsi F., unpublished observations) and on history of colonization. In fact, even though Ae. albopictus is well established in both municipalities, the two sites markedly differ for the timing of colonization. Padova should be considered of “ancient” colonization: the tiger mosquito was first reported at the beginning of nineties (Dalla Pozza and Majori, 1992) and therefore, at the time of this study, it was established in the city since at least 25 years. On the contrary, Belluno is of “recent” colonization: Ae. albopictus reached the area approximately 20 years later, in 2012 (Gobbi et al., 2014), and for this reason at the time of our study was established in Belluno since approximately 5 years. Notably, another exotic mosquito species, Aedes koreicus, was found shortly earlier in the Belluno area (Capelli et al., 2011); however, according to entomological surveys performed in the period 2014–2015, the most abundant mosquito species in the Belluno city was Ae. albopictus (57%), followed by Culex pipiens (32.1%) and Ae. koreicus (9.2%), with other Aedes species only occasionally found and accounting globally for less than 0.8% of the collected mosquitoes (Baldacchino et al., 2017). It should be also mentioned that another mosquito of Asian origin, Aedes japonicus japonicus, was found in 2018 in the far Northeast area of the Belluno province, toward the borders with Austria (Montarsi et al., 2019); however, there is no indication of the presence of Ae. j. japonicus in Belluno during the study period.

Planning the sample size for sera collection was not straightforward considering the absence of information on the anti-saliva IgG response in the study sites and the novelty of the al34k2 antigen. A rough estimation was done by conservatively considering an unpaired sample and taking into account previous similar studies (Elanga Ndille et al., 2012, 2016). Hypothesizing for all the comparisons a similar difference of average IgG levels not lower than 0.15 and a variance of 0.16, a minimum number of 112 sera per group could guarantee a power of 80% with a 95% confidence level. In order to increase the power up to approximately 85% we collected around 130 samples/group. Sera were collected among adult healthy volunteers who referred for routine blood donation to the immune transfusion centers of Padova (Padova University Hospital) and Belluno (San Martino Hospital), both located in the Veneto region. A first collection of sera took place in 2017 from May 2nd to May 12th in Padova (PD1, n = 130) and from May 4th to June 1st in Belluno (BL1, n = 130). According to previous data on mosquito seasonality in the areas (Baldacchino et al., 2017), these sera can be considered as representative of individuals who were not significantly exposed to Ae. albopictus bites in the previous 4–5 months. We will refer to these collections in the text as PD1 and BL1 or, more generically, as before (summer) = at the end of the low-density mosquito period. A second collection was done, always in 2017, after the summer period of high mosquito density: from September 11th to November 22nd in Padova (PD2, n = 132) and from September 14th to November 21st in Belluno (BL2, n = 131). These sera can be considered as representative of individuals who were significantly exposed to Ae. albopictus bites. In the text we will refer to this second round of collections as PD2 and BL2 or, more generically, as after (summer) = after the high-density mosquito period. A subset of individuals from Padova (n = 69) and Belluno (n = 97) could be enrolled in both surveys. Volunteers participating to the study were also invited to fill a short questionnaire finalized to gather information on (i) cutaneous reaction to mosquito bites (from 0 = absent to 5 = very intense) as well as, with specific reference to the 6-months preceding the donation, on (ii) travels outside Italy and country visited, (iii) perception of intensity of mosquito bites (from 0 = not bitten to 5 = very many bites) and (iv) timing of mosquito bites (during day, at night, day and night).



Entomological Measurements

To evaluate the occurrence and population density of Ae. albopictus the two selected sites, Padova and Belluno, were monitored from end of May to July 2017 (low-density) and from end of August to beginning of October 2017 (high-density). The surveys were performed using ovitraps (oviposition standard traps), which is the most used kind of trap for monitoring Aedes mosquito species (Velo et al., 2016; Manica et al., 2017). Ovitraps consist of black cylindrical vessels (9.0 × 11.0 cm) with an overflow hole (at 7.0 cm from the bottom) containing ~300 mL of standing water. A wooden stick (Masonite strip, 10.0 × 2.5 cm) was used as a substrate for oviposition. A larvicide (Bacillus turingensis var. israelensis, BTI) was added into the ovitraps to avoid larval development. Selection of sites where to set the ovitraps was made by dividing the urban areas into hypothetical squares of 4 km2 and positioning three traps inside each square. According to these criteria, ovitraps were placed in geo-referenced sites and checked biweekly, with a total of 20 ovitraps in Belluno and 40 in Padova (Supplementary Figures 1B,C). The mean number of eggs per positive ovitraps and the proportion of positive ovitraps (number of traps with eggs over total number of ovitraps) were calculated to estimate the seasonal mosquito density.



Mosquito Rearing, Salivary Gland Extracts and 34k2 Salivary Protein

Aedes albopictus mosquitoes (originally collected in Rome, Italy) were reared in the insectary of Sapienza University at 27 ± 1°C, 70 ± 10% relative humidity, 14:10 h light:dark photoperiod. Adult females 3–8 days post-emergence (dpe), and never fed on blood before, were used for all the experiments. Salivary glands were dissected in Phosphate Buffered Saline (PBS), transferred to a microcentrifuge tube kept on ice and containing 20 μl of PBS, then frozen at −80°C (typically in batches of 20–40 salivary gland pairs). Aedes albopictus salivary gland protein extracts (SGE) were prepared by three cycles of freezing and thawing, followed by centrifugation at 16,000 × g at 4°C. Supernatants were pooled in order to generate a homogeneous SGE stock to be used for all ELISA assays; protein concentration was measured by the Bradford method (Bio-Rad, 5000002) using the Take3 micro-volume plate in a BioTek microplate reader (BioTek Synergy HT). SGE stocks were stored at −20°C in small aliquots until use. The Ae. albopictus al34k2 salivary protein was expressed and purified as previously described (Buezo Montero et al., 2019).



Serological Tests

Enzyme-linked immunosorbent assays (ELISA) were essentially performed as previously described (Rizzo et al., 2011a, 2014a; Buezo Montero et al., 2019). Briefly, flat-bottom 96-well plates (Nunc MaxiSorp, 442404) were coated for 3 h at room temperature (RT) with 50 μl of either Ae. albopictus SGE (5.6 μg/ml, equivalent to the amount of proteins per ml obtained from 7 salivary gland pairs) or recombinant al34k2 salivary protein (5 μg/ml) diluted in Coating Buffer (15mM Na2CO3, 35mM NaHCO3, 3mM NaN3, pH 9.6). Afterwards plates were: (i) blocked for 3 h at RT (150 μl 1% w/v skimmed dry milk in PBST, i.e., PBS plus 0.05% Tween 20); (ii) incubated overnight at 4°C with 50 μl of plasma diluted 1:50 (IgG) or 1:20 (IgG1 and IgG4); (iii) incubated for 3 h at RT with 100 μl of polyclonal rabbit anti-human IgG/HRP (Dako P0214, dilution 1:5000) or sheep anti-human IgG1/HRP (Binding Site AP006, dilution 1:1000) or sheep anti-human IgG4/HRP (Binding Site AP009, dilution 1:1000); (iv) incubated in the dark at 25°C for 15 min with 100 μl of o-phenylenediamine dihydrochloride (OPD, Sigma P8287) for colorimetric development. Reactions were terminated by adding 25 μl of 2M H2SO4. Three to four washings were performed between each step. OD492 were determined using a microplate reader (Biotek Synergy HT).



Data Normalization and Analysis

All samples were analyzed in duplicate with the antigen and once with no antigen. The no-antigen well was used for background subtraction, and IgG levels were expressed as final OD calculated for each sample as the mean OD value with antigen minus the OD value without antigen. Samples whose duplicates showed a coefficient of variation (CV) >20% were re-assayed or not included in the analysis. To control for intra- and inter-assay variation, IgG levels were determined including in each plate negative controls as well as a standard curve made by 2-fold dilution series (1:25–1:1,600) of a human hyperimmune serum. OD values were normalized using titration curves and the Excel software (Microsoft) with a three variable sigmoid model and the Solver add-in application as previously described (Corran et al., 2008). IgG1 and IgG4 OD levels were converted to concentrations (ng/ml) including on each plate standard curves set up as follows. As capturing factors goat anti-human IgG (5 μg/ml, Jackson ImmunoResearch 109005098) or mouse anti-human IgG4 (2 μg/ml, BD Pharmingen 555881) were used for coating (in 50 μl coating buffer, 3 h at RT). After washing, blocking and washing again, wells were incubated overnight at 4°C with two-fold dilution series from 1 μg/ml to 0.0078 μg/ml of purified native human IgG1 (Bio-Rad PHP010) or IgG4 (ABD Serotec 5254–3004) in 50 μl of blocking reagent. Incubation with anti-human IgG1/HRP or IgG4/HRP and colorimetric detection were performed as described above. All datasets were tested for normality and lognormality by different tests (Anderson-Darling, D'Agostino & Pearson, Shapiro-Wilk, Kolmogorov-Smirnov). No dataset passed any normality test and only some datasets passed lognormality tests. For these reasons the statistical analysis was performed using non-parametric tests. Multiple comparisons were performed by the Kruskal-Wallis test. Mann-Whitney U-test was used to compare IgG levels between two independent groups. The Wilcoxon matched-pairs test was used for comparison of two paired groups. Graph preparation and statistical analyses were performed using the Prism 8.0 GraphPad Software (San Diego, CA).




RESULTS

The main characteristics of the studied population and the individual perception of mosquito bites are summarized in Table 1. Collected sera were used to measure IgG responses to Ae. albopictus salivary gland protein extracts (SGE) and to the recombinant Ae. albopictus salivary protein al34k2 (Buezo Montero et al., 2019). Considering that male volunteers were largely predominant, and to make sure not to introduce any bias, we preliminarily compared IgG responses to SGE in males versus females and found no statistically significant difference (Supplementary Figure 2A); similar results were obtained comparing anti-al34k2 IgG responses in the two sexes. Moreover, in the 6-months preceding the surveys a variable proportion of individuals (16.1–28.8%) had traveled to countries where Ae. albopictus was either present or absent. No significant variation of anti-SGE IgG levels was found by pairwise comparisons between individuals who did not travel and those who: (i) traveled, (ii) traveled to countries where Ae. albopictus was present or (iii) traveled to countries where Ae. albopictus was absent (Supplementary Figure 2B). According to these observations, the analyses described below were performed including all the samples collected in the different surveys.


Table 1. Features of the studied population and individual perception of mosquito bites.
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Entomological Monitoring

Oviposition traps were placed in Padova and Belluno (Supplementary Figures 1B,C) in the time frame between the two sera collections in order to provide an estimation on the relative population dynamics of Ae. albopictus. Both the mean number of eggs per ovitrap and the percentage of positive ovitraps indicated that mosquitoes started appearing around the last week of May in Padova (19.9 eggs/ovitrap, 34.4% positive ovitraps) and shortly later, around the first week of June, in Belluno (36.3 eggs/ovitrap, 30.0% positive ovitraps). The number of eggs per ovitrap progressively increased during the summer period reaching a peak the last week of August in Padova (281.4 eggs/ovitrap, 94.6% positive ovitraps) and first week of September in Belluno (342.1 eggs/ovitrap, 88.9% positive ovitraps) and decreasing afterwards (Figure 1). Despite the original assumption of Padova being an area of higher Ae. albopictus density than Belluno, ovitraps data did not show a clear difference between the two study sites. On the contrary, the temporal dynamic fully supports the expectations that (i) individuals whose sera were collected before summer were not significantly exposed to Ae. albopictus bites for at least 4–5 months and (ii) individuals surveyed after summer were naturally exposed to the tiger mosquito during the warm months, from June to September.


[image: Figure 1]
FIGURE 1. Entomological monitoring by ovitraps in the study areas. Bars show the average number of eggs per positive ovitraps (eggs/trap, left Y axis). Lines represent the proportion of positive ovitraps, i.e., the number of ovitraps with eggs over the total number of ovitraps (positive ovitraps, right Y axis). The time intervals for the two sera collections in each study area are reported.




IgG Responses to Ae. albopictus Salivary Gland Extracts

IgG antibody responses against mosquito saliva or salivary gland extracts have been previously shown to reliably reflect the intensity of human exposure to bites of either Anopheles or Aedes species (Remoue et al., 2006; Orlandi-Pradines et al., 2007; Fontaine et al., 2011; Doucoure et al., 2012b, 2014). Therefore, we first analyzed the IgG responses to Ae. albopictus SGE in sera collected before and after summer in the two study areas. Anti-SGE IgG responses were significantly higher in sera collected after the summer period of high mosquito density both in Padova (PD2) and Belluno (BL2) as compared to those collected before summer in the same areas (Padova, p < 0.0001; Belluno, p = 0.0009; Figure 2). Moreover, IgG antibody levels against SGE were higher in Padova than Belluno during both before (p = 0.0341) and after (p = 0.0070) the high-density mosquito seasons. These observations, in contrast to ovitraps data, seems to confirm the original assumption of Padova being an area of higher exposure to Ae. albopictus than Belluno.


[image: Figure 2]
FIGURE 2. IgG responses to Ae. albopictus salivary gland protein extracts. Anti-SGE IgG levels in participants to the four different surveys (PD1, PD2, BL1, and BL2) as indicated at the bottom. IgG levels are expressed as OD values. Number of individuals for each survey according to Table 1. Dots mark the individual values and horizontal bars represent the medians. Significant difference in the pairwise comparisons (Mann-Whitney U test) is also reported: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




IgG Responses to Ae. albopictus 34k2 Salivary Protein

IgG responses to SGE and al34k2 showed a weak, but clearly positive correlation (Spearman r = 0.43, 95% CI 0.36–0.50, n = 523, p < 0.0001). When the different surveys were compared, a seasonal variation of IgG levels was found in Padova (p = 0.0043) and anti-al34k2 IgG responses were higher in Padova than in Belluno both before (p < 0.0001) and shortly after the summer season (p < 0.0001). Comparison of anti-al34k2 IgG antibody levels between the two sets of sera collected in Belluno failed to show a significant seasonal variation (Figure 3A). However, when only paired samples from the two localities were analyzed (i.e., those individuals whose sera were collected both in the first and the second survey), a significant seasonal increase was found not only in Padova (n = 69, p < 0.0001) but also in Belluno (n = 97, p = 0.0032) (Figure 3B). Overall, despite the relatively weak correlation, anti-al34k2 IgG responses exhibited a pattern of variation fully consistent with the anti-SGE IgG responses. Therefore, these observations convincingly suggest that IgG responses to al34k2 may be suitable to assess spatial and temporal variation of human exposure to bites of the tiger mosquito Ae. albopictus.


[image: Figure 3]
FIGURE 3. IgG responses to the Ae. albopictus salivary gland protein al34k2. (A) Anti-al34k2 IgG levels in all participants to the four different surveys. IgG levels, number of individuals, dots, bars and p values as in Figure 2. (B) IgG responses in paired samples from Padova (left panel) and Belluno (right panel). The number of individuals is indicated at the bottom. Dots and bars as in (A). Significant difference in the pairwise comparisons (Wilcoxon matched-pairs test): **p < 0.01; ****p < 0.0001.




IgG1 and IgG4 Responses to Ae. albopictus 34k2 Salivary Protein

Previous studies showed that the An. gambiae gSG6 and cE5 salivary proteins induce in naturally exposed individuals differential antibody responses, with the gSG6 antigen evoking high levels of IgG4 antibodies and cE5, on the contrary, triggering an IgG1-dominated response (Rizzo et al., 2014a,b). To get insights into IgG subclass-specificity of antibody responses to the al34k2 protein we determined IgG1 and IgG4 antibody titers in the sera collected in Padova before (PD1) and after (PD2) the high density mosquito season. As expected a positive correlation was found between anti-al34k2 IgG and IgG1 levels (Spearman r = 0.64, 95% CI 0.56–0.70, n = 262 p < 0.0001), and similar results were obtained for IgG and IgG4 (Spearman r = 0.68, 95% CI 0.61–0.74, n = 262, p < 0.0001) levels. Median IgG1 titers appeared to be over ten-fold higher than corresponding IgG4 titers in both surveys (Figure 4A; p < 0.0001). A highly significant increase of both anti-al34k2 IgG1 and IgG4 levels was observed in PD2 by pairwise comparisons between paired samples (n = 68, p < 0.0001; Figure 4B); instead, only IgG4 levels showed a weakly significant increase after summer when all samples were considered (p = 0.0326, Figure 4A). These results clearly indicate that antibody responses against the al34k2 salivary protein show a large predominance of IgG1 antibodies.


[image: Figure 4]
FIGURE 4. IgG1 and IgG4 responses to the Ae. albopictus salivary gland protein al34k2 in Padova. (A) Individual anti-al34k2 IgG1 and IgG4 levels in participants to the PD1 (n = 128) and PD2 (n = 128) surveys. IgG1 and IgG4 levels are expressed in ng/ml. Dots, bars and p-values as in Figure 2. (B) IgG1 and IgG4 responses against al34k2 in paired samples from Padova (n = 68). IgG1 and IgG4 levels, dots and bars as above. Pairwise comparisons by the Wilcoxon matched-pairs test (*p < 0.05; ****p < 0.0001).




IgG Responses to Ae. albopictus SGE and al34k2 According to Age

Individual IgG responses to Ae. albopictus SGE and to al34k2 were also analyzed according to age. Overall, a negative correlation was found between age and IgG responses to Ae. albopictus SGE or al34k2. Spearman's rank correlation analysis indicated a clear trend of antibody responses to decrease with age for both Padova surveys, especially when considering the anti-SGE IgG responses; on the contrary, in Belluno a weakly significant negative correlation was only found for the anti-al34k2 IgG responses in the BL2 survey (Table 2, Supplementary Figure 3A). This general trend was confirmed when participants to the surveys were divided in four different age groups (18–30, 31–40, 41–50 and >50 years old). Pairwise comparisons indicated a clear and significant decrease with age of the anti-SGE and anti-al34k2 IgG responses in Padova; again, this was not the case for Belluno where some decrease was only observed in the over 50 years old category in the BL2 survey (Supplementary Figure 3B).


Table 2. Correlation between age and IgG levels.
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To make sure that age distribution did not represent a source of bias we compared the age of the different cohorts of individuals (PD1, PD2, PD paired, BL1, BL2, BL paired) by the Kruskal-Wallis or Mann-Whitney tests and found no significant difference. We also calculated the frequencies of the four age groups in the different cohorts (Supplementary Figure 4A) and compared them by the Chi-square test without finding any difference (chi-square 16.37, df 15, p = 0.358). Finally, we also compared IgG levels before and after the mosquito season in the two sites by age groups, using both paired and unpaired samples. Median anti-SGE and anti-al34k2 IgG levels were higher after the summer season in almost all the pairwise comparisons (30/32), even though statistical significance was only reached in ~40% of cases (56% for SGE and 25% for al34k2, Supplementary Figure 4B), likely because of the relatively small sample size. Overall, these observations suggest that age should be taken into consideration in similar studies but also indicate that it does not appear to be a relevant source of bias in our investigation.



Anti-saliva IgG Responses and Individual Perception of Exposure to Mosquito Bites

Participants to the surveys, along with the informed consent, were asked to fill a short questionnaire on their individual perception of cutaneous reaction to mosquito bites, intensity/number of bites and timing of occurrence (Table 1). Despite the intrinsic limitations of this subjective self-assessment, we verified the possible correlation with anti-SGE and anti-al34k2 IgG antibody levels. Overall, individuals reporting mid to high (2–5) cutaneous reactions showed higher anti-SGE IgG levels as compared to those with absent or low (0–1) reactions. This was supported by the observation that median OD values, as well as 25th and 75th percentiles, were in most cases (PD1, PD2, and BL2) higher for the mid-to-high category, although the difference reached statistical significance only for the PD1 survey (p = 0.0036; Supplementary Figure 5A). IgG responses to both Ae. albopictus SGE and to al34k2 were also compared in individuals reporting a low number of bites (score 0–1) versus those accounting for mid to high number of bites (score 2–5). For both antigens, the 25th and 75th percentiles and median OD values were, in the very large majority of cases, higher in the mid to high category; however, statistical significance was only found when considering the IgG response to SGE in the PD1 (p = 0.0075) and BL1 surveys (p = 0.0320, Supplementary Figure 5B). No general common trend and/or significant difference was recognizable when IgG responses were compared in individuals reporting mainly day- versus night-time bites, only exception being the BL2 survey where anti-al34k2 IgG levels were slightly higher (p = 0.0280) in individuals accusing a larger number of bites during daytime.




DISCUSSION

In the last decades the tiger mosquito Ae. albopictus impressively expanded its geographic distribution colonizing areas with relative cool climates and gaining the reputation of one of the most invasive species worldwide (Bonizzoni et al., 2013; Lwande et al., 2019). Further spreading in both United States and Europe has been predicted for the next decades (Kraemer et al., 2019), with a consequent expansion of the population at risk from mosquito-borne diseases as dengue, yellow fever, chikungunya and Zika. In this context the cases of autochthonous transmission in Europe (Gossner et al., 2018; Brady and Hay, 2019) and the large outbreaks in the Reunion Island (Renault et al., 2007; Vincent et al., 2019) sound as an alarm bell calling public health authorities for improved monitoring and control of the tiger mosquito.

Historically, the control of vector populations and the reduction of human-vector contact have been the most important weapons in the fight against mosquito-borne diseases. More recently, the identification of genus-specific mosquito salivary proteins (Ribeiro et al., 2010; Arcà and Ribeiro, 2018) paved the way for the development of serological toolboxes that may allow for the simultaneous evaluation of human-vector contact and circulation of pathogens transmitted by the same vector. Such a tool may be useful for epidemiological studies and the evaluation of both transmission risk and efficacy of vector control interventions. The successful outcome of studies with Anopheles malaria vectors stimulated efforts to develop similar markers for Aedes vectors, leading to the identification of the Nterm-34kDa peptide as candidate biomarker of human exposure to Ae. aegypti, with some encouraging indications also for Ae. albopictus (reviewed by Sagna et al., 2018).

We previously obtained promising evidence of the immunogenicity of the al34k2 salivary protein to both mice and humans (Buezo Montero et al., 2019). With the aim to validate this antigen as candidate marker of exposure to Ae. albopictus, we measured the anti-al34k2 IgG responses in sera collected from adult healthy individuals, before and after the summer high-density mosquito season, in two different areas colonized by the tiger mosquito. It is worth pointing out that, apart from the Nterm-34kda peptide, the availability of additional markers of exposure to the tiger mosquito may prove useful for several reasons. First, the Nterm-34kDa peptide is designed on the Ae. aegypti 34k1 salivary protein and the corresponding peptide from the Ae. albopictus ortholog is rather divergent (12/19 identical residues with a 3 amino acids gap). This may imply a relatively low sensitivity, which might be a limiting factor in conditions of low mosquito density, when also traditional entomological approaches become less reliable. Second, human immune responses to mosquito salivary antigens exhibit significant individual variability, as shown for the An gambiae gSG6 and cE5 (Rizzo et al., 2014a). As a consequence, multiple antigens may be very helpful providing a more comprehensive view and eventually increasing the sensitivity and/or specificity of the immunoassays.

When we measured the IgG responses to Ae. albopictus SGE we found, as expected, a significant increase from low to high mosquito density period. A similar pattern was found for the anti-al34k2 IgG responses: in both study sites they increased shortly after the summer exposure and declined after the winter period of non-exposure to Ae. albopictus, even though this was more evident in Padova than in Belluno (Figure 3). This is an important finding in view of two considerations. First, an effective marker should evoke an IgG response sufficiently short-term to detect variation in human-vector contact, for example from high to low vector density season or after the implementation of vector control measures. Second, the duration of IgG responses is salivary antigen-dependent, as previously reported for the An. gambiae gSG6 and cE5 (Rizzo et al., 2014a). The correlation between individual responses to SGE and al34k2 was positive, as expected, but relatively weak (Spearman r = 0.43). However, taking into account (i) that saliva is a complex mixture of more than hundred salivary proteins, (ii) the lower sensitivity of anti-al34k2 IgG responses, and (iii) the individual variability in the response, this observation does not seem really surprising and should not be negatively interpreted. Overall, the observations reported here suggest that in natural conditions the anti-al34k2 IgG responses appear suitable to evaluate seasonal variations of human exposure to the tiger mosquito and eventually to assess the efficacy of vector control interventions at reducing the host-vector contacts.

To our surprise, entomological monitoring by ovitraps did not show the expected difference between the two study sites. Nevertheless, anti-SGE and anti-al34k2 IgG responses were higher in Padova than Belluno both before and after summer, a result that is perfectly in line with the original assumption. Providing a simple and unequivocal explanation to this discrepancy is not easy; however, a few considerations should be kept in mind. First, the correlation between number of eggs and adult females density is not so straightforward and may be affected by several different variables (Manica et al., 2017). Second, the presence of Ae. koreicus, whose eggs are practically indistinguishable from those of Ae. albopictus (Montarsi et al., 2015), may have contributed to the high numbers found in Belluno. Third, ovitraps were placed within the cities (Supplementary Figure 1), but transfusional centers accept blood donors from the whole province. Around 25% of Belluno blood donors were resident in small villages where the tiger mosquito is either absent or present at very low density (Montarsi et al., 2015); on the contrary, all the villages in Padova province are well known to be infested since decades (Romi et al., 1999). In addition, IgG responses to mosquito saliva have been previously shown, in different settings, to be a reliable indicator of host exposure to mosquito bites (Remoue et al., 2006; Orlandi-Pradines et al., 2007; Fontaine et al., 2011; Doucoure et al., 2012a, 2014) and, differently from entomological measures, provide a direct indication of human-vector contact. For these reasons, overall, we feel rather confident suggesting that IgG responses to the al34k2 salivary protein appear a reliable marker also to detect spatial variation of human exposure to Ae. albopictus.

Human IgG responses to mosquito saliva are mainly characterized by antibodies of the IgG1 and IgG4 subclasses and very low IgG2 and IgG3 concentrations. High levels of antigen-specific IgG4 antibodies may be related to allergenic properties of insect salivary proteins (Peng and Simons, 2004); they may also be associated with immune tolerance, as is the case for beekeepers who carry elevated levels of venom-specific IgG4 antibodies with anti-inflammatory potential (Garcia-Robaina et al., 1997; Varga et al., 2013). Moreover, higher levels of IgG4 antibodies against Ae. aegypti saliva were recently reported in dengue-infected individuals in an endemic area in Colombia (Cardenas et al., 2019). We determined anti-al34k2 IgG1 and IgG4 levels in individuals from the PD1 and PD2 surveys and, in both cases, median IgG1 titers were at least 10-fold higher than corresponding IgG4 levels (Figure 4). A similar finding was previously reported for the An. gambiae salivary protein cE5 in naturally exposed individuals from a malaria hyperendemic area of Burkina Faso; however, the same individuals carried high levels of anti-gSG6 IgG4 antibodies. This differential responses to the cE5 and gSG6 proteins has been interpreted as a possible indicator of Th1-type and Th2-type polarized immune responses, respectively (Bretscher, 2014; Rizzo et al., 2014a,b). Our findings suggest that the Ae. albopictus al34k2 protein may be of limited allergenicity and induces in naturally exposed individuals an IgG1-dominated antibody response that may be indicative of a Th1-type polarization.

IgG antibody responses to SGE and al34k2 showed a trend to decrease with age. This was pronounced in sera collected in Padova but only barely detectable in those from Belluno (Table 2, Supplementary Figure 3). Human cutaneous reactions and antibody responses to mosquito saliva are known to change over time with the continued natural exposure, most likely because of immune tolerance and progressive desensitization to mosquito salivary proteins (Mellanby, 1946; Feingold et al., 1968; Peng and Simons, 1998, 2004; Doucoure et al., 2012b; Cardenas et al., 2019; Montiel et al., 2020). However, while IgG responses to mosquito saliva (a cocktail of ~100–150 proteins) decrease with age, the situation with individual salivary proteins is antigen-dependent. For example, a decrease with age was previously reported for the An. gambiae gSG6 (Poinsignon et al., 2009; Rizzo et al., 2011b, 2014b; Montiel et al., 2020) and for Anopheles albimanus salivary peptides (Londono-Renteria et al., 2020); on the contrary, a positive correlation was found for the An. gambiae cE5 (Rizzo et al., 2014a) and the Ae. aegypti D7s4 (Ribeiro et al., 2007; Londono-Renteria et al., 2018). Moreover, intensity and persistence of exposure plays a role in natural desensitization to salivary antigens (Mellanby, 1946; Feingold et al., 1968), and this may explain the different trends we observed in Padova, an area colonized since more than 25 years, and in Belluno, where individuals were exposed to Ae. albopictus bites for no more than 5 years.

There are still some possible improvements and a few interesting open questions that wait for answers. First, the absence of unexposed controls prevented the determination of a threshold for seropositivity, which could provide very useful information on seroprevalence. Considering the widespread distribution of the tiger mosquito, getting reliable non-exposed controls may be not so straightforward. Nevertheless, their inclusion in future studies would be very important, especially in view of the encouraging results reported here. Second, it will be of interest to clarify the species-specificity of anti-al34k2 IgG responses. The 34k2 salivary proteins from Ae. aegypti and Ae. albopictus are 62% identical. However, sera of mice experimentally immunized to Ae. aegypti saliva do not carry IgG antibodies recognizing the al34k2 protein. Vice versa, sera from mice exposed to Ae. albopictus do not recognize the Ae. aegypti orthologous protein ae34k2, which suggests absence of cross-reactivity in the mouse model (Buezo Montero et al., 2019). It will be very interesting to measure the anti-al34k2 IgG responses in naturally exposed individuals living in areas where Ae. aegypti is abundant but Ae. albopictus is absent. Third, it will be of great value to verify the suitability of the al34k2 antigen for the evaluation of control interventions against the tiger mosquito as for example accomplished by Elanga Ndille and collaborators at La Reunion Island (Elanga Ndille et al., 2016). Finally, it would be very intriguing the validation of the al34k2 antigen in epidemiological settings where arboviral transmission is endemic and maintained by Ae. albopictus.

In conclusion, we believe that our study provides promising indications that IgG antibody responses to the Ae. albopictus 34k2 salivary protein may be exploited for the evaluation of human exposure to the tiger mosquito. It remains to be established if anti-al34k2 IgG responses represent a species-specific marker or may be useful as more general indicator of exposure to Aedes vectors. Serological assays as the one described here have the advantage of providing a direct measure of human-vector contact, not only at the community but also at the individual level, and may be useful to assess the efficacy of vector control interventions in interrupting this interaction. Such a complementary tool can also be employed for epidemiological studies and possibly for estimation of transmission risk. This may be especially helpful when implementation of classical entomological methods is difficult (low vector density, logistic constraints, limited resources, etc.) or when the simultaneous determination of exposure to vector and to specific circulating pathogen(s) by serological measurements may be needed.
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Vector-borne diseases are responsible for over a billion infections each year and nearly one million deaths. Mosquito-borne dengue virus, West Nile, Japanese encephalitis, Zika, Chikungunya, and Rift Valley Fever viruses constitute major public health problems in regions with high densities of arthropod vectors. During the initial step of the transmission cycle, vector, host, and virus converge at the bite site, where local immune cells interact with the vector's saliva. Hematophagous mosquito saliva is a mixture of bioactive components known to modulate vertebrate hemostasis, immunity, and inflammation during the insect's feeding process. The capacity of mosquito saliva to modulate the host immune response has been well-studied over the last few decades and has led to the consensus that the presence of saliva is linked to the enhancement of virus transmission, host susceptibility, disease progression, viremia levels, and mortality. We review some of the major aspects of the interactions between mosquito saliva and the host immune response that may be useful for future studies on the control of arboviruses.
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INTRODUCTION

Each year, more than one billion people are infected with vector-borne diseases and nearly one million die as a result. These diseases take a toll on the health and quality of life of the population and have been shown to increase poverty in vulnerable communities due to illness and disability (WHO, 2020). Arboviruses represent an important group of pathogens that cause vector-borne diseases worldwide. There are more than 100 arboviruses known to cause disease in humans and they all share the common characteristic of being transmitted by hematophagous mosquitoes or ticks (LaBeaud et al., 2011). Although many infections are asymptomatic or cause a mild transient fever, progression to more severe pathologies, such as hemorrhagic fever, encephalitis, central nervous system involvement, or arthritis, can occur (Huang et al., 2019). Among the various arboviruses that can infect humans, mosquito-borne dengue (DENV), West Nile (WNV), Japanese encephalitis (JEV), Zika (ZIKV), Chikungunya (CHIKV), and Rift Valley Fever (RVFV) viruses are responsible for major public health problems in regions with high densities of arthropod vectors (Rolin et al., 2013; Wilder-Smith et al., 2017). DENV, WNV, JEV, and ZIKV belong to the Flavivirus genus of the Flaviviridae family. Their single-stranded positive-sense RNA genomes are typically 11 kb and encode seven non-structural proteins and three structural proteins (C, M, and E) (Laureti et al., 2018). On the other hand, CHIKV and RVFV belong to the Alphaviridae and Phlebovirus genera, respectively. CHIKV has a single-stranded positive-sense RNA genome that encodes four non-structural and five structural proteins, whereas RVFV has a tripartite genome, consisting of three single-stranded negative-sense RNA segments that together code for structural and non-structural proteins (Hartman, 2017; Vu et al., 2017). The transmission of most of these viruses is urban/peri-urban in human-mosquito infection cycles (Weaver and Reisen, 2010). As a result, there is a high rate of transmission in densely-populated regions (Struchiner et al., 2015). The successful propagation of these viruses worldwide can be attributed to various factors, amongst the most relevant, the wide distribution of Aedes spp. in all continents (Wilder-Smith et al., 2017), human travel and migration (Gould et al., 2017), animal trade (Pfeffer and Dobler, 2010), the creation of ecosystems that favor human-vector interactions (Kilpatrick and Randolph, 2012), and climate change, which favors vector populations (Papa, 2019). Transmission is initiated when a vertebrate host is inoculated with the virus during the blood-feeding of an infected mosquito. During this initial step of the cycle, vector, host, and pathogen converge at the bite site, making this event important for understanding the immune interactions in the skin microenvironment. Once the mosquito locates a vertebrate host, it penetrates the epidermis and dermis with its proboscis, and probes the site until it finds a suitable vessel or hemorrhagic blood pool (Townson, 1993). A salivary mixture containing pharmacologically active compounds, known to modulate host inflammation, hemostasis, and immunity, is injected during probing and facilitates blood intake by the insect by preventing clotting and platelet aggregation and promoting vasodilation (Manning and Cantaert, 2019). It is now known that certain molecules present in the vector's saliva can affect the course of infection, the replication capacity of the virus, and the host immune response (Schneider and Higgs, 2008; Pingen et al., 2017; Vogt et al., 2018). Here, we have provided a comprehensive overview of the anti-arboviral immune response, as well as its modulation by mosquito saliva, within the environment of the skin. We conclude with a prospective appraisal of the development of vaccines.



AEDES MOSQUITO SALIVARY COMPONENTS

Hematophagous mosquito saliva is a mixture of bioactive components known to modulate vertebrate hemostasis, immunity, and inflammation during the insect's feeding process. A recent proteome study identified 1,208 proteins from female Aedes aegypti salivary glands using LC-MS/MS analysis (Dhawan et al., 2017). This protein profile was further classified based on molecular functions assigned using bioinformatics databases. Translation, metabolism, oxidation-reduction, and cellular organization were the processes with the highest representation after classification. Furthermore, among the proteins identified in the study, a group of 238 was not attributed with any molecular function. Nevertheless, 64 of these unclassified proteins were predicted to have a signal peptide cleavage site and thought to be secreted. Importantly, salivary factor expression can vary depending on whether the mosquito has fed (blood fed or not) and the infection status (Thangamani and Wikel, 2009; Bonizzoni et al., 2012). These aspects need to be considered in studies examining the effects of mosquito saliva in the infection of target cells with arboviruses. Indeed, several studies have been conducted with saliva from uninfected mosquitoes. The nature of secretory bioactive factors in mosquito saliva is not restricted to proteins alone. In a study conducted by the University of Texas Medical Branch, the authors extracted short non-coding RNAs from the saliva of A. aegypti and Aedes albopictus mosquitos, infected or not with CHIKV (Maharaj et al., 2015). The researchers found novel microRNAs (miRNAs) expressed only during infection, which they believed could play an important role in regulating the establishment of infection in the vertebrate host during blood feeding. The amount of documented evidence from various disease models, pathogens, and mosquito species has led to the consensus that the presence of saliva and/or mosquito feeding is connected with enhancement of virus transmission, host susceptibility, disease progression, viremia levels, and mortality (Schneider and Higgs, 2008). To date, certain salivary factors have been separately characterized and their immunological role in infection determined (Table 1). However, this list is very limited and many studies remain to be conducted in order to better characterize the function of salivary components. The effects of salivary proteins in the host immune response can also vary as a function of the concentration of salivary-gland extracts (SGE). In some studies, high concentrations have been reported to be immune-suppressive, whereas low concentrations have been associated with modulation of the immune response, which normally corresponds to the downregulation of Th1 cytokines and a shift toward a Th2 response (Schneider and Higgs, 2008).


Table 1. Summary of salivary factors and their known or suspected role in host immunity.
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MOSQUITO BITES AND THE EFFECT OF SALIVA ON VIRAL REPLICATION AND DISSEMINATION

The comparison between virus infection dynamics in animals infected through various inoculation routes, has permitted to observe the impact that mosquito-aided viral entry can have on the host. Mice infected with WNV via mosquito bite show higher viral loads and earlier dissemination from local inoculation sites to neighboring tissues than mice infected by needle injection, including earlier breach of the nervous system (Styer et al., 2011). In rhesus macaques, inoculation of DENV through infected mosquito feeding leads to higher and longer viremia than inoculation via subcutaneous, intradermal, or intradermal + SGE needle injection. In addition, macaques infected via mosquito feeding and intradermal + SGE injection show skin inflammation and cellular infiltration at the site of inoculation and higher levels of liver aminotransferase than those infected through other inoculation routes (McCracken et al., 2020). In a similar study, investigators found that macaques infected with ZIKV via mosquito bite developed systemic infection and altered tissue tropism to the virus, which was disseminated mainly in the hemolymphatic tissues, female reproductive tract, liver, and kidneys, whereas the virus was also detected in the cerebrum of one animal and the eyes of the two animals inoculated via subcutaneous needle injection (Dudley et al., 2017). No significant difference was observed in the peak viral load between the two groups, but the time to reach the viral load was different, with the subcutaneous group reaching the viremia peak faster than the mosquito-infected group. In the case of RVFV, intradermal infection of mice in conjunction with SGE leads to a significant increase in viral titers in blood, brain, and liver, and more severe thrombocyto/leukopenia (Le Coupanec et al., 2013). Additionally, mice intradermally infected with RVFV and exposed to non-infected mosquito bites show shorter survival. Similarly, a mouse model for infection using an avirulent strain of the Semliki Forest virus, a virus closely related to CHIKV, showed that mice exposed to the virus after A. aegypti feeding showed higher viral RNA levels at the inoculation site than unbitten mice, as well as earlier dissemination to the brain and evolution to a lethal outcome in some of the mice (Pingen et al., 2016). Although not explored exhaustively, the effect that varying the localization of the saliva inoculum induces in the host has also been investigated. Mice that receive WNV and SGE inoculated together show significantly higher viral titers than those that receive the virus and SGE separately in distal locations, highlighting the local effect of salivary factors on enhancing viremia (Styer et al., 2011).



EFFECT OF SALIVA ON ARBOVIRUS INTERACTIONS WITH THE SKIN ENVIRONMENT

The first cells to interact with the virus are those that constitute the immune system within the skin, as the virus is directly injected into the epidermis and dermis of the host (Figure 1). Resident immune skin cells, such as Langerhans cells (LCs), occupy the epidermis together with keratinocytes, whereas various subpopulations of dendritic cells (DCs), macrophages, and T cells reside in the dermis (Matejuk, 2018), all of which can be targets of infection and sites of initial replication for arboviruses (Wu et al., 2000; Limon-Flores et al., 2005; Durbin et al., 2008; Silveira et al., 2018). Since these cells are both permissive to infection and hold the capacity to elicit immune responses, they play a dual role in the infection process: both as replication targets/dissemination vehicles and as the first line of defense. Keratinocytes are able to recognize pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs). Upon stimulation, they promote pro-inflammatory responses, along with the production of interferons (IFNs), chemokines, and cytokines (Miller, 2008; Briant et al., 2014). In a recent study, Garcia et al. (2018) observed that keratinocytes produce a type I and III interferon inflammatory response when infected with WNV that is associated with viral load. In addition, the expression of pro-inflammatory cytokines, such as TNF-α and IL-6, and various chemokines by keratinocytes increased significantly after viral infection. In the context of ZIKV, in vitro infection of skin fibroblasts leads to active viral replication of the virus (Hamel et al., 2015). Recognition of the virus by skin fibroblast is mostly mediated by RIG-I, MDA5, and TLR3 and induces IFN-α and IFN-β production, as well as that of the CXCR3 ligand CXCL10 and the antiviral chemokine CCL5. Fibroblasts have been reported to be highly susceptible to CHIKV and WNV infection (Ekchariyawat et al., 2015). Activation of these cells following infection appears to elicit similar antiviral responses to both viruses, which consist of increased levels of IL-1β (due to maturation of caspase 1), IFN-β, and other pro-inflammatory cytokines and chemokines. In this case, inflammasome activation via caspase 1 appears to be of particular importance in controlling CHIKV replication in fibroblasts. Keratinocytes infected with WNV in the presence of A. aegypti saliva show higher viral replication levels than cells infected without saliva at 48 h post-infection. Saliva-treated cells also present lower levels of mRNA for the inflammatory mediators IL-28A, CXCL10, IFIT2, and CCL20 24 h post-infection. Interestingly, treatment of infected keratinocytes with Culex quinquefasciatus saliva also leads to decreased levels of inflammatory mediators, but not to higher viral replication (Garcia et al., 2018). Similarly, keratinocytes show significantly higher viral loads at 6 and 24 h post-infection upon infection with DENV in the presence of A. aegypti saliva than those infected with virus alone. Decreased expression levels of β-defensin 3, LL-37, Elafin, and S100A7 at 6 h post-infection and IFNs at 24 h post-infection have also been observed (Surasombatpattana et al., 2012). A. aegypti bacteria-responsive protein 1 (AgBR1) is a protein upregulated in the salivary glands of mosquitoes after blood feeding (Ribeiro et al., 2007) that promotes the recruitment of CD45+CD11b+Ly6G+ cells, along with the upregulation of neutrophil- and monocytic-attracting chemokine expression at the bite site of mice infected with ZIKV via mosquito bite (Uraki et al., 2019). By stimulating the recruitment of cells susceptible to infection and dampening pro-inflammatory responses, mosquito salivary factors generate an auspicious environment for viral replication. Furthermore, as the earliest interactions of the immune system with arboviruses occur at the inoculation site, modulation of these processes give the virus an advantage in the infection-immune response dynamics.


[image: Figure 1]
FIGURE 1. Simplified representation of the inoculation of virus and mosquito saliva into the skin. Recognition of the virus by LCs and DCs, and migration to lymph node. Effect of mosquito saliva on skin immune resident and infiltrating cells.




EFFECT OF SALIVA ON THE INNATE IMMUNE RESPONSE TO ARBOVIRUSES

The modulatory effects of vector saliva factors on the innate immune system are an important contributing factor in the enhancement of viral replication and dissemination. In a recent study, Sun et al. identified a protein, designated AaVA-1, that induces enhancement of viral replication of both ZIKV and DENV in DCs and macrophages (Sun et al., 2020). Silencing of this protein in the mosquitoes led to decreased viremia in ZIKV-infected mice, along with delayed death. Incubation of THP-1 cells, a monocytic cell line, with AaVA-1 did not influence the production of TNF-α, IL-1β, IL-8, monocyte chemotactic protein-1 (MCP-1), IFN-β, IFN-α2, or IFN-α7. The investigators postulated that the protein enhances viral replication by a mechanism other than the modulation of Th1 cytokine production. Interestingly, use of an immuno-pulldown assay to identify proteins that bind to AaVA-1 showed that the protein binds to the autophagy inhibitor, leucine-rich pentatricopeptide repeat-containing protein (LRPPRC). This inhibitor suppresses the initiation of autophagy by binding and sequestering Beclin-1. The ability of AaVA-1 to bind to LRPPRC and displace Beclin-1, by competing for the same binding motif, enables the initiation of autophagy signaling and thus enhances viral transmission and replication. The effect of this salivary protein could therefore have a major impact on the severity of the disease. It is important to note however that ZIKV, like other flaviviruses, has developed sophisticated mechanisms to overcome autophagy (Chiramel and Best, 2018). Moreover, it has been reported that mosquito SGE significantly suppresses inducible nitric oxide synthase (iNOS) in macrophages. Suppressing the expression of iNOS lowers the levels of the reactive oxygen intermediate NO which is an important factor that regulates the functional activity, growth, and death of macrophages, T cells, NK cells, and neutrophils. Thus, the decrease of NO levels by mosquito saliva deregulates the activity of these immune cells (Schneider et al., 2010; Barros et al., 2019).

Neutrophils are an abundant cell population of the innate immune system. They are effective in controlling pathogens by degranulation, phagocytosis, and the formation of neutrophil extracellular traps (NETs) (Rosales, 2018). Murine neutrophils deploy NETs upon CHIKV infection, in a TLR7- and reactive oxygen species-dependent manner, which can neutralize the virus and lower its infective capacity (Hiroki et al., 2020). Furthermore, mice treated with DNase, which impairs the functionality of NETs, showed increased viral loads and were more susceptible to infection than controls. Indeed, the effect of neutrophils on disease protection can vary depending on the virus and the degree of NETs production (Opasawatchai et al., 2019). Neutrophil stimulating factor 1 (NeSt1) is a newly described salivary protein that enhances ZIKV replication and pathogenesis in mice (Hastings et al., 2019). The protein induces expression of pro-IL-1β, CXCL2, and CCL2, leading to the activation of primary neutrophils and further recruitment of macrophages, which are highly susceptible to infection. Interestingly, passive immunization against the NeSt1 protein prevents early replication and ameliorates pathogenesis in infected mice.

IFNs limit infection by inducing the expression of IFN-stimulated genes (ISGs), disrupting viral replication cycles at various steps (Sen, 2001). PRRs, such as RIG-1 and MDA5, can recognize viral genome particles in the cell cytosol (Hollidge et al., 2011) and their activation leads to type I IFN expression (Sharma, 2003). Other receptors, such as TLR3, TLR7, TLR8, and TLR9, promote type I IFN and NF-kB signaling pathway activation (Yamamoto et al., 2002; Kawai and Akira, 2007). The effectiveness of IFN responses to control arbovirus infections has been documented in several studies. In a hospital-based study in Taiwan, researchers reported that the serum of patients with severe dengue contained less IFN-α than that of patients with non-severe manifestations, supporting the relationship between IFN and protection (Chen et al., 2007). Jiang et al. observed that five ISGs were able to significantly inhibit both WNV and DENV replication and viral entry (Jiang et al., 2010). Additionally, the screening of more than 380 human genes using an overexpression-based approach identified several additional ISGs that suppress WNV replication (Schoggins et al., 2011). In the context of RVFV infection, it has been reported that a critical component of the host immune response to the virus is a robust type I IFN response shortly after infection (do Valle et al., 2010). In addition, early studies performed in rhesus macaques showed that macaques given IFN-α replacement therapy were able to control infection with RVFV (Morrill et al., 1989). In ZIKV in vitro studies, treatment of vaginal and cervical epithelial cells, important in the sexual transmission of Zika, with IFN-α/β or IFN-λ inhibited viral infection (Caine et al., 2019). In mouse models, CD4+ T cells, which have the ability to reduce the viral load in the brain, control disease progression, and prevent fatal outcome after ZIKV infection, appeared to be dependent on IFN-γ signaling pathways (Lucas et al., 2018). Additionally, infection of mice lacking IRF-3 and IRF-7 with CHIKV has been shown to lead to fatal outcomes due to hemorrhagic shock (Rudd et al., 2012; Schilte et al., 2012). These studies show the fundamental role of IFN responses in limiting arbovirus infections.

Studies from the early 90's already reported the inhibition of TNF-α production by rat mast cells cultured with SGE from A. aegypti (Bissonnette et al., 1993) and the suppression of IL-2 and IFN-γ production by naïve spleen cells cultured with A. aegypti SGE in mouse models (Cross et al., 1994). The downregulation of cellular pro-inflammatory responses affects viral infection and disease progression, as this mechanism is crucial for controlling viral infections. Polarization toward Th2 responses has been observed in mice after concomitant infection with the virus and salivary proteins. Mice that were exposed to Culex pipiens and A. aegypti for 4–10 days showed marked downregulation of IFN-γ production after mosquito feeding, along with upregulated production of IL-4 and IL-10 (Zeidner et al., 1999). In a separate study, cytokine expression in the skin of mice was analyzed after intradermal inoculation with A. aegypti SGE in combination with Sindbis virus (Schneider et al., 2004). Co-inoculation with the virus and SGE led to reduced production of IFN-β and IFN-γ. In contrast, the expression of IL-4 and IL-10 was significantly upregulated (Schneider et al., 2004). Upregulation of IL-10 production in mice has been associated with impaired Th1 cell responses, thus promoting prolonged and persistent viral infection (Brooks et al., 2006). In addition, humanized mice infected with DENV via mosquito bite show higher viremia than mice infected by injection (Cox et al., 2012). SGE itself appears to enhance thrombocytopenia in these animals.

An in vitro study performed on HaCaT and A549 cells showed dampened IL-8 production by cells treated with either CHIKV + SGE or SGE alone, alongside increased viral replication (Puiprom et al., 2013). Additionally, a comparative analysis of cytokine gene expression of mice bitten by uninfected mosquitoes and those bitten by mosquitoes infected with CHIKV showed an altered cytokine expression profile in both cases, characterized by the upregulation of IL-4 and downregulation of IL-2, IFN-γ, and TLR-3 relative to unbitten controls (Thangamani et al., 2010). The investigators also infected mice with CHIKV by needle intradermal injection and observed expression profiles characteristic of a pro-inflammatory response, increased IL-2, IFN-γ, and TLR-3 expression, along with decreased IL-4 and IL-10 expression, contrary to those observed for the mosquito-bitten cases. Interestingly, although the observed cytokine expression profiles of both the mice bitten by uninfected mosquitoes and those bitten by CHIKV-infected mosquitoes were similar and showed a shift from Th1 to Th2 responses, the effect on IL-4 expression appeared to be greater in the individuals bitten by CHIKV-infected mosquitoes. In a previous study, Thangamani et al. described similar effects of mosquito saliva/bites on the production of IL-4 using a TCR transgenic mouse model (Boppana et al., 2009). Here, exposure to both SGE and mosquito bite induced increased IL-4 expression by CD4+ T cells. Furthermore, the investigators were able to identify a newly described protein, salivary A. aegypti IL-4-inducing protein (SAAG-4), which upregulates IL-4 and IL-10 expression and downregulates the expression of IL-12, IFN-γ, and TNF-α in skin. The processes by which salivary proteins modulate cytokine production are not completely understood, but insights about possible mechanisms have become available in recent years.

In a recent study, researchers identified and characterized a 15-kD protein, LTRIN, isolated from A. aegypti salivary grands, which was found to be upregulated in blood-fed mosquitos (Jin et al., 2018). The investigators assessed the protein's immunosuppressive activity by infecting human THP-1 cells, human umbilical-vein endothelial cells, mouse BMDMs, and mouse skin fibroblasts with ZIKV in the presence or absence of the protein. In the presence of LTRIN, the level of intracellular transcripts of the virus increased in a dose-dependent manner in all cell types tested. Furthermore, LTRIN binds to the lymphotoxin-β receptor (LTβR), which initiates signaling pathways that regulate various processes, such as cell differentiation, development, and homeostasis of lymph nodes, type I IFN production, and hepatic regeneration (Ware, 2005; Gommerman et al., 2014). Binding of LTRIN to LTβR inhibits the dimerization and activation of the latter, resulting in the inhibition of the NF-κB signaling pathway and the subsequent production of pro-inflammatory cytokines (Jin et al., 2018). This is in accordance with the observations of the gene expression profile of the pro-inflammatory cytokines IL-1, IL-6, and TNF-α, which were expressed at a significantly lower level in cells treated with LTRIN. In a different study, four new proteins that are abundant in mosquito saliva were found to enhance the infection of human keratinocytes by DENV (Surasombatpattana et al., 2014). The proteins were identified after genomic and proteomic analyses of female A. aegypti salivary glands and shown to be an anticlotting serpin-like protein (AT), adenosine deaminase (AD), a putative 34-kDa family secreted salivary protein, and a putative secreted protein (VA). Higher DENV mRNA transcripts were found in keratinocytes incubated in the presence of each of these proteins than those incubated with the virus alone. Furthermore, of the four proteins, VA and AD were found to significantly inhibit IFN-α and IFN-β mRNA expression. The 34-kDa protein was reported to completely inhibit type I IFN expression. In accordance with its ability to inhibit type I IFN expression, the 34-kDa protein also inhibited the expression of both IRF3 and IRF7. Despite these advances, additional studies are still needed to determine the individual role that most of the salivary proteins of A. aegypti could play in the innate immune response against arboviruses. At present, the lack of these studies could be explained by the difficulty of producing recombinant salivary proteins. Another mechanism that enables A. aegypti saliva to modulate interferon responses involves interference of the Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling pathway. Activation of this pathway leads to the expression of ISG and many antiviral effectors (Nan et al., 2017) and in a recent study, it was observed to be affected by mosquito saliva (Wichit et al., 2017). The study reported downregulation of STAT2 and its phosphorylated form in human skin fibroblast infected with CHIKV in the presence of A. aegypti saliva, which led to a marked decrease in type I ISG production.



THE EFFECT OF SALIVA ON THE COMPLEMENT SYSTEM RESPONSE TO ARBOVIRUS

The complement system is a collection of more than 30 soluble and cell-surface proteins that recognize PAMPs. It can be activated by three different pathways: the classical pathway (CP), the lectin pathway (LP), and the alternative pathway (AP) (Stoermer and Morrison, 2011). The involvement of complement as a protective mechanism against arboviruses has been reported in various studies. Mice deficient for C3 or complement receptors 1 and 2 experience a higher WNV burden and higher mortality than wildtype mice (Mehlhop et al., 2005). In addition, in the context of WNV, mice genetically deficient for C1q (CP), C4 (CP, LP), factor B (AP), or factor D (AP) show higher mortality rates than wildtype mice. Additionally, brain infection was observed earlier for mice deficient for any one of these complement factors (Mehlhop and Diamond, 2006). Interestingly, the effects of complement on the dynamics of arbovirus infection may also operate outside of the human host. This is because complement factors can remain active after a blood meal and interact with the virus and cells within the mosquito, which can decrease viral loads in the vector and affect viral transmission (Londono-Renteria et al., 2016). Previous studies have demonstrated the capacity of Anopheline mosquito saliva to inhibit complement activity. SGE from Anopheles albimanus, Anopheles freeborni, and Anopheles aquasalis, all vectors for malaria, have been reported to inhibit the alternative pathway of the complement system (Mendes-Sousa et al., 2016, 2018). Nevertheless, studies carried out with A. aegypti saliva are consistent in demonstrating no direct inhibition of the complement system (Cavalcante et al., 2003; Pereira-Filho et al., 2020).



THE EFFECT OF SALIVA ON THE LYMPHOCYTE RESPONSE TO ARBOVIRUS

T- and B-cell involvement in the response to arbovirus infection has also been shown to be highly important. CD4+ and CD8+ T cells differentiate into more specific subsets defined by different effector functions and cytokine profiles (Golubovskaya and Wu, 2016). The coordinated action of T and B cells leads to the production of specific antibodies against viral proteins. Mice depleted of CD4+ T cells and infected with attenuated RVFV, which is normally not able to generate disease, develop encephalitis, associated with lower virus-specific humoral and T-cell memory responses (Harmon et al., 2018). When mice are depleted of both CD4+ and CD8+ T cells, the incidence of encephalitis increases. Knockout mice unable to produce γδ T cells infected with CHIKV develop a more severe manifestation of the disease than wildtype controls (Long and Heise, 2015). These mice show increased inflammation-mediated oxidative damage in the feet and ankles and cytokine and chemokine production different from that of wildtype mice. In addition, infection of α/β-T cell deficient mice with JEV results in death over a 10- to 18-day period, in contrast to wildtype mice, which can survive infection, attributable to the granular lytic function of the cells (Jain et al., 2017). For DENV, lower percentages of regulatory B-cell subsets are associated with a more severe disease outcome during acute infection in humans (Upasani et al., 2019). Mosquito salivary factors have an effect on B- and T-cell responses and the proportion of these cell populations. Peripheral blood mononuclear cells treated with 2 μg of A. aegypti saliva show a higher proportion of NK T cells than untreated controls (Vogt et al., 2018). In this study, the authors observed no difference in the proportion of activated cells. Thus, the specific influence that this effect could have on the immune response to viral infections is difficult to assess. In the same study, Vogt et al. (2018) used humanized mice exposed to A. aegypti saliva through mosquito feeding and observed a lower number of IL-2-producing CD4+ T cells in the blood, and B cells in the skin 12 h after infection. Fewer CD4+ T cells in the blood were also observed at 48 h after infection. In this study, the populations of lymphocytes, NK cells, and other myeloid cells were analyzed at various time points, together with cytokine production, and the overall results are consistent with a mixed Th1/Th2 response, rather than the usual Th1 Th2 shift reported in many other papers. Cell death, together with decreased proliferation rates, is observed when mouse T cells are exposed to A. aegypti SGE. This suppressive effect is accompanied by the downregulation of Th1 and Th2 cytokine production (Wanasen et al., 2004; Bizzarro et al., 2013). In addition, B-cell proliferation is inhibited by A. aegypti SGE (Wasserman et al., 2004). Lymphocytes cultured in the presence of SGE showed alterations in the cell phenotype and an inversely proportional relationship between the number of viable cells and SGE concentration. The labeling of phosphatidylserine at the cell surface with annexin 5 confirmed the apoptosis of T and B lymphocytes. Lower levels of pro-caspase-3 and pro-caspase-8 expression in total spleen cell lysates than in controls was observed. This suggests that A. aegypti SGE mediates apoptosis in T and B lymphocytes via a caspase-3- and caspase-8-dependent pathway (Bizzarro et al., 2013).



VACCINE PROSPECT

In the context of arbovirus, vaccine development has seen several breakthroughs in recent years and vaccines for JEV and yellow fever virus are licensed and used worldwide. Given the extensive diversity of arboviruses and their complex immunological interactions with the host, it is important to consider a variety of approaches to vaccine development. New ideas incorporate vector-based immunological concepts and have become a highly promising area of study. One such new vaccine strategy concerns the delivery of vaccines by microscale needles, which, in additional to being painless, more accurately mimic the natural inoculation of the virus by the arthropod vector and thus might elicit better immune activation in the skin (Manning and Cantaert, 2019). In 2018, researchers described the design of a microneedle based on the biology of mosquito mouth parts and the mechanism behind the painless bite, providing an example of innovative and better-designed vaccine delivery systems (Gurera et al., 2018). In comparison to traditional hypodermic needles, which deliver the vaccine into the subcutaneous strata of the skin, transcutaneous microneedle delivery appears to provide the advantage of promoting robust protective skin-resident responses. Furthermore, the painless and non-invasive nature of microneedle delivery systems, along with the minimal technical training required for their use, are highly desirable traits for a vaccine (Huang et al., 2019). In addition, the viral replication kinetics and evolution to peak viremia in the peripheral blood of macaques infected with DENV via mosquito bite are closer to the data reported for humans than those observed after subcutaneous delivery. Furthermore, the differences in replication kinetics that are observed between infection via mosquito bite and intradermal DENV inoculation do not disappear after the addition of SGE to the intradermal injection (McCracken et al., 2020). These results suggest that delivery systems and localization of the viral inoculum in the skin play an important role in determining viral replication kinetics. The use of salivary components as vaccine targets is also a concept that has gained interest over the years. If the vaccine can elicit an immune response at the very initial step of infection when host, vector, and virus interact, and if that response is triggered by the components present in the mosquito saliva, independent of the virus, then such a vaccine would boost the normal anti-viral response by creating an “anticipated” hostile environment for the virus-saliva mixture. This approach has the added advantage of being vector specific rather than virus specific, possibly opening the door to a catch-all vaccine for different viruses transmitted by a single vector (Manning and Cantaert, 2019). This concept also appears to be promising in the context of other non-viral arthropod-borne diseases. In hamster models, immunization against salivary protein LJM19 from Lutzomyia longipalpis provides protection against a fatal outcome from visceral leishmaniasis (Gomes et al., 2008). Also, immunity to salivary components has been documented in various studies with mammalian species after frequent exposure to ticks. This observations, together with studies on the effect of tick salivary proteins on the host immune response, has led to the identification of possible saliva vaccine candidates for tick-transmitted diseases (Manning et al., 2018). In addition, in the context of malaria, mice immunized with antiserum against an Anopheles gambiae salivary protein (TRIO) showed partial protection against plasmodium infection (Dragovic et al., 2018). In humans, the results from the first safety and immunogenicity phase 1 clinical trial for an universal mosquito-borne disease vaccine (AGS-v) have recently been published (Manning et al., 2020). The vaccine is composed of four salivary peptides from A. gambiae salivary glands that are common in many other mosquito vectors. The aim of the vaccine is to provide prophylactic protection against various mosquito-transmitted diseases. In the study, adult participants were assigned to one of three treatment groups: AGS-v vaccine, AGS-s vaccine, and adjuvant, or placebo. Treatment was delivered via subcutaneous injection at day 0 and day 21, after which the participants were exposed to uninfected A. aegypti feeding at day 42. The vaccine candidate was considered safe for its use in humans. Furthermore, participants who received the vaccine in combination with adjuvant mounted increased vaccine-specific IgG antibodies and cellular responses. All together, the results from this study suggest that AGS-v is an achievable option to implement as a vector-targeted vaccine.



CONCLUSION

Arbovirus infections are a worldwide public health problem. To date, attempts to control the transmission of infection and disease occurrence in vulnerable areas have not been completely successful. Thus, new approaches are needed. Viral entry into the host takes place in the epidermis and dermis of the skin and is mechanically and chemically assisted by the mosquito. The saliva of the vector has the capacity to disturb both innate and adaptive immune responses. Various studies have reported the capacity of saliva components to drive a shift from Th1 (effective, desirable) to Th2 responses. Such a switch is achieved by altering cytokine, chemokine, and interferon production by the cells. Specific salivary compounds have also been reported to induce autophagy, as well as inhibit T and B lymphocyte proliferation and induce apoptosis. Overall, the added effects of these alterations of the immune response lead to enhanced viral replication, disease severity, and ultimately, transmission. Nevertheless, the current state of the art for salivary vaccine development is exciting, as an increasing number of animal studies are showing favorable results and human clinical trials for universal vector vaccines are already in the pipeline.


Required Future Research to Fill Current Knowledge Gaps

Although there has been much research on the composition of mosquito saliva, complete functional proteomic profiles are not yet available. A significant number of studies are still based on transcriptomic or genomic approaches, which, although powerful, lack the capacity to determine 3D protein structure, post-transcriptional modifications, and specific biological functions. In terms of the diversity of the types of compounds being studied, there are also opportunities to expand our current knowledge. Most studies have thus far focused on protein identification and have left the metabolome and miRNA relatively unexplored. Furthermore, although the differential expression of salivary proteins in infected vs. uninfected mosquitoes has been studied (Zhang et al., 2013; Chisenhall et al., 2014), a complete differential proteome/metabolome/miRNA profile is not yet available. In addition, the mechanisms by which the virus affect the composition and abundance of salivary compounds in the vector are not well-understood. Studies on mosquito salivary factors and their effect on immune responses have been carried out using A. aegypti saliva. Other important vectors for arboviruses, such as A. albopictus and Culex ssp., are under-investigated. Thus, there are few comparative analyses of the various effects of saliva on the immune response between different vectors. The same is true for the differential salivary immune-modulatory effects of wildtype mosquitoes relative to those of laboratory-reared mosquitoes. Much has also been accomplished in understanding the host immune response to saliva components, after decades of research, which has set the foundation for the scientific research of recent years. Nevertheless, more extensive characterization of the effector cells involved in the response to mosquito saliva, along with their chemokine and cytokine signatures, is still needed. More complete knowledge of the interactions between saliva and primary host immune cells will make it possible to identify key cell populations/molecules/pathways that control the efficiency of infection. The same is true for the mechanisms by which saliva components reshape the local immune response at the bite site, as a more profound understanding of these mechanisms can be used in the development of treatment.
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Phlebotomus perniciosus (Diptera: Phlebotominae) is a medically and veterinary important insect vector. It transmits the unicellular parasite Leishmania infantum that multiplies intracellularly in macrophages causing life-threatening visceral diseases. Leishmania establishment in the vertebrate host is substantially influenced by immunomodulatory properties of vector saliva that are obligatorily co-injected into the feeding site. The repertoire of P. perniciosus salivary molecules has already been revealed and, subsequently, several salivary proteins have been expressed. However, their immunogenic properties have never been studied. In our study, we tested three P. perniciosus recombinant salivary proteins—an apyrase rSP01 and yellow-related proteins rSP03 and rSP03B—and showed their anti-inflammatory nature on the murine bone-marrow derived macrophages. Even in the presence of pro-inflammatory stimuli (IFN-γ and bacterial lipopolysaccharide, LPS), all three recombinant proteins inhibited nitric oxide production. Moreover, rSP03 seems to have a very strong anti-inflammatory effect since it enhanced arginase activity, increased the production of IL-10, and inhibited the production of TNF-α even in macrophages stimulated with IFN-γ and LPS. These results suggest that P. perniciosus apyrase and yellow-related proteins may serve as enhancing factors in sand fly saliva, facilitating the development of Leishmania infection along with their anti-haemostatic properties. Additionally, rSP03 and rSP03B did not elicit the delayed-type hypersensitivity response in mice pre-exposed to P. perniciosus bites (measured as visible skin reaction). The results of our study may help to understand the potential function of recombinant's native counterparts and their role in Leishmania transmission and establishment within the host.

Keywords: Phlebotomus, sand fly saliva, yellow-related proteins, apyrase, macrophage polarization, immunogenicity


INTRODUCTION

Phlebotomus perniciosus (Diptera: Phlebotominae) is a sand fly species distributed in western part of Mediterranean basin. This species is medically and veterinary important as a vector of phleboviruses (e.g., Toscana virus) and, most importantly, as a vector of Leishmania infantum (Kinetoplastea: Trypanosomatida), a protozoan intracellular parasite that causes zoonotic human leishmaniasis with canids as the main reservoirs (Maroli et al., 2013).

Sand fly females feed on blood to gain enough nutrients for eggs development. During probing and sucking, the female obligatorily deposits a mixture of salivary molecules into the host skin. Besides being anti-haemostatic, the sand fly salivary molecules are also immunogenic, eliciting both humoral and cellular immune responses in repeatedly bitten host. Such anti-saliva immune response can be employed in leishmaniasis control. The anti-saliva antibody response can be utilized as the tool to screen hosts for the sand fly exposure at the individual level (e.g., in vector control programs), while the anti-saliva cellular immune response has been shown to protect the host against severe leishmaniasis (Lestinova et al., 2017).

The complexity of sand fly salivary proteins has already been revealed for several sand fly species (Coutinho-Abreu and Valenzuela, 2018; Oliveira et al., 2020; Polanska et al., 2020), including P. perniciosus (Anderson et al., 2006; Martin-Martin et al., 2013). Several salivary proteins from this sand fly species have been expressed and further tested primarily as markers of exposure (Lestinova et al., 2017; Velez et al., 2018; Willen et al., 2018, 2019; Risueno et al., 2019; Burnham et al., 2020; Maia et al., 2020). However, the functional studies of P. perniciosus salivary recombinant proteins are very limited (Sumova et al., 2019), and so far there is no study on their immunomodulatory properties.

In our study, we functionally tested recombinant salivary proteins of P. perniciosus, focusing on macrophages as the key cells in leishmaniasis. Macrophages are playing a dual role during Leishmania infection. They serve as the main host cell for Leishmania parasites as well as the key immune cell controlling the infection (Tomiotto-Pellissier et al., 2018). There are two major macrophage populations with different functions, classically activated M1 macrophages and alternatively activated M2 macrophages. M1 macrophages are activated in the presence of microbial substrates (e.g., bacterial lipopolysaccharide, LPS) and pro-inflammatory cytokines such as IFN-γ and TNF-α. Upon stimulation, they secrete high levels of pro-inflammatory cytokines (e.g., TNF-α, IL-1, IL-6, IL-12) and express the inducible nitric oxide synthetase (iNOS) responsible for the production of microbicide nitric oxide that kills intracellular Leishmania and thus controls the infection (Shapouri-Moghaddam et al., 2018; Tomiotto-Pellissier et al., 2018). The latter one, M2 macrophages (also referred as tissue-repairing macrophages), are activated by anti-inflammatory cytokines such as IL-4 and IL-13 toward the expression of the enzyme arginase and high production of IL-10 and TGF-β (Shapouri-Moghaddam et al., 2018). The products of arginase (L-ornithine and its metabolites) then favor Leishmania survival and multiplication (Tomiotto-Pellissier et al., 2018). With high functional plasticity, macrophages can switch from one phenotype to another, responding to the changes in the ongoing immune response (Shapouri-Moghaddam et al., 2018).

We focused on the salivary proteins of two abundant protein families; the yellow-related proteins (YRPs) and the apyrases. We compared the effect of these recombinant proteins on the murine macrophages activated either by classical or alternative pathway by measuring nitrite as a marker of iNOS activity and urea as a marker of arginase activity. Additionally, we measured the levels of corresponding secreted cytokines for the recombinant protein with the most pronounced immunomodulatory effect and its ability to elicit delayed-type hypersensitivity immune response in repeatedly bitten mice. The results of our study may help to understand the possible function of their native counterparts.



MATERIALS AND METHODS


Animals and Ethics Statement

Female mice, strain BALB/c and SKH, were purchased from Velaz (the Czech Republic). The mice were used for the experiments at 7–10 weeks of age. Animals were maintained and handled in the animal facility of the Charles University in accordance with the institutional guidelines and Czech legislation (Act No. 246/1992 and 359/2012 coll. on Protection of Animals against Cruelty in present statutes at large), which includes all relevant European Union and international guidelines for experimental animals. The experiments were approved by the Committee on Ethics of Laboratory Experiments of the Charles University and were performed under the permission of the Ministry of the Environment of the Czech Republic (number: MSMT-10270/2015-6) and the Certificate of Competency (number: CZ 02451) approved by the Ministry of Agriculture of the Czech Republic.



Sand Flies and Salivary Gland Dissection

The colony of P. perniciosus (originating from Murcia, Spain) was reared under the standard conditions as described in Volf and Volfova (2011). Salivary glands for macrophage stimulation were dissected from 3- to 5-day-old female sand flies, placed into RPMI-1640 medium (Sigma) and stored at −20°C until needed. Salivary glands for delayed-type hypersensitivity test were dissected into the phosphate-buffered saline (PBS; pH 7.2). Before use, the salivary glands were disrupted by three freeze-thaw cycles to prepare the salivary gland homogenate (SGH). All preparations of saliva were sterilized (5 min, 9,300 × g) through 0.22 μm pore centrifugal filters (Millipore) before use in in vitro experiments.



Recombinant Proteins

Two yellow-related proteins (rSP03 and rSP03B, Gen Bank ACCN ABA43049 and ABA43050, respectively) and apyrase (rSP01, Gen Bank ACCN ABB00906) derived from P. perniciosus salivary proteins were expressed in a human cell line. All proteins were transiently expressed in HEK293S GnTI− cells (ATCC CRL-3022) as previously described (Blaha et al., 2015). Proteins rSP03 and rSP03B were prepared as described in Sumova et al. (2019). Apyrase rSP01 was expressed in a same way as protein rSP03B. Briefly, transiently transfected HEK293S GnTI− cells were grown for five to seven days before harvesting the culture medium. The histidine-tagged product was then recovered by IMAC chromatography on HiTrap TALON crude columns (GE Healthcare) and further purified by SEC on Superdex 200 10/300 GL column (GE Healthcare). Finally, the protein identity was verified by mass spectrometry (BIOCEV, the Czech Republic).



Bone Marrow Macrophages Culture

Bone marrow was obtained by flushing of tibias and femurs of euthanized BALB/c mice. The differentiation from the bone marrow precursor cells to the bone marrow-derived macrophages proceeded for 7–9 days in the sterile polystyrene Petri dishes (Thermo Fisher) in the presence of L929 fibroblast cell culture supernatant (20% in RPMI-1640 medium), serving as a source of macrophage colony-stimulating factor (M-CSF), at 37°C with 5% CO2. Later, after differentiation, the macrophages were cultured in RPMI-1640 medium (Sigma) containing 10% FBS, 1% penicillin-streptomycin (Sigma), 2 mM of L-glutamine (Sigma) and 0.05 mM of β-mercaptoethanol (referred as a complete medium) at 37°C with 5% CO2.



Bone Marrow Macrophages Stimulation

The sessile bone marrow-derived macrophages (BMMF) were released from the Petri dish with trypsin-EDTA solution (Sigma), washed in 0.9% saline solution and seeded into the 96-wells plates (Costar) at a density of 1 × 106 cells/ml (5 × 104 cells/well). Consequently, the macrophages were co-incubated with P. perniciosus SGH (Per-SGH) in the amount equivalent to 0.5 salivary gland per well or with 0.2 μg of one of the recombinant proteins (rSP03, rSP03B, or rSP01) per well. The concentration of Per-SGH and of recombinant proteins has been selected based on our previous studies (Rohousova et al., 2005; Drahota et al., 2009) and on the preliminary experiments (data not shown). Control cells were incubated solely in complete RPMI-1640. Two hours later, cells were stimulated with a combination of IFN-γ (50 U/ml, AbD SEROTEC) and LPS (0.5 μg/ml, Sigma) (referred as classically stimulated macrophages), with IL-4 (25 ng/ml, eBioscience) (referred as alternatively stimulated macrophages), or left unstimulated. After 72 h of incubation, the supernatant and cell lysate were used for the nitrite and urea analysis, respectively. For the cytokine analysis, macrophages were incubated for 24 h and the collected supernatant was stored in −80°C until needed. In all experiments, samples were analyzed in pentaplicates. Six independent experiments were performed with 6 mice in total.



Nitrite Analysis to Measure iNOS Activity

The macrophage iNOS activity was analyzed by measuring the accumulation of nitric oxide in the culture supernatant over a 72 h period. Since the nitric oxide is a short lived free radical, we measured its product, the nitrite ion, using a Griess test in a microplate assay. A total of 100 μl of the culture supernatant was mixed with 50 μl of 60 mM sulfanilamide in 2.5% phosphoric acid and incubated at room temperature in dark for 5 min. Thereafter, 50 μl of 12 mM N-1-naphthylethylenediamine dihydrochloride in 2.5% phosphoric acid was added and incubated in dark for additional 5 min. The absorbance was read at 550 nm using the microplate reader (Tecan Infinite M200). The nitrite concentration was determined using a sodium nitrite as a standard in the range of 12.5–100 μM.



Urea Analysis to Measure Arginase Activity

Arginase activity was analyzed in the lysate of macrophages by measuring the conversion of L-arginine to urea as previously described (Kropf et al., 2007) with slight modifications. Cells were lysed with a solution of Tris–HCl in combination with protease inhibitors (Complete Mini, Roche) and Triton X-100. The enzyme was then activated in the presence of 10 mM MnCl2 by heating and arginine hydrolysis was carried out by incubation of the activated enzyme with 0.5 M arginine (Sigma–Aldrich) at 37°C with 5% CO2 for 120 min. The reaction was stopped with 400 μl of solution containing H2SO4, H3PO4 and distilled water (at ratio of 1:3:7). Color reaction was developed in the presence of 20 μl 550 mM α- isonitrosopropiophenone (dissolved in 100% ethanol) after incubation at 100°C for 45 min. Samples were then transferred to microplates and absorbance was read at 540 nm using the microplate reader (Tecan Infinite M200). Urea concentration was determined using urea as a standard in the range of 0.004–0.6 mg/ml.



Detection of Cytokine Production

The production of IL-10 and TNF-α was determined by sandwich enzyme-linked immunosorbent assays (ELISA) using ELISA MAXTM Standard Set kits (BioLegend) according to the manufacturer's instruction with the following modification. Undiluted supernatant was used for determination of IL-10 production, while TNF-α was measured in supernatant diluted twenty-times in RPMI-1640 medium (Sigma). Absorbance was measured using a microplate reader (Tecan Infinite M200).



Skin Test to Measure Delayed-Type Hypersensitivity

The skin test was performed on two females of SKH mice. Mice were exposed to P. perniciosus bites, once per week, repeated three times with a 1-week interval between them during three consecutive weeks, with 50–100 bloodfed females per mouse per exposure. Only the dorsal part of the mouse body was available for bloodfeeding. Fourteen days after the last exposure, mice were anesthetized and challenged intradermally on the ventral part of the body with 0.2 μg (in a volume of 12.5 μl) of rSP03 and rSP03B separated from each other as depicted on the Figure 3B. The same volume of Per-SGH (equivalent to 0.5 gland) and PBS were used as positive and negative controls, respectively. The delayed-type hypersensitivity (DTH) reaction was measured 48 h post injection as the diameter of erythema.



Endotoxin Test

The level of endotoxin (bacterial LPS) in SGH, recombinant proteins, Leishmania and bone marrow macrophages cultures was quantified by ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit (GenScript) according to the manufacturer instructions. Endotoxin levels were measured in the unstimulated macrophage culture and in all stimulants separately. In all preparations, the concentration of endotoxin was lower than 0.1 EU/ml, a level below the limit to activate the immune cells (Schwarz et al., 2014).



Statistical Analysis

Statistical analyses were carried out using the R software (version 3.6.3, downloaded from http://www.r-project.org). The “nlme” package was used to develop the multilevel regression models to investigate relationship between nitrite concentration, urea concentration and cytokine production as the continuous dependent variables, and exposure of macrophages to saliva or recombinant proteins as the categorical predictor variables. This relationship was examined separately for the macrophages incubated alone in complete RPMI-1640, stimulated with IL-4, and stimulated with a combination of IFN-γ and LPS. Continuous dependent variables with exception of cytokine production were transformed using ln(x+1) formula. P < 0.05 indicated statistical significance. Because the samples were analyzed in pentaplicates, we considered the correlation between repeated measurements within the individual mouse.

The fold-change values were calculated as a ratio between the value for cells incubated with salivary proteins (either Per-SGH, rSP01, rSP03, or rSP03B) divided by the mean value of the control cells (marked as neg in figures) treated with the same macrophage stimulus (IFN+LPS, IL-4, or unstimulated).




RESULTS


The Effect of Salivary Proteins on Arginase Activity

Recombinant yellow-related proteins rSP03 and rSP03B, apyrase rSP01, and crude P. perniciosus SGH (Per-SGH) were incubated with the bone marrow-derived macrophages to measure the urea production (Figure 1A) as a marker of arginase activity that is typical for tissue-repairing macrophages. The most pronounced effect has been observed with rSP03 (Figure 1A), which significantly increased urea production regardless of the macrophages' stimulation; the highest production, 3.6-fold the negative control value, was observed in the cells stimulated with IL-4. No significant changes were observed after incubation with rSP03B, rSP01, nor with Per-SGH.


[image: Figure 1]
FIGURE 1. The effect of Phlebotomus perniciosus salivary proteins on urea and nitrite production. Bone marrow-derived macrophages of BALB/c mice were incubated with salivary gland homogenate of Phlebotomus perniciosus (Per-SGH), or with the following P. perniciosus recombinant proteins: Yellow-related proteins rSP03 and rSP03B, or Apyrase rSP01. The cells were stimulated with either IL-4 or a combination of IFN-γ and bacterial lipopolysaccharide (IFN+LPS) and subsequently tested for urea (A) or nitrite (B) production as markers of arginase and iNOS activity, respectively. Unstimulated (uns) and negative (neg) controls were included. The experiment was performed in six biological replicates (6 mice). The data are presented as mean ± standard error, (*) denotes statistical significance at p < 0.05 compared to the neg control of the appropriate stimulant.




The Effect of Salivary Proteins on iNOS Activity

rSP03, rSP03B, rSP01, and crude Per-SGH were incubated with BMMF to measure nitrite production (Figure 1B) as a marker of iNOS activity that is typical for pro-inflammatory macrophages. All tested proteins inhibited the production of NO, regardless of the macrophages' stimulation, and significantly in majority of combinations (Figure 1B). The most pronounced effect has been observed in the unstimulated and IL-4-stimulated macrophages incubated with Per-SGH (0.71 and 0.68-fold, respectively), followed by rSP03B (0.68 and 0.64-fold, respectively) and rSP01 (0.66 and 0.66-fold, respectively). All antigens significantly decreased the iNOS activity also in IFN-γ and LPS stimulated macrophages, the most pronounced effect was detected for rSP03 (0.84-fold the negative control value).



The Effect of rSP03 on Cytokine Production

As the protein rSP03 had the most pronounced effect on macrophages' activities, its effect on cytokine production of differentially stimulated macrophages was also evaluated. rSP03 and crude Per-SGH were incubated with bone marrow-derived macrophages to measure the production of anti-inflammatory cytokine IL-10 (Figure 2A) and pro-inflammatory cytokine TNF-α (Figure 2B). rSP03 markedly increased IL-10 production in unstimulated macrophages (4.18-fold), as well as in macrophages stimulated either with IL-4 (2.52-fold) or a combination of IFN-γ and LPS (1.62-fold). rSP03 also significantly increased TNF-α production in unstimulated cells (1.47-fold), and decreased production of TNF-α in IFN-γ and LPS-stimulated macrophages (0.71-fold). Per-SGH followed similar trends as rSP03 but its effect was less prominent and statistically insignificant.


[image: Figure 2]
FIGURE 2. The effect of Phlebotomus perniciosus rSP03 on cytokine production. Bone marrow-derived macrophages of BALB/c mice were incubated with salivary gland homogenate of Phlebotomus perniciosus (Per-SGH) or with P. perniciosus recombinant Yellow-related protein rSP03. The cells were stimulated with either IL-4 or a combination of IFN-γ and bacterial lipopolysaccharide (IFN+LPS) and the supernatant was subsequently tested for the production of IL-10 (A) and TNF-α (B). Unstimulated (uns) and negative (neg) controls were included. The experiment was performed in six biological replicates (6 mice). The data are presented as mean ± standard error, (*) denotes statistical significance at p < 0.05 compared to the neg control of the appropriate stimulant.




Intradermal Skin Test With rSP03

Additionally, we tested the ability of rSP03 to elicit delayed-type hypersensitivity (DTH) in the intradermal skin test and compared it with the second yellow-related protein rSP03B and Per-SGH. Neither rSP03, rSP03B, nor the PBS control elicited DTH reaction in the skin of mice pre-exposed to P. perniciosus bites measured as the visible redness in the area of inoculation (Figure 3A). On the other hand, the site of crude Per-SGH inoculation showed induration and erythema 4.9 and 6.7 mm in diameter per mouse, respectively (Figure 3).


[image: Figure 3]
FIGURE 3. Intradermal skin test with Phlebotomus perniciosus recombinant salivary proteins rSP03 and rSP03B. SKH mice were repeatedly exposed to Phlebotomus perniciosus bites. Two weeks after the last exposure, mice were challenged intradermally with P. perniciosus recombinant Yellow-related proteins rSP03 and rSP03B, and with salivary gland homogenate of P. perniciosus (Per-SGH) as depicted on the scheme (B). Phosphate-buffered saline (PBS) was used as a negative control. The representative picture of the two independent experiments is shown (A).





DISCUSSION

In this study, we have tested three recombinant salivary proteins from P. perniciosus females for their effect on the host immunity. Those recombinant proteins were the apyrase rSP01, and the two proteins of the yellow-related family, rSP03 and rSP03B. We tested their function, focusing on the macrophages as the key host cells for Leishmania parasites. Macrophages are known to respond to the different stimuli in their surrounding microenvironment by expressing arginine-processing enzymes, an iNOS or an arginase, whose products are either leishmanicidal (nitric oxide) or essential for Leishmania survival (L-ornithine and its metabolites), respectively (Tomiotto-Pellissier et al., 2018). Here we showed that the recombinant P. perniciosus apyrase and yellow related proteins possess anti-inflammatory properties on murine macrophages.

Apyrases are present in saliva of all sand fly species studied to date (Oliveira et al., 2020; Polanska et al., 2020). This enzyme hydrolyzes ADP and ATP, thus destroying the important stimulus of platelet aggregation and inflammation at the bite site, which helps the female fly to complete the bloodmeal (Francischetti, 2011). So far, the sand fly apyrases have been tested only in the context of adaptive immunity, employing transfection of the host's cells (Oliveira et al., 2006, 2008; Gomes et al., 2008; Xu et al., 2011; Marzouki et al., 2012; Tlili et al., 2018; Gholami et al., 2019). In previous studies, two recombinant P. perniciosus salivary apyrases, rSP01 and rSP01B, have been prepared, however, they have been primarily tested as the markers of exposure with sera of bitten hosts (Martin-Martin et al., 2013, 2014, 2015; Drahota et al., 2014; Kostalova et al., 2015) and never subjected to test their immunomodulatory properties. Here, we present the first study showing immunomodulatory effect of the recombinant sand fly apyrase on the macrophage activity in vitro. In our study, P. perniciosus rSP01 significantly inhibited NO production in murine macrophages. The inhibition was pronounced in all three macrophage populations, including the macrophages stimulated toward the pro-inflammatory state, suggesting an anti-inflammatory nature of this recombinant protein.

Yellow-related proteins (YRPs) comprise highly abundant proteins in sand fly saliva. They serve as the binders of biogenic amines (such as serotonin and norepinephrine) thus supporting successful blood feeding by scavenging important stimuli of haemostatic reactions at the bite site (Xu et al., 2011; Sumova et al., 2019). In P. perniciosus, two YRPs have been identified and named PpeSP03 and PpeSP03B (Anderson et al., 2006). Although sequentially similar, they differ in several aspects. The PpeSP03B protein has alkaline pI, is more abundant, and serves as a high-affinity binder of serotonin (Anderson et al., 2006; Martin-Martin et al., 2012; Sumova et al., 2019) and a strong binder of anti-saliva antibodies in mice and dogs (Anderson et al., 2006; Vlkova et al., 2011; Martin-Martin et al., 2012; Drahota et al., 2014; Kostalova et al., 2015; Willen et al., 2019). The latter properties of rSP03B made it the best antigen to substitute the sand fly salivary gland homogenate in assays measuring anti-P. perniciosus saliva IgG antibodies (Kostalova et al., 2015, 2017), upgraded later into the immunochromatographic test to screen dogs in endemic areas for the vector exposure (Willen et al., 2018, 2019). The other P. perniciosus YRP, PpeSP03, has lower pI, is less abundant, and acts as a medium affinity binder of norepinephrine (Anderson et al., 2006; Martin-Martin et al., 2012; Sumova et al., 2019) and a weak binder of anti-saliva antibodies in naturally-exposed dogs (Vlkova et al., 2011; Kostalova et al., 2017).

In our study, both P. perniciosus recombinant YRPs showed different immunomodulatory activity but with overall similar anti-inflammatory effect. We demonstrated that the recombinant protein rSP03B acted similar to the P. perniciosus rSP01 apyrase; it significantly inhibited NO production in all three murine macrophage populations, while showing no effect on the macrophage arginase activity. The other YRP, rSP03, showed the most pronounced effect on murine macrophages among the three proteins tested. This protein decreased the NO production in stimulated macrophages and increased the arginase activity along with a strong stimulation of IL-10 production in all types of macrophages tested. This anti-inflammatory effect of rSP03 was also seen in macrophages stimulated toward the pro-inflammatory phenotype.

Additionally, we also tested both YRPs for their effect on the adaptive immunity. In mice pre-exposed to P. perniciosus bites, injection of the recombinant YRPs did not elicit visible skin reaction compared to P. perniciosus crude saliva. This result is in accordance with measured anti-inflammatory effect of both yellow-related proteins. Similar tests have been performed with the YRPs from other sand fly species, employing a different experimental approach; mice were immunized intradermally with a plasmid coding for sand fly YRP and challenged with saliva from the relevant sand fly species (and vice versa; mice first exposed to sand fly saliva and then challenged with plasmid). In these settings, ten YRPs from five different sand fly species were tested with different outcomes (Anderson et al., 2006; Gomes et al., 2008; Oliveira et al., 2008, 2015; Collin et al., 2009; Xu et al., 2011; Abbehusen et al., 2018; Gholami et al., 2019). For instance, in well-studied Lutzomyia longipalpis, only one of the three YRPs showed a positive recall response, while the other two proteins did not elicit any DTH response in mice (Gomes et al., 2008; Xu et al., 2011). Such functional divergence of the YRPs is in accordance with the gene duplication events in this protein family (Coutinho-Abreu and Valenzuela, 2018) providing most of the sand fly species with multiple YRPs with various function for scavenging biomolecules essential for host haemostasis and for modulating the host immune system (Sumova et al., 2019).



CONCLUSION

In summary, all three recombinant P. perniciosus proteins showed anti-inflammatory properties on murine macrophages (Figure 4). Even in the presence of pro-inflammatory stimuli (IFN-γ and LPS), all tested recombinants inhibited NO production. Moreover, rSP03 seems to have a very strong anti-inflammatory effect since it enhanced arginase activity, increased the production of IL-10, and inhibited the production of TNF-α even in macrophages stimulated with IFN-γ and LPS. These results also suggest that P. perniciosus apyrase and yellow-related proteins may serve as enhancing factors in sand fly saliva, facilitating the development of Leishmania infection along with their anti-haemostatic functions.


[image: Figure 4]
FIGURE 4. Graphical summary of the effect of Phlebotomus perniciosus salivary proteins on macrophages. Bone marrow-derived macrophages of BALB/c mice were incubated with salivary gland homogenate of Phlebotomus perniciosus (Per-SGH), or with one of the three P. perniciosus recombinant proteins: Yellow-related proteins rSP03 and rSP03B, or Apyrase rSP01. The macrophages were stimulated with either IL-4 (resulting in tissue-repairing phenotype), a combination of IFN-γ and bacterial lipopolysaccharide (resulting in pro-inflammatory phenotype), or left unstimulated (uns). The experiment was performed in six biological replicates (6 mice). Within the tables, [image: image] denotes significant increase and [image: image] significant decrease in the production of urea (ARG), nitrite (NO), IL-10 and TNF-α cytokines. Insignificant changes (p > 0.05) are marked (white), (–) means not measured. The numbers represent fold changes above 20% compared to the control.


In general, sand fly salivary proteins in a recombinant form might be used to understand the possible function of their native counterparts. Importantly, if the recombinant proteins are tested as candidates for leishmaniasis vaccine (Collin et al., 2009; Gomes et al., 2012; Abbehusen et al., 2018; Cunha et al., 2018), their possible immunogenic nature should be also considered since it may negatively influence the vaccinated individuals (Reagan et al., 2012), e.g., by initiating an autoimmune disease in susceptible recipients (Qian et al., 2016). Thus, any vaccine candidate molecules should be thoroughly tested to validate their overall beneficial status for the host immunity.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by The Committee on Ethics of Laboratory Experiments, Faculty of Science, Charles University, Czech Republic.



AUTHOR CONTRIBUTIONS

IR and PV conceived the study. IR, PV, PS, and NP designed the experiments. PS and NP performed the experiments. BK expressed and purified the recombinant proteins. TL maintained the P. perniciosus colony and designed the methodology of BMMF macrophage cultivation. TS performed statistical analysis. IR analyzed and interpreted the data and drafted the manuscript. PS and NP contributed to the draft writing. OV and PV provided reagents and material and critically read the manuscript. All the authors read and approved the final version of the manuscript.



FUNDING

This work was supported by the Ministry of Education of the Czech Republic through the ERD Fund (project nos. CZ.02.1.01/0.0/0.0/16_019/0000759 and CZ.1.05/1.1.00/02.0109) and by Charles University, the Czech Republic (project nos. UNCE/SCI/012 and SVV260427/2020). The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



ACKNOWLEDGMENTS

The authors would like to acknowledge Helena Kulikova, Kristyna Srstkova, and Lenka Krejcirikova for their invaluable administrative and technical assistance.



REFERENCES

 Abbehusen, M. M. C., Cunha, J., Suarez, M. S., Teixeira, C., Dos Anjos Almeida, V., Da Silva Pereira, L., et al. (2018). Immunization of experimental dogs with salivary proteins from Lutzomyia longipalpis, using DNA and recombinant canarypox virus induces immune responses consistent with protection against Leishmania infantum. Front. Immunol. 9:2558. doi: 10.3389/fimmu.2018.02558

 Anderson, J. M., Oliveira, F., Kamhawi, S., Mans, B. J., Reynoso, D., Seitz, A. E., et al. (2006). Comparative salivary gland transcriptomics of sandfly vectors of visceral leishmaniasis. BMC Genomics 7:52. doi: 10.1186/1471-2164-7-52

 Blaha, J., Pachl, P., Novak, P., and Vanek, O. (2015). Expression and purification of soluble and stable ectodomain of natural killer cell receptor LLT1 through high-density transfection of suspension adapted HEK293S GnTI− cells. Protein Expr. Purif. 109, 7–13. doi: 10.1016/j.pep.2015.01.006

 Burnham, A. C., Ordeix, L., Alcover, M. M., Martinez-Orellana, P., Montserrat-Sangra, S., Willen, L., et al. (2020). Exploring the relationship between susceptibility to canine leishmaniosis and anti-Phlebotomus perniciosus saliva antibodies in Ibizan hounds and dogs of other breeds in Mallorca, Spain. Parasit. Vectors 13:129. doi: 10.1186/s13071-020-3992-8

 Collin, N., Gomes, R., Teixeira, C., Cheng, L., Laughinghouse, A., Ward, J. M., et al. (2009). Sand fly salivary proteins induce strong cellular immunity in a natural reservoir of visceral leishmaniasis with adverse consequences for Leishmania. PLoS Pathog. 5:e1000441. doi: 10.1371/journal.ppat.1000441

 Coutinho-Abreu, I. V., and Valenzuela, J. G. (2018). Comparative evolution of sand fly salivary protein families and implications for biomarkers of vector exposure and salivary vaccine candidates. Front. Cell. Infect. Microbiol. 8:290. doi: 10.3389/fcimb.2018.00290

 Cunha, J. M., Abbehusen, M., Suarez, M., Valenzuela, J., Teixeira, C. R., and Brodskyn, C. I. (2018). Immunization with LJM11 salivary protein protects against infection with Leishmania braziliensis in the presence of Lutzomyia longipalpis saliva. Acta Trop. 177, 164–170. doi: 10.1016/j.actatropica.2017.10.009

 Drahota, J., Lipoldova, M., Volf, P., and Rohousova, I. (2009). Specificity of anti-saliva immune response in mice repeatedly bitten by Phlebotomus sergenti. Parasite Immunol. 31, 766–770. doi: 10.1111/j.1365-3024.2009.01155.x

 Drahota, J., Martin-Martin, I., Sumova, P., Rohousova, I., Jimenez, M., Molina, R., et al. (2014). Recombinant antigens from Phlebotomus perniciosus saliva as markers of canine exposure to visceral leishmaniases vector. PLoS Negl. Trop. Dis. 8:45. doi: 10.1371/journal.pntd.0002597

 Francischetti, I. M. B. (2011). Platelet aggregation Inhibitors from Hametophagous Animals. Toxicon 56, 1130–1144. doi: 10.1016/j.toxicon.2009.12.003.Platelet

 Gholami, E., Oliveira, F., Taheri, T., Seyed, N., Gharibzadeh, S., Gholami, N., et al. (2019). DNA plasmid coding for Phlebotomus sergenti salivary protein PsSP9, a member of the SP15 family of proteins, protects against Leishmania tropica. PLoS Negl. Trop. Dis. 13:e0007067. doi: 10.1371/journal.pntd.0007067

 Gomes, R., Oliveira, F., Teixeira, C., Meneses, C., Gilmore, D. C., Elnaiem, D. E., et al. (2012). Immunity to sand fly salivary protein LJM11 modulates host response to vector-transmitted leishmania conferring ulcer-free protection. J. Invest. Dermatol. 132, 2735–2743. doi: 10.1038/jid.2012.205

 Gomes, R., Teixeira, C., Teixeira, M. J., Oliveira, F., Menezes, M. J., Silva, C., et al. (2008). Immunity to a salivary protein of a sand fly vector protects against the fatal outcome of visceral leishmaniasis in a hamster model. Proc. Natl. Acad. Sci. U.S.A. 105, 7845–7850. doi: 10.1073/pnas.0712153105

 Kostalova, T., Lestinova, T., Maia, C., Sumova, P., Vlkova, M., Willen, L., et al. (2017). The recombinant protein rSP03B is a valid antigen for screening dog exposure to Phlebotomus perniciosus across foci of canine leishmaniasis. Med. Vet. Entomol. 31, 88–93. doi: 10.1111/mve.12192

 Kostalova, T., Lestinova, T., Sumova, P., Vlkova, M., Rohousova, I., Berriatua, E., et al. (2015). Canine antibodies against salivary recombinant proteins of Phlebotomus perniciosus: A longitudinal study in an endemic focus of canine leishmaniasis. PLoS Negl. Trop. Dis. 9:e0003855. doi: 10.1371/journal.pntd.0003855

 Kropf, P., Baud, D., Marshall, S. E., Munder, M., Mosley, A., Fuentes, J. M., et al. (2007). Arginase activity mediates reversible T cell hyporesponsiveness in human pregnancy. Eur. J. Immunol. 37, 935–945. doi: 10.1002/eji.200636542

 Lestinova, T., Rohousova, I., Sima, M., de Oliveira, C. I., and Volf, P. (2017). Insights into the sand fly saliva: Blood-feeding and immune interactions between sand flies, hosts, and Leishmania. PLoS Negl. Trop. Dis. 11:e0005600. doi: 10.1371/journal.pntd.0005600

 Maia, C., Cristóvão, J., Pereira, A., Kostalova, T., Lestinova, T., Sumova, P., et al. (2020). Monitoring Leishmania infection and exposure to Phlebotomus perniciosus using minimal and non-invasive canine samples. Parasit. Vectors 13:119. doi: 10.1186/s13071-020-3993-7

 Maroli, M., Feliciangeli, M. D., Bichaud, L., Charrel, R. N., and Gradoni, L. (2013). Phlebotomine sandflies and the spreading of leishmaniases and other diseases of public health concern. Med. Vet. Entomol. 27, 123–147. doi: 10.1111/j.1365-2915.2012.01034.x

 Martin-Martin, I., Molina, R., and Jimenez, M. (2012). An insight into the Phlebotomus perniciosus saliva by a proteomic approach. Acta Trop. 123, 22–30. doi: 10.1016/j.actatropica.2012.03.003

 Martin-Martin, I., Molina, R., and Jimenez, M. (2013). Molecular and immunogenic properties of apyrase SP01B and D7-related SP04 recombinant salivary proteins of Phlebotomus perniciosus from Madrid, Spain. Biomed Res. Int. 2013:526069. doi: 10.1155/2013/526069

 Martin-Martin, I., Molina, R., and Jimenez, M. (2015). Kinetics of anti-Phlebotomus perniciosus saliva antibodies in experimentally bitten mice and rabbits. PLoS ONE 10:e0140722. doi: 10.1371/journal.pone.0140722

 Martin-Martin, I., Molina, R., Rohousova, I., Drahota, J., Volf, P., and Jimenez, M. (2014). High levels of anti-Phlebotomus perniciosus saliva antibodies in different vertebrate hosts from the re-emerging leishmaniosis focus in Madrid, Spain. Vet. Parasitol. 202, 207–216. doi: 10.1016/j.vetpar.2014.02.045

 Marzouki, S., Abdeladhim, M., Abdessalem, C., Ben, O.liveira, F., Ferjani, B., Gilmore, D., et al. (2012). Salivary Antigen SP32 Is the Immunodominant Target of the Antibody Response to Phlebotomus papatasi Bites in Humans. PLoS Negl. Trop. Dis. 6:e1911. doi: 10.1371/journal.pntd.0001911

 Oliveira, F., Giorgobiani, E., Guimaraes-Costa, A. B., Abdeladhim, M., Oristian, J., Tskhvaradze, L., et al. (2020). Immunity to vector saliva is compromised by short sand fly seasons in endemic regions with temperate climates. Sci. Rep. 10:7990. doi: 10.1038/s41598-020-64820-9

 Oliveira, F., Kamhawi, S., Seitz, A. E., Pham, V. M., Guigal, P. M., Fischer, L., et al. (2006). From transcriptome to immunome: Identification of DTH inducing proteins from a Phlebotomus ariasi salivary gland cDNA library. Vaccine 24, 374–390. doi: 10.1016/j.vaccine.2005.07.085

 Oliveira, F., Lawyer, P. G., Kamhawi, S., and Valenzuela, J. G. (2008). Immunity to distinct sand fly salivary proteins primes the anti-Leishmania immune response towards protection or exacerbation of disease. PLoS Negl. Trop. Dis. 2:e226. doi: 10.1371/journal.pntd.0000226

 Oliveira, F., Rowton, E., Aslan, H., Gomes, R., Castrovinci, P. A., Alvarenga, P. H., et al. (2015). A sand fly salivary protein vaccine shows efficacy against vector-transmitted cutaneous leishmaniasis in nonhuman primates. Sci. Transl. Med. 7:290ra90. doi: 10.1126/scitranslmed.aaa3043

 Polanska, N., Ishemgulova, A., Volfova, V., Flegontov, P., Votypka, J., Yurchenko, V., et al. (2020). Sergentomyia schwetzi: Salivary gland transcriptome, proteome and enzymatic activities in two lineages adapted to different blood sources. PLoS ONE 15:e0230537. doi: 10.1371/journal.pone.0230537

 Qian, Y., Culton, D. A., Jeong, J. S., Trupiano, N., Valenzuela, J. G., and Diaz, L. A. (2016). Non-infectious Environmental Antigens as a Trigger for the Initiation of an Autoimmune Skin Disease. Autoimmun. Rev. 15, 923–930. doi: 10.1016/j.autrev.2016.07.005

 Reagan, K. L., Machain-Williams, C., Wang, T., and Blair, C. D. (2012). Immunization of Mice with Recombinant Mosquito Salivary Protein D7 Enhances Mortality from Subsequent West Nile Virus Infection via Mosquito Bite. PLoS Negl. Trop. Dis. 6:e1935. doi: 10.1371/journal.pntd.0001935

 Risueno, J., Spitzova, T., Bernal, L. J., Munoz, C., Lopez, M. C., Thomas, M. C., et al. (2019). Longitudinal monitoring of anti-saliva antibodies as markers of repellent efficacy against Phlebotomus perniciosus and Phlebotomus papatasi in dogs. Med. Vet. Entomol. 33, 99–109. doi: 10.1111/mve.12343

 Rohousova, I., Volf, P., and Lipoldova, M. (2005). Modulation of murine cellular immune response and cytokine production by salivary gland lysate of three sand fly species. Parasite Immunol. 27, 469–473. doi: 10.1111/j.1365-3024.2005.00787.x

 Schwarz, H., Schmittner, M., Duschl, A., and Horejs-Hoeck, J. (2014). Residual endotoxin contaminations in recombinant proteins are sufficient to activate human CD1c+ dendritic cells. PLoS ONE 9:e113840. doi: 10.1371/journal.pone.0113840

 Shapouri-Moghaddam, A., Mohammadian, S., Vazini, H., Taghadosi, M., Esmaeili, S. A., Mardani, F., et al. (2018). Macrophage plasticity, polarization, and function in health and disease. J. Cell. Physiol. 233, 6425–6440. doi: 10.1002/jcp.26429

 Sumova, P., Sima, M., Kalouskova, B., Polanska, N., Vanek, O., Oliveira, F., et al. (2019). Amine-binding properties of salivary yellow-related proteins in phlebotomine sand flies. Insect Biochem. Mol. Biol. 115:103245. doi: 10.1016/j.ibmb.2019.103245

 Tlili, A., Marzouki, S., Chabaane, E., Abdeladhim, M., Kammoun-Rebai, W., Sakkouhi, R., et al. (2018). Phlebotomus papatasi Yellow-Related and Apyrase Salivary Proteins Are Candidates for Vaccination against Human Cutaneous Leishmaniasis. J. Invest. Dermatol. 138, 598–606. doi: 10.1016/j.jid.2017.09.043

 Tomiotto-Pellissier, F., Bortoleti, B. T. D. S., Assolini, J. P., Goncalves, M. D., Carloto, A. C. M., Miranda-Sapla, M. M., et al. (2018). Macrophage Polarization in Leishmaniasis: Broadening Horizons. Front. Immunol. 9:2529. doi: 10.3389/fimmu.2018.02529

 Velez, R., Spitzova, T., Domenech, E., Willen, L., Cairo, J., Volf, P., et al. (2018). Seasonal dynamics of canine antibody response to Phlebotomus perniciosus saliva in an endemic area of Leishmania infantum. Parasit. Vectors 11:545. doi: 10.1186/s13071-018-3123-y

 Vlkova, M., Rohousova, I., Drahota, J., Stanneck, D., Kruedewagen, E. M., Mencke, N., et al. (2011). Canine antibody response to Phlebotomus perniciosus bites negatively correlates with the risk of Leishmania infantum transmission. PLoS Negl. Trop. Dis. 5:e1344. doi: 10.1371/journal.pntd.0001344

 Volf, P., and Volfova, V. (2011). Establishment and maintenance of sand fly colonies. J. Vector Ecol. 36, S1–S9. doi: 10.1111/j.1948-7134.2011.00106.x

 Willen, L., Lestinova, T., Kalouskova, B., Sumova, P., Spitzova, T., Velez, R., et al. (2019). Field study of the improved rapid sand fly exposure test in areas endemic for canine leishmaniasis. PLoS Negl. Trop. Dis. 13:e0007832. doi: 10.1371/journal.pntd.0007832

 Willen, L., Mertens, P., and Volf, P. (2018). Evaluation of the rSP03B sero-strip, a newly proposed rapid test for canine exposure to Phlebotomus perniciosus, vector of Leishmania infantum. PLoS Negl. Trop. Dis. 12:e0006607. doi: 10.1371/journal.pntd.0006607

 Xu, X., Oliveira, F., Chang, B. W., Collin, N., Gomes, R., Teixeira, C., et al. (2011). Structure and function of a “yellow” protein from saliva of the sand fly Lutzomyia longipalpis that confers protective immunity against Leishmania major infection. J. Biol. Chem. 286, 32383–32393. doi: 10.1074/jbc.M111.268904

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

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












	
	ORIGINAL RESEARCH
published: 31 August 2020
doi: 10.3389/fcimb.2020.00455






[image: image2]

Antibody Responses Against Anopheles darlingi Immunogenic Peptides in Plasmodium Infected Humans

Berlin Londono-Renteria1*, Jehidys Montiel1, Eric Calvo2, Alberto Tobón-Castaño3, Hugo O. Valdivia4, Karin Escobedo-Vargas4, Luz Romero4,5, Maria Bosantes4,5, Michael L. Fisher4, Michael J. Conway6, Gissella M. Vásquez4 and Audrey E. Lenhart7


1Vector Biology Laboratory, Department of Entomology, Kansas State University, Manhattan, KS, United States

2Laboratory of Malaria and Vector Research, National Institute of Allergies and Infectious Diseases (NIAID/NIH), Rockville, MD, United States

3Malaria Group, Universidad de Antioquia, Medellín, Colombia

4U.S. Naval Medical Research Unit No. 6 (NAMRU-6), Callao, Peru

5Asociación Benéfica PRISMA, Lima, Peru

6Central Michigan University College of Medicine, Mount Pleasant, MI, United States

7Division of Parasitic Diseases and Malaria, Entomology Branch, Centers for Disease Control and Prevention, Atlanta, GA, United States

Edited by:
Ashley Vaughan, Seattle Children's Research Institute, United States

Reviewed by:
Abhai K. Tripathi, Bloomberg School of Public Health, Johns Hopkins University, United States
 Anne Poinsignon, Institut de Recherche Pour le Développement (IRD), France

*Correspondence: Berlin Londono-Renteria, blondono@ksu.edu

Specialty section: This article was submitted to Parasite and Host, a section of the journal Frontiers in Cellular and Infection Microbiology

Received: 06 May 2020
 Accepted: 24 July 2020
 Published: 31 August 2020

Citation: Londono-Renteria B, Montiel J, Calvo E, Tobón-Castaño A, Valdivia HO, Escobedo-Vargas K, Romero L, Bosantes M, Fisher ML, Conway MJ, Vásquez GM and Lenhart AE (2020) Antibody Responses Against Anopheles darlingi Immunogenic Peptides in Plasmodium Infected Humans. Front. Cell. Infect. Microbiol. 10:455. doi: 10.3389/fcimb.2020.00455



Introduction: Malaria is still an important vector-borne disease in the New World tropics. Despite the recent decline in malaria due to Plasmodium falciparum infection in Africa, a rise in Plasmodium infections has been detected in several low malaria transmission areas in Latin America. One of the main obstacles in the battle against malaria is the lack of innovative tools to assess malaria transmission risk, and the behavioral plasticity of one of the main malaria vectors in Latin America, Anopheles darlingi.

Methods: We used human IgG antibodies against mosquito salivary gland proteins as a measure of disease risk. Whole salivary gland antigen (SGA) from Anopheles darlingi mosquitoes was used as antigen in Western blot experiments, in which a ~65 kDa protein was visualized as the main immunogenic band and sent for sequencing by mass spectrometry. Apyrase and peroxidase peptides were designed and used as antigens in an ELISA-based test to measure human IgG antibody responses in people with different clinical presentations of malaria.

Results: Liquid chromatography–mass spectrometry revealed 17 proteins contained in the ~65 kDa band, with an apyrase and a peroxidase as the two most abundant proteins. Detection of IgG antibodies against salivary antigens by ELISA revealed a significant higher antibody levels in people with malaria infection when compared to uninfected volunteers using the AnDar_Apy1 and AnDar_Apy2 peptides. We also detected a significant positive correlation between the anti-peptides IgG levels and antibodies against the Plasmodium vivax and P. falciparum antigens PvMSP1 and PfMSP1. Odd ratios suggest that people with higher IgG antibodies against the apyrase peptides were up to five times more likely to have a malaria infection.

Conclusion: Antibodies against salivary peptides from An. darlingi salivary gland proteins may be used as biomarkers for malaria risk.

Keywords: An. darlingi, peptides, antibodies, malaria, Colombia


INTRODUCTION

Malaria is one of the most important parasitic diseases of the tropics and subtropics. Despite global decreases in malaria cases, Latin America has experienced an increase in cases since 2015. Colombia is among the top five Latin American countries with the highest numbers of malaria cases reported annually (Chaparro-Narvaez et al., 2016). In 2019 the number of malaria cases officially reported was 78,513 with Chocó, Nariño, Cordoba, and Antioquia, the departments with the highest number of malaria cases (31.4, 20.4, 11.6, and 9.3%, respectively) (Instituto Nacional de Salud, 2019). Several factors contribute to this phenomenon. First, more than 80% of the Colombian territory is suitable for the transmission of malaria due to the presence of a diverse number of mosquito species capable of serving as vectors of Plasmodium spp. (Rodriguez et al., 2011). Second, at least three species of Plasmodium cause infection in Colombia, with Plasmodium vivax as the main species, followed by Plasmodium falciparum and Plasmodium malariae (Arevalo-Herrera et al., 2012). Forced migration and precarious socioeconomic conditions also favor the spread and prevalence of Plasmodium spp. (Martens and Hall, 2000; Jitthai, 2013; Rodrigues et al., 2018).

Globally, most efforts to prevent malaria transmission focus on P. falciparum, the deadliest malaria parasite species. However, P. vivax is also a significant cause of morbidity and mortality (Chaparro-Narvaez et al., 2016; Geleta and Ketema, 2016; Zain Ul et al., 2016), and improved methods of monitoring its transmission are needed. Malaria transmission in Colombia occurs year-round, with peaks typically occurring between February and June (Ruiz et al., 2006). Malaria incidence is highly associated with changes in climatic conditions (i.e., temperature, elevation, and humidity) (Ruiz et al., 2006; Cassab et al., 2011). More importantly, ~87% of the reported cases come from people living in rural areas with limited access to health care (Rodriguez et al., 2011). Frequently, research about malaria transmission in these areas is restricted due to the lack of infrastructure to support research, including limited access to electricity.

Currently, the gold standard to determine malaria transmission intensity is the Entomological Inoculation Rate (EIR), which represents the number of infectious mosquito bites a person receives per night. This provides an indirect estimation of the risk of acquiring the disease. One of the challenges of this technique is the need to detect parasites in mosquitoes that are collected in the field. Mosquito trapping systems can be biased and overrepresent the most abundant species in a specific area. In addition, current methods are unable to pinpoint the exact individuals who have been bitten or whether there are differences in the number of bites different people receive. Thus, current surveillance efforts lack individualized, deployable, and cost-effective tools to measure human-vector contact and improve measurement of malaria transmission risk. Such tools would be particularly valuable in assessing the efficacy of vector control interventions in protecting people from malaria vector bites.

Our previous studies demonstrated that IgG antibodies against salivary proteins of major disease vectors correlate with the clinical presentation of dengue fever and malaria (Londono-Renteria et al., 2010; Londoño-Rentería et al., 2015a; Montiel et al., 2020a), and can be used to evaluate vector control interventions (Londono-Renteria et al., 2015c). In fact, IgG antibodies against a salivary peptide (gSG6-P1) from a major African malaria vector has been validated as a reliable marker to measure exposure to several Anopheles spp. (Poinsignon et al., 2009; Badu et al., 2012; Sagna et al., 2013). However, recent studies suggest that the gSG6 gene is not present in the subgenus Nyssorhynchus, which is the most prevalent American Anopheles subgenus (Arca et al., 2017). Although, previous studies have shown that the gSG6-P1 may be useful in areas of the New World where species belonging to subgenus other than Nyssorhynchus (Londono-Renteria et al., 2015b; Montiel et al., 2020a), there is a need to detect and validate novel biomarkers for exposure to these Anopheles spp. There are at least 40 Anopheles species in Colombia (Montoya-Lerma et al., 2011). The main vectors in the country are Anopheles nuneztovari, Anopheles albimanus and Anopheles darlingi—all three species within the subgenus Nyssorhynchus (Montoya-Lerma et al., 2011). Recently, we described several peptides that could be used to determine exposure to Anopheles albimanus bites, with antibodies against transferrin and salivary peroxidase proteins associated with the clinical presentation of malaria (Montiel et al., 2020a).

In this study, we evaluated the immunogenicity of salivary proteins in An. darlingi salivary gland antigen (SGA) and designed four peptides to measure IgG responses in people living in malaria endemic areas. The objective was to evaluate whether IgG antibodies against these peptides could be reliable markers to detect the risk of disease. An. darlingi is one of the most prolific mosquito vectors of malaria in Central and South America (Mirabello and Conn, 2006; Villarreal-Trevino et al., 2015; Prado et al., 2019), known for its behavioral plasticity and highly anthropophilic behavior. This mosquito species bite indoors and outdoors (endophagic/exophagic) and display exophilic/endophilic opportunistic behaviors (Moutinho et al., 2011; Reinbold-Wasson et al., 2012; Moreno et al., 2015). Our study suggests that IgG antibodies against An. darlingi salivary proteins are useful to assess malaria risk in areas where this species is endemic. This is the first study describing An. darlingi salivary peptides as potential tools to evaluate immune responses against mosquito saliva with the aim to improve accurate estimation of malaria transmission intensity, which is imperative for directing control efforts and predicting the effects of such interventions.



MATERIALS AND METHODS


Ethical Considerations and Human Sample Collection

Serum samples from 179 participants were collected by active and passive case detection from November 2016 to October 2017 in Turbo and El Bagre as part of a malaria study in Colombia. These represent two malaria endemic areas with differing malaria incidence as measured by the Annual Parasite Index (API: confirmed cases during 1 year/population under surveillance ×1,000): the API in Turbo was 1.22 in 2016 and 0.77 in 2017, while malaria incidence in El Bagre was higher, with an API of 24.7 in 2016 and 21.3 in 2017 (Londoño-Rentería et al., 2015a; Londono-Renteria et al., 2020; Montiel et al., 2020b). Participant characteristics are described in Table 1. No concurrent entomological data was collected for this study. However, these field sites were selected based on a previous study reporting entomological data, where more than 96% of mosquitoes collected in Turbo were An. albimanus, while more than 70% of the mosquitos in El Bagre were An. darlingi (Gutierrez et al., 2009). Human sample collection and testing protocols were approved by the IRB of Kansas State University (IRB #8956 and IBC #1206) and the Medical School at the Universidad de Antioquia in Medellín, Colombia (Record 011 dated 28 July 2016).


Table 1. Description of the serum samples by malaria infection status and location.
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Detection of Malaria Parasites

On-site malaria diagnosis was done by microscopy, then confirmed by nested PCR (nPCR) at the Universidad de Antioquia (Colombia) following methods described previously (Londoño-Rentería et al., 2015a; Londono-Renteria et al., 2020). Based on these results, samples were classified as malaria positive or malaria negative, based on the presence/absence of parasites or a positive PCR result. In case of a disagreement, the PCR results was taken as the final diagnosis.



An. darlingi Mosquito Rearing

All An. darlingi were reared in the insectary at the Naval Medical Research Unit No. 6 (NAMRU-6) in Iquitos, Peru as described previously (Villarreal-Trevino et al., 2015). Larvae were reared in a dedicated larvae room (26.8 ± 0.7°C and 76.1 ± 6.3% relative humidity, and 12-h light:12-h dark photoperiod) and adults were maintained in a dedicated adult insectary room (25.9 ± 0.8°C and 69.7 ± 5.7% relative humidity, and 12-h light:12-h dark photoperiod) (Villarreal-Trevino et al., 2015). Eight to ten- day old adult mosquitoes were used for dissections of salivary glands. These mosquitoes were blood fed with chicken blood at an age of 3–5 days post-emergence, and provided with 10% sucrose solution ad libitum.



Salivary Gland Antigen (SGA) Preparation

Female An. darlingi mosquitoes were cold-anesthetized, washed in 70% ethanol, and placed in PBS (pH 7.2) for salivary gland dissection. Salivary glands were pooled (100 mosquitoes per pool for a total of two pools) and placed in 1X PBS. To prepare the antigen extract, the pool of salivary glands was allowed to freeze at −80°C and thaw at 4°C four times to induce cell rupture and release of proteins; the resulting SGA was kept in PBS at −80°C until use. Protein concentration was determined using a Thermo Scientific NanoDrop™ (Thermo Fisher Scientific, Wilmington, DE, USA) (Londono-Renteria et al., 2013, 2020; Montiel et al., 2020a).



Immunoblotting

To identify immunogenic proteins in An. darlingi SGA, pooled sera from ten uninfected subjects were used (five subjects from Turbo and five subjects from El Bagre) were used in the Immunoblotting experiments performed according to Londono-Renteria et al. (2010) (Londono-Renteria et al., 2010). In brief, 2 μg/well of SGA was separated in a 4–15% polyacrylamide gel (BioRad) at 100 V and transferred to a nitrocellulose membrane (Turbo PVDF, 0.45-m pore size, 8.5 by 13.5 cm, Biorad) in a Transblot Turbo following the standard 30 min transference protocol. Membranes were blocked for 1 h with blocking buffer (2% milk in PBST) and incubated with pooled human sera (1/250) at 4°C overnight. Each membrane was washed five times with wash solution (1X PBST) and incubated with HRP-conjugate anti human-IgG, in a 1/1,000 dilution during 1 h at 37°C. Color development was obtained with HRP chromogenic substrate TMB (Novex, Invitrogen). A pre-stained molecular weight marker of 16.5Ð*210 kDa (BioRad) was used for the estimation of the size of the proteins.



Liquid Chromatography/Mass Spectroscopy (LC/MS)

A band of 65 kDa was identified by human serum in the immunoblot. Gel bands corresponding to the immunogenic bands were excised and sent in duplicate to the National Institutes of Health (NIH/NIAID) for identification by mass spectrometry (MS). Briefly, the samples were reduced in solution containing 50 mM HEPES (pH 8.0) 10% acetonitrile and 5 mM DTT for 40 min at 37°C. After cooling to room temperature, the samples were mixed at 15 mM with iodoacetamide. After 15 min of alkylation, 200 ng of trypsin was added and the samples were incubated at 37°C for 15 h in a final volume of 40μl. The solution was evaporated to near dryness under a vacuum at 50°C. Twenty-five microliters of 0.1% trifluoroacetic acid was added and the pH was adjusted to 2.5 with the addition of 10% trifluoroacetic acid. Samples with an estimated protein content of <2 μg were desalted and concentrated with C18 μ Zip Tips. Samples containing up to 10μg were desalted with C18 OMIX 10 solid phase extraction tips. The digests were eluted with 0.1% TFA, 50% acetonitrile and dried under vacuum. The peptides were dissolved in 12 μl 0.1% formic acid, 3% acetonitrile which was used as the injection solvent. Digested peptides were subjected to the LC/MS analysis using an Orbitrap Fusion mass spectrometer (ThermoFisher Scientific, West Palm Beach, FL) connected with EASY nLC 1,000 liquid chromatography (LC) system. Nano-LC was carried out with a 5 μL injection onto a PepMap 100 C18 3-μm trap column (2 cm, ID 75 μm) and a 2 μm PepMap RSLC C18 column (25 cm, ID 75 μm), both from ThermoFisher Scientific. The LC was operated at a 300 μL/min flow rate with a 100-min linear gradient from 100% solvent A (0.1% formic acid, and 99.9% water) to 40% solvent B (0.1% formic acid, 20% water, and 79.9% acetonitrile) followed by a column wash. A standard data-dependent acquisition performed with a full MS spectrum was obtained by the Orbitrap for m/z 400–2,000 at the resolution of 120,000 with EASY-IC calibration. The precursor ions, with charges from two to eight, were selected, isolated (1.6 m/z window), fragmented by CID, then scanned by the Ion Trap. Survey scans were performed every 2 s and the dynamic exclusion was enabled for 30 s.

Acquisitions were searched against the NCBI-nr (05/2019) proteome and the cRAP.fasta database (theGPM.org) using PEAKS v10 (Bioinformatics Solutions Inc, Ontario, Canada) using a semi-tryptic search strategy with tolerances of 6 ppm for MS and 0.5 Da for MS/MS and carbamidomethylation of cysteine as a fixed modification and oxidation of methionine as a dynamic modification allowing for two missed cleavages. Peptides were filtered with a 0.5% FDR using a decoy database approach and a two spectral matches/peptide requirement.



Anopheles Immunogenic Peptide Selection and Plasmodium Antigens

Immunogenic peptides were designed from the most abundant identified proteins: apyrase (Protein Accession # ETN63669.1) and peroxidase (Protein Accession # ETN66035.1) (Table 2). Proteins were analyzed for the presence of signal peptide (signal P) sequence using the SignalP 5.0 server and for sequence homologies (at least 50% identity with E-value 1 × 10–5) to Anopheles and other major culicid disease vector species using online BLAST program. Protein sequence and structure analyses were then performed for the top Anopheles-specific proteins using the Protean 3D package of the DNASTAR software (DNASTAR Inc., Madison, WI, USA) (Londono-Renteria et al., 2020). The analysis of linear B-cell epitopes, antigenic regions, flexible regions (turns), hydrophobic regions, stability and/or charge density were conducted by importing the FASTA files from NCBI of sequences of interest into SVMTriP (Center for Plant Innovation, University of Nebraska, Lincoln, NE, USA). Highly antigenic, stable, flexible, charged and <50% hydrophobic regions that were specific to Anopheles mosquitoes (>50% homology) were selected using the software for 18–22 amino acid peptides (Table 3). The AnDar_PeroX1, AnDar_PeroX2, AnDar_Apy1, and the AnDar_Apy2 peptides of interest were sent for synthesis to GenScript (Piscataway, NJ, USA).


Table 2. List of proteins identified in an ~65 kDa protein band from the western-blot using a pool of serum from study participants.
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Table 3. An. darlingi peptide sequences from the apyrase and the peroxidase/oxidase proteins identified by mass spectrometry.
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Two recombinant proteins representing the Plasmodium Merozoite Surface Protein from P. falciparum (Pf-MSP) (Montiel et al., 2020a) and P. vivax (Pv-MSP) (Fitzgerald, USA) were used to evaluate antibody responses against the parasite.



ELISA Testing

ELISA conditions were standardized as published elsewhere (Londono-Renteria et al., 2010) and the test was used to measure IgG antibodies against total SGA and individual peptides in human samples. Briefly, 96-well ELISA plates (UltraCruz® ELISA Plate, Santa Cruz Biotechnology, Dallas, TX) were coated with 100 μL/well of 0.5 μg/ml of An. darlingi SGA or 2 μg/ml of each peptide in 1X PBS and incubated overnight at 4°C. Plates were blocked for 1 h at room temperature with 2% milk in 1X PBST (blocking buffer) and incubated with 100 μL/well of a 1/100 serum dilution in blocking buffer at 37°C for 2 h. Plates were washed three times with wash solution (1 × PBS and 0.1% Tween) and incubated with 100 μL/well of horseradish peroxidase (HRP)-conjugated goat anti-human IgG (1:1,000), antibodies (Abcam, Cambridge, UK) at 37°C for 1.5 h. Colorimetric development was carried out using tetra-methyl-benzidine (Abcam) as a substrate and incubated for 2 min before the reaction was stopped using 2 N sulfuric acid. Absorbance was measured at 450 nm. Each sample was tested in duplicate. Three controls were included in each plate: (1) control blank: two wells without SGA to control for non-specific induction of color for any of the reagents used in the test; (2) negative control: two wells with SGA but without human serum to control for any non-specific color induction of the coating antigen; and (3) positive control to control for plate to plate variation and normalize OD values. To determine a cut off value of exposure to Plasmodium antigens and An. darlingi, we tested serum from 12 volunteers living in the US with no history of travel to South America. The OD cut off values to establish exposure were set at 0.167 for Pf-MSP1, 0.153 for Pv-MSP1 and 0.396 for An. darlingi SGA.



Data Analysis

After testing for normality, we concluded that the data did not meet the normality requirement. Consequently, we performed non-parametrical statistical tests. Specifically, we used the Mann-Whitney U-test to compare two independent groups (i.e., malaria positive vs. negative) and the Kruskal-Wallis test to compare more than two independent groups (i.e., negative, P. vivax malaria and P. falciparum malaria). Spearman Correlation Coefficients were calculated to measure the strength of association between IgG antibodies against salivary proteins and IgG antibodies against Plasmodium antigens as well as age. Odd ratios and Fisher's exact test were used to assess significance of risk calculation. OD values were categorized as low (less than the median OD) or high (equal or above the median OD) for each peptide: AnDar_PeroX1 (median OD = 0.579), AnDar_PeroX2 (median OD = 0.6612), AnDar_Apy1 (median OD = 0.4410) and the AnDar_Apy2 (median OD = 0.4286). All tests were considered significant with a p-value < 0.05.




RESULTS


Immunogenic Proteins in An. darlingi SGA

Western blot testing revealed four major immunogenic bands (~250, ~62, ~28, and ~8 kDa) (Figure 1). The most prominent band was a 65 kDa band that was excised and sent for sequencing. Seventeen proteins were identified by LC-MS (Table 2). The most abundant proteins found were a ~63 kDa apyrase (Accession# ETN63669.1) and a 65 kDa oxidase/peroxidase (Accession# ETN66035.1). Two peptides were designed from each of these proteins (AnDar_Apy1, AnDar_Apy2, AnDar_PeroX1, and AnDar_PeroX2) to evaluate immune responses to these specific salivary proteins in people with active malaria infections. The specific sequence of each peptide is described in Table 3. Apyrases as well as salivary peroxidases are ubiquitous proteins. The An. darlingi apyrase described in the current study has a 63% identity with an apyrase of Anopheles gambiae (AGAP011971), and 49% with an apyrase from Aedes aegypti (AAEL006347) and an apyrase of Cx. quinquefasciatus (CPIJ011010). No significant similarity was found with An. albimanus apyrases. The An. darlingi salivary oxidase/peroxidase has a 87.8% identity with the An. albimanus peroxidase (AAD22196.1). The An. darlingi oxidase/peroxidase also presents a 53% similarity with An. gambiae (AGAP010735) while similarity with Ae. aegypti (AAEL000507) and Cx. quinquefasciatus (CPIJ017579) was 48%. However, the selected immunogenic peptides align with identities between 56 and 85% with these proteins (Supplementary Table 1).


[image: Figure 1]
FIGURE 1. Immunoblot of An. darlingi SGA. Pooled serum from uninfected individuals exposed to An. darlingi bites was used to identify immunogenic proteins. (A) Silver stain of whole SGA. (B) Immunoblot.




Antibody Responses Against Salivary Proteins

Serum from a total of 107 females and 72 males with ages between 2 and 83 years old (Age average = 25.1 years old) were included in this study. No significant differences were detected when comparing IgG antibody levels against any of the antigens from either Turbo or El Bagre samples with the exception of AnDarApy2 which was significantly higher in El Bagre (Mann-Whitney test p = 0.0097) (Figure 2). When comparing IgG antibody levels among groups by their infection status (malaria negative vs. malaria positive), we did not detect significant differences between the groups from either field site using the whole SGA as antigen (Mann-Whitney test p > 0.05) (Figure 3). However, when using the apyrase peptides, we found that antibodies against AnDar-Apy2 were significantly higher in malaria positive patients in both Turbo (Mann-Whitney test, p = 0.0001) and El Bagre (Mann-Whitney test, p < 0.0001), while AnDar-Apy1 was higher in malaria positive samples only in El Bagre (Mann-Whitney test, p < 0.0001). Interestingly, the peroxidase-derived peptides, only showed significant differences between infected and uninfected samples from El Bagre, where AnDar-PeroX1 was significantly higher in malaria infected people (Mann-Whitney test, p = 0.0497). When comparing the antibody levels regardless of the field site, both of the apyrase peptides and AnDarPeroX1 were significantly higher in malaria infected samples.


[image: Figure 2]
FIGURE 2. Comparison of IgG antibody levels against An. darlingi SGA (A) and peptides from Apyrase (B) and Peroxidase (C) between the study sites (Turbo and El Bagre). ns denotes not significant, p < 0.05 (* = 0.01 to 0.05, ** = 0.001 to 0.01, and *** = 0.0001 to 0.001).
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FIGURE 3. Comparison of IgG antibody levels against An. darlingi salivary antigens in samples with malaria infections and uninfected samples from Turbo (A–C), El Bagre (D–F) and both sites combined (G–I). ns denotes not significant, p < 0.05 (* = 0.01 to 0.05, ** = 0.001 to 0.01, and *** = 0.0001 to 0.001).




Antibody Responses Against Plasmodium and Mosquito Salivary Proteins

Spearman correlation analysis showed significant associations between three of the salivary proteins (AnDar_Apy1, AnDar_Apy2, and AnDar_PeroX2) and either PvMSP1 or PfMSP1 (Spearman rank correlation test, p < 0.05). When divided by malaria infection status, a significant positive association between IgG antibodies against AnDarApy2 and AnDarPeroX2 was maintained with both PvMSP1 and PfMSP1 in both malaria infected and uninfected individuals (Table 4). No association with either Plasmodium antigen was detected when comparing IgG antibodies against AnDarPeroX1. When comparing whether there were significant differences in the IgG antibody levels against any salivary antigens and the species of Plasmodium causing infection, we found that antibodies against both apyrases peptides were significantly higher in people with P. vivax infection (Mann-Whitney test, p < 0.0001) and P. falciparum [Mann-Whitney test, p = 0.0011 (AnDar_Apy1), p = 0.0005 (AnDar_Apy2)] when compared against IgG antibodies in uninfected participants. In the case of IgG antibodies against the peroxidase peptides, we found only significant higher antibodies against AnDar_Perox1 in P. vivax infection (Mann-Whitney test, p = 0.0114 (P. vivax), p = 0.1285 (P. falciparum), while antibodies against AnDar_Perox2 were significantly higher only when comparing P. falciparum infected against uninfected (Mann-Whitney test, p = 0.6464 (P. vivax), p = 0.0131 (P. falciparum). No differences were found with SGE antibodies (Mann-Whitney test, p > 0.05) (Figure 4).


Table 4. Correlation analysis between IgG antibodies against An. darlingi salivary antigens and IgG antibodies against P. falciparum, P. vivax showing samples grouped by infection status.
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FIGURE 4. Comparison of IgG antibody levels against An. darlingi apyrase peptides (A,B), peroxidase peptides (C,D), and SGA (E), in samples from individuals infected with either P. falciparum or P. vivax. ns denotes not significant, p < 0.05 (* = 0.01 to 0.05, ** = 0.001 to 0.01, and *** = 0.0001 to 0.001).




Malaria Risk and IgG Antibodies Against An. darlingi Salivary Proteins

Odd ratios were calculated to determine the risk of malaria infection based on the levels of IgG antibodies against whole SGA and the individual salivary peptides. Our analysis indicated that samples with high levels of antibodies against apyrase peptides had 3.1 (AnDar_Apy1) and 5.1 (AnDar_Apy2) times higher probability of being positive for malaria than samples with lower antibody levels (Fisher's exact test, p < 0.0001). Significant odd ratios were not observed when comparing IgG levels of SGA, AnDar_Perox1 or AnDarPerox2 (Table 5).


Table 5. Odds ratio calculations to measure risk of malaria infection based on level of IgG antibodies against An. darlingi salivary proteins.
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DISCUSSION

An. darlingi is one of the most important malaria vectors in the Americas, and is associated with transmission of both P. falciparum and P. vivax (de Arruda et al., 1986; Flores-Mendoza et al., 2004). Some data suggest that infected An. darlingi tend to bite more outdoors and in the early evening, which reduces the effectiveness of bed nets (Moreno et al., 2015; Newell et al., 2018). The (EIR) is the current gold standard to estimate malaria transmission intensity. However, this technique is labor intensive and requires sensitive methods to accurately detect Plasmodium infection in field-captured mosquitoes. In addition, it is impossible to track individual human exposure to infective bites and estimation of risk that can be later used to determine local transmission dynamics. Tools capable of monitoring human-vector contact are needed to more accurately estimate disease risk. Here, we evaluated the IgG responses against An. darlingi salivary proteins and showed through ELISA that peptides against a salivary apyrase and peroxidase are suitable antigens to estimate the risk of suffering a malaria infection.

In an effort to identify candidate salivary peptides from An. darlingi salivary proteins, an immunogenic ~65 kDa protein band was identified by antibodies in serum collected from study participants. LC-MS revealed 17 salivary proteins, with apyrase and a peroxidase as the most predominant proteins. Most of the identified proteins have previously been associated with blood feeding. Salivary apyrases hydrolyze ATP and ADP inhibiting platelet aggregation. They are associated with host-seeking behavior and the ability of mosquitoes to find blood vessels (Calvo et al., 2006). Infection status with human pathogens influences mosquito behavior and changes the content of salivary gland and salivary secretions (Chisenhall et al., 2014a,b). A previous study suggested that apyrase activity decreases as sporozoite load increases, rendering the infected mosquitoes more likely to probe and re-feed after an infectious first blood meal (Thievent et al., 2019). Each probing event increases the likelihood of injecting sporozoites into the skin, which increases the chance of infection. Salivary proteins are also injected during each probing event (Ribeiro, 2000; Chisenhall et al., 2014a), which may explain the high antibody responses against salivary proteins in people with active malaria infection. Interestingly, immunization with mosquito saliva leads to the development of anti-apyrase antibodies, which can block its enzymatic activity. However, a decrease in feeding or probing time was not observed in immunized mice even in the presence of higher titers of anti-apyrase antibodies (Mathews et al., 1996). Previous studies have shown changes in salivary gland physiology of infected mosquitoes (Cotama et al., 2013; Pinheiro-Silva et al., 2015). It is unclear if infection with either P. vivax or P. falciparum changes the expression profile of apyrase or peroxidase proteins in the salivary gland of An. darlingi mosquitoes. This information would be helpful to determine a potential function of these proteins in malaria transmission by An. darlingi mosquitoes.

Besides the apyrase and the salivary peroxidase described above, other important salivary proteins that had been previously reported were also detected in this study. First, two members of the SG1 family were detected: the putative salivary protein SG-1B along with a SG1-like salivary protein. The SG-1B appears to be uniquely expressed in the female salivary glands, while the SG1-like can also be expressed in males (Arca et al., 2005). Recently, a member of the SG1 family, TRIO protein, was evaluated as a potential vaccine candidate against Plasmodium infection since immunization against these proteins induced partial protection against Plasmodium berghei infection. Protection was further improved when animals were co-immunized with saliva and parasite proteins (Dragovic et al., 2018). Second, a long form D7 protein was also detected. Our previous studies demonstrated the immunogenicity of this family of proteins in Ae. aegypti saliva (Londono-Renteria et al., 2018). The D7 protein family has been identified as a member of an odorant binding protein (OBP) superfamily known to bind biogenic amines such as histamine, playing an important role as mediators of inflammation and vascular permeability, and facilitating blood feeding (Calvo et al., 2006). Finally, a 30 kDa salivary antigen family protein was identified. These proteins are exclusively found in the salivary glands of adult female mosquitoes and previous work suggested that they may inhibit platelet aggregation (Yoshida and Watanabe, 2006; Calvo et al., 2007b). A venom allergen 5 was also identified, and this family of proteins is found ubiquitously in animals and plants. Their specific function in Anopheles mosquitoes is still unknown, but it is thought to function either in the suppression of the host immune system, or as an anticoagulant in a wide range of hematophagous arthropods (Ribeiro and Francischetti, 2003; Calvo et al., 2007a).

It is important to note that whole salivary gland proteins contained in the SGA have been successfully used as antigen to detect IgG antibodies in vertebrate serum (Waitayakul et al., 2006; Badu et al., 2012). However, salivary gland dissection is a tedious process requiring skilled personnel (Coleman et al., 2007) and a continuous source of mosquito salivary glands. Not all mosquitoes are easily colonizable, and although using salivary glands from field mosquitoes can offer a better approximation of the antigens that people are actually exposed to (Andrade et al., 2009), it can be challenging to collect them in sufficient numbers and maintain a proper cold chain and protein stabilization before they are processed for antigen preparation (Fontaine et al., 2011a). Thus, the use of recombinant proteins or peptides is advantageous, particularly when consistency and reproducibility are desired. In that regard, we selected four peptides from the two main immunogenic proteins found after sequencing of the ~65 kDa band, an apyrase and a salivary peroxidase. The ELISA results revealed that when using the AnDar_Apy1, AnDar_Apy2, and AnDar_PeroX1 peptides as antigens, the IgG antibody levels were significantly higher in samples with active malaria infection as compared to uninfected samples. These results are consistent with our recent study where we observed that malaria-infected samples had significantly higher antibody levels against An. albimanus salivary peptides (Londono-Renteria et al., 2020).

Previous studies associated this increase in antibodies with a potentially higher exposure to mosquito bites (Fontaine et al., 2011b). Moreover, this increase in IgG antibodies may also be the result of saliva-dependent activation of immune cells leading to the production of cytokines such as IL4 and IL10 (Vogt et al., 2018). IL4 is involved in the activation of B cells and their differentiation to plasma cells (Granato et al., 2014) and recent studies suggest that IL10 promotes IgG4 antibodies (Jeannin et al., 1998), which is the main antibody subtype that recognizes arthropod salivary antigens (Brummer-Korvenkontio et al., 1994; Cardenas et al., 2019). Further studies are needed to determine the mechanisms involved in the differential antibody profiles between people residing under the same conditions but with different malaria infection status.

In contrast to a previous study in Brazil (Andrade et al., 2009), we did not find significant differences between malaria-infected and uninfected samples when using SGA. One of our previous studies showed the possibility of discrete differences in the responses against Anopheles SGA from two different mosquito colony strains, with those differences potentially associated with differences in geographical origins as well as the time of colonization (Londono-Renteria et al., 2020; Montiel et al., 2020a). Another study detected important differences in salivary gland content from wild and colony maintained arthropods from the same species (Maldonado-Ruiz et al., 2019). Consequently, it is possible that the difference between this current study and the one performed in Brazil may reside in the source of the SGA and its components. Specifically, in this study, we used SGA from a recently colonized strain of An. darlingi in Iquitos, Peru, while the previous study used SGA from field-caught mosquitoes in Brazil (Andrade et al., 2009).

Regardless, analysis of the immunogenic proteins among mosquito strains may reveal shared immunogenic proteins that represent suitable candidates to measure risk of disease irrespective of the geographical area or the strains. Thus, it was important to identify the evolutionarily conserved regions within immunogenic proteins as we seek to develop widely applicable biomarkers of malaria risk. Only AnDar_Apy2 was significantly higher in El Bagre, the area with historically higher abundance of An. darlingi relative to Turbo (Gutierrez et al., 2009, 2010; Rosero et al., 2013); all other peptides did not show differences between the two sites. The lack of difference in antibody levels against most of the peptides between the two study sites may be explained by the 56 and 80% identity with other major salivary proteins representing a source of cross-reactivity. However, since we did not include concurrent mosquito collection data, we cannot confirm the concurrent An. darlingi population density at the time of this study. Thus, the results presented here are more sensitive at correlating antibodies against salivary proteins with presence of malaria infection rather than An. darlingi bite intensity.

Previous studies suggested that there is a significant association between the level of IgG antibodies against the most prominent Plasmodium antigens and the development of human immunity against malaria symptoms (Doolan et al., 2009; Rodriguez-Barraquer et al., 2018). Among these antigens, MSP-1 is considered as one of the more important in the development of immunity against malaria and has been investigated as a potential vaccine candidate. Immunity against malaria is thought to be acquired through chronic and sustained exposure to Plasmodium antigens (Rodriguez-Barraquer et al., 2018). However, recent evidence suggests that immune responses against salivary proteins may also contribute to the development of immunity against disease (Manning et al., 2018). Our current study revealed that the level of IgG antibodies against AnDar_Apy 2 and the AnDar_PeroX2 were significantly associated with IgG levels against both PvMSP1 and PfMSP1 in all study groups, suggesting a positive association between intensity of exposure to malaria antigens and both peroxidase and apyrase salivary proteins. Furthermore, when measuring the risk of malaria infection through odd ratio calculations, a significant increase in risk was only observed in antibodies against the apyrase peptides. Previous study showed an association between the level of antibodies against PfMSP1 and the only currently validated salivary biomarker from the An. gambiae salivary peptide, gSG6-P1 (Badu et al., 2012; Ya-Umphan et al., 2018). Our results suggest that AnDarApy1 and AnDarApy2 may be more suitable biomarkers to estimate malaria risk in areas where An. darlingi mosquitoes are endemic. Also interesting is that the correlation between Plasmodium antigens and the apyrase peptides salivary was also significant in the uninfected population. It is important to remember that infected individuals present significantly higher IgG antibodies. People in endemic areas may encounter a significant number of bites containing infective sporozoites throughout their lives. Furthermore, in endemic areas for P. vivax, as the one where this study was carried out, is very difficult to differentiate a recent infection from a recrudescence, and people may suffer several malaria infections in a year. Since this study did not included follow up of patients, we cannot pinpoint the time of the most recent infection. However, our study showed a significant higher antibody levels against both apyrases peptides and the AnDar_Perox1 in P. vivax infected populations suggesting the relevance of these peptides to measure risk of infection with the most prevalent species circulating in this area. Further studies are urgently needed to determine the persistence of antibodies against the salivary proteins and correlate with previous/recent malaria episodes.

Although further studies including a greater number of serum samples from different geographical areas are needed to validate these peptides as biomarkers of both malaria risk and human-vector contact, the current study represents an important advance in evaluating immune responses against mosquito salivary peptides in Latin America.



CONCLUSION

Peptides derived from the An. darlingi salivary apyrase and peroxidases are suitable candidate markers for measuring human IgG antibody responses that may be associated with the risk of malaria infections.
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Triatomines are hematophagous insects that transmit Trypanosoma cruzi, the etiological agent of Chagas disease. This neglected tropical disease represents a global health issue as it is spreading worldwide. The saliva of Triatominae contains miscellaneous proteins crucial for blood feeding acquisition, counteracting host's hemostasis while performing vasodilatory, anti-platelet and anti-coagulant activities, besides modulating inflammation and immune responses. Since a set of biological processes are mediated by protein complexes, here, the sialocomplexomes (salivary protein complexes) of five species of Triatominae were studied to explore the protein-protein interaction networks. Salivary multiprotein complexes from Triatoma infestans, Triatoma dimidiata, Dipetalogaster maxima, Rhodnius prolixus, and Rhodnius neglectus were investigated by Blue-Native- polyacrylamide gel electrophoresis coupled with liquid chromatography tandem mass spectrometry. More than 70 protein groups, uncovering the landscape of the Triatominae salivary interactome, were revealed. Triabin, actin, thioredoxin peroxidase and an uncharacterized protein were identified in sialocomplexes of the five species, while hexamerin, heat shock protein and histone were identified in sialocomplexes of four species. Salivary proteins related to triatomine immunity as well as those required during blood feeding process such as apyrases, antigen 5, procalins, and nitrophorins compose different complexes. Furthermore, unique proteins for each triatomine species were revealed. This study represents the first Triatominae sialocomplexome reference to date and shows that the approach used is a reliable tool for the analysis of Triatominae salivary proteins assembled into complexes.
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INTRODUCTION

Triatominae (Hemiptera: Reduviidae) are the insect vectors of the flagellated protozoan Trypanosoma cruzi, which is the pathogen causative of Chagas disease. According to the WHO, Chagas disease is a neglected tropical disease that affects an estimated 6–7 million people worldwide (WHO, 2020). Originally endemic in Latin America countries, in recent decades the disease showed changes in its epidemiological profile due to migratory events, emerging as a global health concern (Pérez-Molina and Molina, 2018). In non-endemic regions, the main routes of T. cruzi transmission are blood transfusion, organ transplantation, and congenital, while the vectorial form occurs in endemic areas where it overlaps with the distribution of triatomine insects (Antinori et al., 2017; Lidani et al., 2019).

The Triatominae subfamily encompasses more than 150 species, grouped in 16 genera and 5 tribes (Monteiro et al., 2018), living in sylvatic, peridomestic, and domestic habitats. After taking a successful blood meal on vertebrates, triatomines are able to transmit T. cruzi. In particular, Triatoma, Rhodnius, and Panstrongylus are genera of epidemiological importance, since some of their species complete the biological cycle in human dwellings. During feeding, hematophagous arthropods are challenged by the host's complex hemostatic and immune responses, which prevent blood loss following bite injury. Triatomines use the salivary compounds to overcome these barriers in order to achieve a continuous blood flow at the bite site (Francischetti et al., 2009). In this scenario, the understanding of vector biology, including the complex interaction of its saliva with the host, is an important research priority.

The transcriptomic and proteomic analyses of Triatominae salivary glands (sialomes) highlight the diversity of putative mechanisms of action of the salivary molecules (Santiago et al., 2020). Indeed, triatomine saliva is an important protein mixture that interacts with the host's molecules performing anti-inflammatory, anti-hemostatic, immunomodulatory, and local anesthetic activities (Ribeiro, 1995). The sialomes provide a deep insight into the biology of these vectors, the important aspects of the blood feeding process, as well as the vector-host interactions (Santiago et al., 2020). Among the salivary proteins, one key enzyme in inhibition of platelet aggregation is apyrase (E.C. 3.6.1.5), already reported in the saliva of several hematophagous organisms including arthropods and leeches (Ware and Luck, 2017). Upon injury to a vessel wall, at the insect bite site, damaged cells and dense granules of activated platelets release adenosine diphosphate (ADP), an important physiological agonist of platelet aggregation. This nucleotide binds to platelet membrane purinergic receptors leading to cell shape change and release of granular contents, triggering a positive feedback mechanism that potentiates platelet activation and aggregation (Kahner et al., 2006). Earlier, we have shown that Triatoma infestans apyrases are coordinated in a multiprotein complex with the ability to hydrolyze the agonist ADP, as well as adenosine triphosphate (ATP), into adenosine monophosphate (AMP) and inorganic phosphate (iP) (Faudry et al., 2004a, 2006). Thus, apyrases inhibit ADP-mediated activation of host platelets and subsequent aggregation of thrombocytes to facilitate blood feeding. In addition, the enzyme has also been implicated in modulating host inflammation by ATP degradation (Gounaris and Selkirk, 2005).

A fascinating feature concerning proteins is their ability to form supramolecular structures. In this regard, while exerting their functions, a number of proteins do not work as isolated molecules but rather as part of larger complexes formed by two or more associating polypeptide chains, which may be self- or cross-association, forming, respectively, the homo- and the hetero-oligomers (Ali and Imperiali, 2005). The assembly of subunits is based on the chemical and geometrical complementarities and can be either transient or stable (Nooren and Thornton, 2003). Homomers together with heteromers make up more than 50% of protein stoichiometry distribution in Protein Data Bank (PDB, 2020). Functional roles of oligomeric states might be crucial for the regulation of a series of biological processes, mediating gene expression and enzyme activity.

Among a large range of applications, native polyacrylamide gel electrophoresis (BN-PAGE) is a useful approach to analyze native oligomeric states in protein complexes (Schägger et al., 1994; Wittig et al., 2006; Miernyk and Thelen, 2008). Complexes migrate as blue bands through BN-PAGE gels, so they can be sliced off and be subjected to mass spectrometry analyzes, identifying their multiprotein composition. This combined approach provides size and protein-protein interaction data. Moreover, to identify oligomeric states activity, native complexes can be analyzed by in-gel activity assay.

The objective of this work was to unveil the protein-protein interaction network in the saliva (sialocomplexome) of T. infestans, Triatoma dimidiata, Dipetalogaster maxima, Rhodnius prolixus, and Rhodnius neglectus. Therefore, we separated and identified salivary multiprotein complexes by blue-native PAGE following mass spectrometry analysis. In addition, the oligomeric apyrase enzyme activity was also investigated by zymographic BN-PAGE. To our knowledge, this is the first insight into the sialocomplexomes of Triatominae.



MATERIALS AND METHODS


Triatomines and Saliva Collection

Triatomine bugs were reared in the insectarium of the University of Brasília (Brasília, Brazil). They were kept at 27 ± 1°C, a relative humidity of 70–75%, under a 12 h/12 h light/dark cycle. The blood source of these insects was Gallus gallus domesticus. Twenty-one days post-feeding, as salivary content 20 days after feeding is representative (Faudry et al., 2004a), 15 adults from both sexes of T. infestans, T. dimidiata, D. maxima, R. prolixus, and R. neglectus, were immobilized on ice, and under a stereomicroscope the salivary content was obtained by dissection of their salivary glands (SG), which were carefully washed in sterile saline solution before being harvested in microtubes containing EDTA-free protease inhibitor cocktail (Roche, Switzerland), and placed on ice. The pools of saliva from each species were centrifuged at 16,000 × g for 15 min at 4°C. The supernatant collected was kept at −80°C prior to use. The protein concentrations were determined using the Qubit® Protein Assay Kit (Thermo Fisher Scientific).



BN-Page

The salivary gland homogenates of different triatomines were subject to 1D BN-PAGE, as previously described for soluble proteins (Schägger et al., 1994; Wittig et al., 2006). The crude salivary extract from each species (150 μg of total protein) was resuspended in a sample buffer (50 mM Bis-Tris HCl pH 7.0, 15% (w/v) glycerol), and the samples were loaded onto a polyacrylamide gradient gel of 5–18%. Electrophoresis was run at 15 mA constant current for 4 h, at 4°C, in a SE 600 electrophoresis system (Hoefer, Inc., San Francisco, CA, USA). The cathodic buffer consisted of 15 mM Bis-Tris HCl pH 7.0, 50 mM Tricine and 0.02% (w/v) Coomassie Brilliant Blue G-250 (CBB G-250), while the anodic buffer was composed of 50 mM Bis-Tris HCl pH 7.0. Once electrophoresis was complete, gels were either fixed and stained using CBB G-250 or used for the zymograms. Using a scalpel, the blue bands with high staining intensity containing the potential protein complexes were cut from the gel and stored at −20°C for subsequent LC-MS/MS analysis. The proteins thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), bovine serum albumin (67 kDa), and ovalbumin (43 kDa) were used as molecular weight markers.



LC-MS/MS Protein Identification

Gel slices excised from the 1D-BN-PAGE were prepared for LC-MS/MS analysis by washing twice 50% acetonitrile por 4 h (in order to remove CBB-250), dehydrating in 100 μL of acetonitrile (ACN) and drying in a speed vacuum (Eppendorf, Hamburg, Germany). The proteins were in-gel reduced with 20 mM dithiothreitol in 25 mM ammonium bicarbonate buffer at 56°C for 45 min and alkylated with 40 mM iodoacetamide in the same buffer at room temperature, in the dark, for 1 h. Subsequently, in-gel proteins were washed in ACN and digested overnight at 37°C with 12.5 ng/μL modified trypsin (Promega, Madison, USA). The supernatants were acidified to a final concentration of 0.1% trifluoroacetic acid (TFA) for the first tryptic peptide extraction and followed by two other steps consisting in 0.1% TFA (v/v) in 50% ACN (v/v) and 0.1% TFA (v/v) in 80% ACN (v/v), respectively. The samples were then lyophilized, solubilized in 50 μL 1% TFA and desalted on a pipette tip packed with C18 membrane (Empore, Supelco). The digests were washed 3 times with 0.5% acetic acid and the peptides eluted with 25, 50, 80, and 100% ACN solutions, all containing 0.5% acetic acid (v/v), prior to LC-MS/MS analysis using an Orbitrap EliteTM hybrid ion trap- orbitrap mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). After 4 min washing with solvent A (0.1% (v/v) formic acid), the samples resuspended in 0.1% (v/v) formic acid were loaded into a nano-UPLC-Dionex 3000 system (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a trap type C18 column (100 μm × 3 cm with particles of 5 μm/100 Å) and a C18 analytical column (75 μm × 35 cm with particles of 3 μm/100 Å). The peptides were eluted from the analytical column at a flow rate of 230 nL.min−1 directly into the mass spectrometer under ESI ionization with a gradient of 2 to 35% of solvent B (0.1% [v/v] formic acid in ACN) for 30 min, 35–90% B and 90% B for 10 min, and decrease to 2% B to equilibrate the column for 20 min. The Data Dependent Acquisition (DDA) cycle of acquired molecular mass spectra controlled by Xcalibur 2.0 software (Thermo Fisher Scientific Inc., Waltham, MA, USA) comprised the range of m/z 350 to 1,650 and resolution of 120,000 for MS1. The fifteen most abundant precursor ions were fragmented by high energy collision dissociation (HCD), when the MS2 detection was performed at 60,000 resolution in the orbitrap analyzer, with dynamic exclusion for 90 s and collision energy normalized to 35%.



Data Analysis

Raw files were generated by the spectrometer and imported by PEAKS Studio 7.0 (Bioinformatics Solution Inc., Waterloo, Canada) software. Mass spectra data from samples were searched against the Uniprot Triatominae database (57,736 sequences accessed on 04/02/2020) and protein sequences of known contaminant proteins (several human keratins, BSA, and porcine trypsin). The parameters used were 10 ppm peptide mass tolerance, 0.5 Da fragment mass tolerance and two missed cleavages allowed. Methionine oxidations and acetylation of protein N-termini were specified as variable modifications, while carbamidomethylation of cysteine was specified as a fixed modification. Positive protein identities were assigned if at least one unique peptide were matched using a false discovery rate (FDR) of <1%. All contaminant proteins identified were manually removed from the result lists.

As a result of the redundancy of protein databank and protein isoforms derived from the same gene, over-counting of protein inferences might occur. Here, we used a clustering method where an identified protein is classified in a specific protein group (PG) when it has the assignment corresponding to a particular protein family. To be more consistent, these results were subsequently manually curated.



Data Availability

Mass spectrometer output files (Raw data) are available from the MassIVE database (accession number MSV000085118, doi: 10.25345/C5WT30, (http://massive.ucsd.edu/ProteoSAFe/status.jsp?task=364af77ff94b42729ffa5dcaf49fecd0) and ProteomeXchange (accession number PXD018101) (Vizcaíno et al., 2014; Perez-Riverol et al., 2015; Jarnuczak and Vizcaíno, 2017).



Zymogram

In-gel apyrase activity was based on the formation of a white insoluble calcium phosphate precipitate following phosphate production by ADP hydrolysis (Valenzuela et al., 1998). T. infestans, T. dimidiata, D. maxima, R. prolixus, and R. neglectus salivary contents (150 μg) were subjected to native 1D-BN-PAGE at 4°C. Immediately after running, the gel was washed twice with cold 2.5% (v/v) Triton X-100 and cold Milli-Q water, alternatively for 20 min each wash. The gel was incubated in activity solution (50 mM Tris-HCl, pH 8.3; 100 mM NaCl; 20 mM CaCl2; 20 mM MgCl2; 5 mM ADP) at 37°C for 30 min. The reaction was stopped with the same solution in the absence of the nucleotide.




RESULTS


Triatominae Salivary Protein Complexes Exhibit Unique Profiles

1D-BN-PAGE allowed the separation of the potential salivary multiprotein complexes (Figure 1). To minimize technical variation, samples from the five different species were processed in parallel. R. prolixus and R. neglectus 1D-BN-PAGE maps were almost identical whereas T. infestans, D. maxima, and T. dimidiata displayed unique profiles. Each 1D-BN-PAGE band above 67 kDa was considered as a potential multiprotein complex. In all five species, it is possible to observe that some protein complexes ran above 440 kDa molecular weight. Four potential heteromeric protein complexes were obtained from salivary extracts of T. infestans (Ti-1-4), and six from T. dimidiata (Td 1-6), D. maxima (Dm1-6), R. prolixus (Rp1-6), and R. neglectus (Rn 1-6) (Figure 1).
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FIGURE 1. Sialocomplexomes profile and ADPase activity from Rhodnius prolixus, Rhodnius neglectus, Dipetalogaster maxima, Triatoma dimidiata, and Triatoma infestans in 1D BN-PAGE. Protein complexes present in the saliva from R. prolixus, R. neglectus, D. maxima, and T. dimidiata are numbered from 1 to 6, and from T. infestans are numbered from 1 to 4. Zymography/BN-PAGE assays evaluating the apyrase activity are given to the left of the gels. Gels were run according to the protocols given in Methods. The positions of gel slices are shown by the species initials and number of the band. Hypothetically secreted proteins identified in each band are presented. Gels gradient were 5–18% and they were stained with CBB G-250. Molecular masses (in kDa) are given to the left of the Coomassie-stained gels.




The Composition of Triatominae Sialocomplexomes

To determine the subunit composition in the protein complexes, the four potential multiprotein bands with high staining intensity from T. infestans, and the six from T. dimidiata, D. maxima, R. prolixus, and R. neglectus were individually submitted to LC-MS/MS analysis. A comprehensive list of all identified proteins and peptides is provided in Supplementary Files 1, 2, respectively. A total of 72 protein groups (PGs) were identified and several PGs were present in different bands from different triatomine saliva. It was possible to identify 19 different PGs in T. infestans sialocomplexomes, while 13 and 32 PGs were identified in T. dimidiata and D. maxima. R. prolixus and R. neglectus displayed 21 and 29 PGs, respectively. Figure 2 shows a diagram representing the relationships among the sets of PGs identified on sialocomplexomes from the five species studied.
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FIGURE 2. Venn diagram analysis of the protein groups identified in Triatominae sialocomplexomes. Tinf, Triatoma infestans; Tdim, Triatoma dimidiata; Dmax, Dipetalogaster maxima; Rpro, Rhodnius prolixus; Rneg, Rhodnius neglectus. The diagram was created using nVenn toll (Pérez-Silva et al., 2018).


The sets of PGs were classified into five categories based on their putative biological functions as follows: Hypothetically secreted, Enzyme, Housekeeping, Unknown, and Rhodococcus rhodnii-derived proteins, condensed in Table 1. Remarkably, 24 (33.33%) of the PGs were classified as Hypothetically secreted, which are composed by proteins associated with hematophagy. The Enzyme class had 12 (16.67%) of all PGs. The Housekeeping class had 23 PGs, corresponding to 31.94% of the total identified. Approximately 11.11%, corresponding to 8 PGs, were not classified in the Triatominae Uniprot database and were placed in the Unknown class. Rhodococcus rhodnii-derived proteins accounted for 6.94% of the PGs.


Table 1. Functional classification of the Protein Groups (PGs) identified on Triatominae sialocomplexomes.
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The proteins identified in each BN-PAGE complex band can be seen in Table 2 and in Figure 1. Four PGs were common to all five species, three in the Hypothetical secreted class, which are: (i) actin, (ii) thioredoxin peroxidase, (iii) triabin; and (iv) an uncharacterized protein (T1HZ69) from the Unknown class. The hemocyanin/hexamerin, the heat shock protein and the histone PGs were identified in the majority of the species, except for T. dimidiata, T. infestans, and R. prolixus, respectively.


Table 2. List of Triatominae salivary proteins identified on the oligomeric protein complexes and their putative functions.
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Regarding the Hypothetically secreted class, with the exception of T. dimidiata, the species exhibited unique PGs. Apyrase, Ig-like domain-containing protein, pallidipin-like salivary lipocalin, putative salivary secreted protein, and salivary secreted protein PGs were identified only in T. infestans; the hypothetically secreted protein, procalin, and putative secreted protein PGs in D. maxima; putative apolipophorin, and putative pdz domain-containing protein PGs in R. prolixus; and putative drim down-regulated in metastasis-like and transferrin PGs in R. neglectus. Furthermore, Rhodnius genera showed the unique nitrophorin PG.



Sialocomplexomes From Triatominae Present ADPase Activity in Gel

The apyrase activity was detected above 232 kDa, and in a single band below 158 kDa in T. infestans; between 158 and 232 kDa in T. dimidiata; and above 232 kDa in D. maxima. A smear activity below 158 kDa was observed in both R. prolixus and R. neglectus (Figure 1). The activity smear/bands revealed in T. infestans, T. dimidiata, and D. maxima merged with sialocomplexes Ti 3, Td 4, and Dm 3. While enzymatic activity profiles of R. prolixus and R. neglectus were not associated with stained-CBB bands.




DISCUSSION


Classes of Proteins in the Triatominae Sialocomplexomes

Multiprotein complexes are macromolecular assemblies that regulate essential cellular and physiological processes within biological systems. Despite progresses having been made regarding knowledge of Triatominae saliva and its fundamental role in blood acquisition during feeding (Santiago et al., 2020), insights about the composition and interaction network of salivary protein complexes from triatomines remain unavailable. The proteomic approach used here revealed the salivary proteins identified on BN-PAGE bands ran above their predicted molecular weights, suggesting they form potential protein complexes of higher-order assemblies. Here, when taking a closer look into Rhodnius species, a similar electrophoretic profile on BN-PAGE maps from R. prolixus and R. neglectus was evident. Conversely, Triatomini species showed a diversification of their salivary electrophoretic profiles, in agreement with the observation that this tribe lineage diversified extensively and consistent during evolution. Although, species and genera from Rhodniini and Triatomini tribes exhibit a variety of ecological, morphological, and molecular (salivary proteins) characteristics, recent phylogenetic analyses have suggested the monophyly of the Triatominae subfamily (Monteiro et al., 2018).

As detailed in Table 1, around 32% of identified proteins in BN-PAGE maps were attributed to the Housekeeping class. Different proteins associated with DNA or RNA binding/processing, protein synthesis and regulation, cytoskeletal structure were revealed. Previous report suggested a contamination of proteins from salivary gland tissue might have occurred due to salivary glands dissection and saliva collection procedures, not reflecting secreted proteins from saliva (Santiago et al., 2018). However, another hypothesis, supported by the observation that a tick heat-shock cognate protein 70 (HSP70) that interferes with host fibrinogenolysis at the bite site was reported in tick-cell-line-derived exosomes (Vora et al., 2017), is that salivary exosomes may deliver some of these proteins to exert specific biological functions in vertebrate hosts (Hackenberg and Kotsyfakis, 2018). Thus, in our analysis, actin, heat shock protein, histone, and thioredoxin peroxidase, which have already been reported to have a role when secreted, were classified in the Hypothetically secreted class together with typical salivary proteins. New roles for housekeeping secreted proteins may still be unveiled in future works.

Enzymes are abundant in the saliva of plant-feeding hemipterans (Sharma et al., 2014). Here, we showed that enzymes comprised 16% of the proteins identified in the sialocomplexomes. Triatominae subfamily of hemipterans evolved from predatory reduviid bugs, and during the transition to a hematophagous lifestyle, changes in the function of some salivary enzymes may have occurred (Monteiro et al., 2018). Serine and metalloproteases were already reported in different Triatominae sialomes (Assumpcao et al., 2008; Assumpção et al., 2012; Ribeiro et al., 2015; Santiago et al., 2016, 2018), and although their specific roles are unknown, hematophagous salivary enzymes have been associated with host's anti-hemostatic activities during blood acquisition and immunity (reviewed in Santiago et al., 2017). A trypsin-like serine protease, named triapsin, was reported in the salivary glands of T. infestans (Amino et al., 2001), and here, was identified in Ti 4 sialocomplex. Triapsin is stored as a zymogen in the luminal content of the SG, and activated during salivation stimulated by biting, suggesting it has a role in blood feeding (Amino et al., 2001). This protease may also be involved in hydrolysis of the superfamily of Proteinase Activated G protein-coupled Receptors (PAR), which regulates growth, development, inflammation, and responses to injury (Amino et al., 2001).

Three metalloproteases were also identified in this study. The aminopeptidase identified in Dm 2 is a member of the M1 family of Zn2+ metalloproteases, which are ubiquitous enzymes implicated in many physiological functions (Hooper, 1994). M1 aminopeptidases are found in all insect orders and have been detected in various tissues including salivary glands. They also play important roles in protein digestion (Budatha et al., 2007) and host-pathogen interactions (Denolf et al., 1997; Rajagopal et al., 2003; Aroonkesorn et al., 2015). In Hemipterans, triatomine aminopeptidases have been mainly implicated in the digestion of blood proteins (Garcia et al., 2010). Another zinc-dependent metalloprotease, a member of M16 family (T1HWH5), identified in Dm 2 may also be involved in digestion. In Rn 2, a member of the M13 family of zinc-dependent metallopeptidases was identified. Enzymes from this family have a broad tissue distribution in insects (Macours and Hens, 2004), and have been implicated in metamorphosis (Wilson et al., 2002), immunity to bacteria, fungi and protozoa (Zhu et al., 2003; Aguilar et al., 2005), neuropeptide metabolism (Isaac et al., 2009), and reproduction (Sitnik et al., 2014). Additionally, nuclease, isomerase, carboxylase, transferase, among others (Table 2) were also identified in the triatomine sialocomplexomes. These enzymes act on enzymatic cascades regulating various biological processes. The precise function of enzymes in sialocomplexes is unknown, but transient enzymatic complexes association into higher order assemblies have regulatory roles in biological functions.

In the Uncharacterized class, nine proteins with unknown functions were identified. Among them, only the protein T1HZ69 was ubiquitous in the five triatomine species. Another interesting result was the identification of proteins from Rhodococcus rhodnii among the sialocomplexomes from all five species. This bacterium was reported composing the low-diversity microbiota associated with the Triatominae salivary glands and was shown to be fundamental to the biological fitness of R. prolixus (Lima et al., 2018). Rh. rhodnii are members of the Nocardiaceae family, which are symbiont bacteria from triatomines. They are passed from adults to offspring by coprophagy and appear to supplement, the triatomine diet, especially with B vitamins (Brecher and Wigglesworth, 1944). Five proteins from Rh. rhodnii were identified. Among them, a HNHc domain-containing protein was detected not only in R. prolixus, but also in R. neglectus, T. dimidiata and D. maxima. The HNHc domain is associated with DNA-binding proteins involved in cellular processes such as recombination, DNA rearrangement, phage packaging, restriction endonuclease activity and bacterial toxicity (Dalgaard et al., 1997). The possible roles of Rh. rhodnii proteins in the saliva of triatomines warrants further investigation.

Our major interest is the Hypothetically secreted proteins since they are involved in the triatomine-host interface. This class accounted for 32% of the identified proteins. When comparing results from the five species, it was seen that actin, thioredoxin peroxidase, triabin, uncharacterized (T1HZ69), hemocyanin/hexamerin, heat shock protein and histone and were identified in various BN-PAGE bands. While the former four are ubiquitous, the last three were not found in T. dimidiata, T. infestans, or R. prolixus, respectively. Apart from triabin, none of the other six proteins were previously highlighted in triatomine saliva before. It is likely that reports have focused on secreted salivary molecules with putative functions already described in literature. Multifunctional molecules, those that await identification of their salivary function or interact with ligands not yet characterized, remain unnoticed.

Proteins commonly described in Triatominae saliva were also revealed. Rhodnius sialocomplexes exhibited interacting nitrophorins, which are nitric oxide (NO)-binding heme proteins with vasodilatory function (Champagne et al., 1995). T. infestans saliva is distinguished by the presence of apyrases, pallidipin, and trialysin; T. dimidiata by antigen-5/CAP; and D. maxima by antigen-5/CAP, and procalin (Table 2). These molecules account for a diversity of molecular mechanisms of triatomine saliva to overcome host's hemostasis. Pallidipin and antigen-5/CAP members are inhibitors of platelet aggregation mediated by collagen (Noeske-Jungblut et al., 1994; Assumpção et al., 2013). Triabin is a thrombin inhibitor (Noeske-Jungblut et al., 1995), while trialysin is pore-forming lytic protein (Amino et al., 2002), and procalin is a salivary allergen (Paddock et al., 2001). Nitrophorin, pallidipin, procalin, triabin, among other proteins identified here, belong to the lipocalin/calicin superfamily of proteins, which is comprised of low molecular weight proteins with mainly extracellular functions. These proteins share a common structure and are able to bind to small hydrophobic molecules, soluble macromolecules, macromolecular complexes, through non-covalent and covalent bonds; and to specific cell surface receptors (Hernández-Vargas et al., 2016).

Previous triatomine sialome analyses revealed this superfamily is the most abundant and functionally diverse from saliva (reviewed in Santiago et al., 2020).



Salivary Apyrases of Triatominae Are Assembled in Complexes

Apyrase in-gel activity was detected in all samples. In T. infestans saliva, an activity band under 158 kDa and a smear above 200 kDa, which is the result of aggregates of active small units, were detected. Moreover, apyrase members were identified by proteomics in Ti 3 sialocomplex, corroborating the in-gel activity is due to true apyrase salivary proteins. This result is in accordance with the 200 kDa apyrase homo-oligomers from the saliva of T. infestans reported before (Faudry et al., 2006). A similar pattern of smeared apyrase activity was observed between T. infestans and D. maxima, and between R. prolixus and R. neglectus. The various aggregates may reflect several post-translational modifications of the salivary apyrase units, and even other protein units, they contain. Concerning T. dimidiata, a single active form (above 158 kDa) was observed. Therefore, different molecular weights were shown to these ADPase activities depending on the triatomine species, indicating heterogeneity of enzyme isoforms and oligomerization.

Although the apyrase in-gel activity was detected in all the samples tested in this study, the specific T. infestans apyrase sequences present in the database were not identified by mass spectrometry in T. dimidiata, D. maxima, R. prolixus, and R. neglectus saliva bands. This result appears to reflect the presence of a small amount of apyrase proteins in saliva. In addition, considering the knowledge about the function and composition of the saliva from triatomines, this hydrolase activity acting on ADP typically occurs due to true apyrase (ATP diphosphohydrolase, EC 3.6.1.5) enzymes (Sarkis et al., 1986; Ribeiro, 1995), corroborating this enzyme is well-conserved among triatomines. Because apyrase efficiently affects platelet aggregation, this enzyme has potential as pharmacological candidate for the treatment of thrombotic pathologies, reflecting its importance for research purposes.



Multifunctional Proteins in the Triatominae Sialocomplexomes

Actin is one of the most conserved gene families in Eukarya. Isoforms are expressed in different tissues and are involved in a variety of biological processes, mostly intracellular such as muscle contraction, cell motility, cell division, vesicle and movement (Pollard, 2016). Actin monomers spontaneously polymerize with themselves under physiological conditions (Pollard, 2016), and here may form some homo-oligomeric complexes. Furthermore, in the presence of divalent cations, actin monomers tightly bind adenosine triphosphate (ATP) or diphosphate (ADP) (Pollard, 2016), and thus, polymerized secreted actin may have a role in the counteraction of host's hemostasis by binding to these nucleotides. Despite the description of extracellular actins is not common in insects, it has been proposed that actin is externalized by insect immune competent cells upon immune challenge, mediating antibacterial defense (Sandiford et al., 2015). Actin 5C is a high affinity bacterial binding protein (Sandiford et al., 2015). Here, different actin 5C proteins were identified in salivary complexes by proteomic analyses. These proteins are constitutively expressed and as well as composing the cytoskeletal structure, non-standard functions for triatomine salivary actin can be proposed. In this context, actin 5C proteins may have a role in hematophagy, inhibiting platelet aggregation or in immunity, inhibiting the growth of bacteria. This is the first-time that secreted actin proteins are mentioned to play a role in triatomine saliva.

Arthropod hemocyanins (Hc) are large and multimeric members of a protein superfamily that also comprises the arthropod phenoloxidase (PO), crustacean pseudohemocyanins, and insect storage hexamerins (Burmester, 2001). Hc participates in microbicidal activity and provides a first line of defense mechanism against microorganisms, emerging as an evolutionary mode of immune surveillance (Coates and Nairn, 2014). Hc and PO show different structures but share almost identical active site architecture, and both contribute to sclerotization of the arthropod cuticle (Decker and Rimke, 1998; Decker et al., 2007). The presence of Hcs in the saliva of triatomines may be related to protection against pathogens acquired during the blood feeding as well as to the initial steps of digestion inside the midgut, once swallowed with the blood meal. Different members from Hc family were found in the sialocomplexomes of T. infestans, D. maxima, R. prolixus, and R. neglecus. These large extracellular proteins are found as multiples of 2–8 hexamers (Jaenicke and Decker, 2003). It is likely Hcs form large complexes in the triatomine saliva.

Histones are largely known to control chromatin architecture. It has been suggested that a combination of post-translational modification is able to alter histone functions (Ouvry-Patat and Schey, 2007), including histone antimicrobial activity reported in a wide range of organisms (Patat et al., 2004). Here, histone members were observed in T. infestans, T. dimidiata, D. maxima, and R. neglectus. It is feasible that they have a role in innate immunity of triatomines, for instance, by controlling the population growth of bacteria acquired with blood meal in the salivary glands and midgut.

Reactive oxygen species (ROS), including superoxide anions (O2−), hydroxyl radicals (OH−), and hydrogen peroxide (H2O2), are reactive molecules generated as by-products of aerobic metabolism. High levels of ROS can be toxic to cells; thus, detoxification is essential to the survival of species. In this context, thioredoxin peroxidase (TPx) is a ubiquitous antioxidant enzyme that scavenges peroxides, mainly H2O2, avoiding oxidative damage in inset cells (Arnér and Holmgren, 2000; Radyuk et al., 2001; Imam et al., 2017). Several TPx were reported in hemipterans (Zumaya-Estrada et al., 2018). In hematophagous arthropods, heme metabolism gives rise to iron that catalyzes the conversion of H2O2 to hydroxyl free-radical ions, which attack cellular membranes, proteins and DNA (Imam et al., 2017). Thus, TPx could perform a fundamental detoxifying role preventing excessive H2O2 generation and iron-driven oxygen toxicity. Nevertheless, it is worth pointing that anopheline salivary peroxidases destroy catecholamine and serotonin, thus inhibiting vasoconstrictors that could interfere with insect feeding (Ribeiro and Nussenzveig, 1993; Ribeiro and Valenzuela, 1999). It is possible that TPx may play a multifunctional physiological role.

A member of apolipophorin (ApoLp) family was revealed in Rp 2 sialocomplex. It is an insect hemolymph protein involved in lipid transport. Three ApoLp have been described, ApoLp-I, ApoLp-II, and ApoLp-III (Blacklock and Ryan, 1994), the latter is homologous to the mammalian Apolipoprotein E (Cole et al., 1987) and facilitates the transport of diacylglycerol from the fat body to muscles (Feingold et al., 1995). ApoLp-III was reported to mediate humoral and cellular immune responses (Kim et al., 2004; Whitten et al., 2004; Song et al., 2008; Zdybicka-Barabas and Cytryńska, 2011). It acts as a pathogen recognition receptor (PRR) as it is able to bind to lipoteichoic acid (LTA), present in cell wall of Gram-positive bacteria (Halwani and Dunphy, 1999; Halwani et al., 2001), lipopolysaccharide (LPS) of Gram-negative bacteria (Kato et al., 1994; Halwani and Dunphy, 1997), and beta 1, 3 glucan of fungal cell wall (Whitten et al., 2004). Moreover, ApoLp-III stimulates encapsulation of foreign substances that are too large to be phagocytized by hemocytes in the hemolymph (Zdybicka-Barabas and Cytryńska, 2013).

Heat-shock proteins (HSPs), also known as chaperones, are responsible to tightly control the de novo folding, unfolding, assembly/disassembly, translocation, activation/inactivation, disaggregation, and degradation of proteins and protein complexes. HSPs are highly conserved across species and may act through transient interactions, mediating changes in the composition of a protein complex (Makhnevych and Houry, 2012; Finka et al., 2016). HSP70 proteins bind promiscuously to a wide variety of newly synthesized or unfolded proteins, also preventing their aggregation and allowing correct folding (Finka et al., 2016). A HSP70 from R. prolixus was reported to be upregulated during the first hours after blood feeding, and knockdown insects showed impaired blood processing and digestion (Paim et al., 2016). In tick saliva, secreted HSP70 may assist the proper folding of proteins involved in the degradation of fibrinogen at the bite site, thus showing a role in fibrinogenolysis during blood feeding (Vora et al., 2017). Here, HSP70 containing oligomers were observed in sialocomplexomes of T. dimidiata, D. maxima, R. prolixus, and R. neglectus. It is apparent that the folding of triatomine salivary proteins is under the control of this protein, which assists the stability and functionality of proteins (Vora et al., 2017). Furthermore, it has been shown HSP70 assembles in dimers stabilized by post-translational modifications and is maintained in the client-loading complex (Morgner et al., 2015). Future studies on triatomine salivary HSP70 may indicate their specific contribution in the blood feeding context.

Vitellogenin is a yolk precursor lipoprotein secreted in the hemolymph that plays a critical role in oocyte development, as it is a source of nutrients during early stages of development (Smolenaars et al., 2007). As it is involved in lipid transport protein, distinct physiological roles are possible for this protein. Regarding blood-feeding it may enable the uptake and transport of dietary lipids. The vitellogenin lipoprotein was previously recognized in assembly stable homodimers (Smolenaars et al., 2007). Vitellogenin protein was identified in Ti 4 and Rn 2 sialocomplexes.

The identification of protein members that may act in the primary effector mechanisms of immunity in the triatomine sialocomplexomes was expected. Studies on how insect immune molecules interact with self-proteins are scarce. It is likely that a dynamic net of protein-protein interactions may improve the immune response, regulating the molecular events to recognize a variety of foreign targets more efficiently.

In this study, the proteomic analysis revealed a heterogeneous composition in Triatominae sialocomplexomes. From the 72 identifications obtained, 53 were unique, most belonging to the Housekeeping or Enzyme classes. Comparing R. prolixus and R. neglectus sialocomplexomes, although the identification in the different complexes was not exactly the same, the set of proteins from Secreted class was very similar between them. Concerning the five species, the reduced overlap in proteins composition could be due to changes in gene expression, especially those influenced by adaptive traits. A comparative proteomic analysis of the saliva from R. prolixus, Triatoma lecticularia, and Panstrongylus herreri showed high interspecific functional biodiversity with only one protein shared among them (Montandon et al., 2016). Moreover, the variation in the salivary protein expression may occur even among individuals within the same species of hematophagous arthropod (Perner et al., 2018). The composition of saliva also changes with time. For instance, in T. infestans, recovery of apyrases to maximal activity level takes days after blood feeding, thus suggesting de novo protein synthesis (Faudry et al., 2004b). In addition, even though prior transcriptomic and proteomic analyses of the salivary glands from triatomines have been revealing a conserved set of mRNA that are ubiquitously expressed, they have also found variation in the expression and composition of saliva from triatomines (Santiago et al., 2020). Many of the Secreted proteins have redundant biological roles, and low expression or absence of a protein may not result in impairment of feeding.

The overlap in the protein composition was remarkable among Hypothetically secreted proteins class, indicating that those may be real components of the sialocomplexes. Actin, thioredoxin peroxidase, triabin and uncharacterized (T1HZ69) are shared among the five species, although their positions on complexes showed different range of sizes and low correlated co-migration. It is possible the large salivary complexes occur due to stable homo-oligomeric formations among these proteins, since most are well known to make part of macromolecular complexes in biological systems. It may be worth considering the possibility that smaller secreted proteins such as triabin, antigen-5, nitrophorin, procalin and lipocalin bind with these large macromolecular complexes in a transiently manner, forming multifunctional modules in response to determined stimulus.

All together these results challenge data interpretation but provide significant prediction about native and molecular organization of Triatominae sialocomplexes, suggesting that proteins may undergo several posttranslational modifications to better support stability and functionality not only by one general mechanism, but different routes for oligomerization may occur. Thus, the members of the potential complexes are arranged to form homo- and/or hetero-oligomeric, stable and/or transient assemblies. This dynamic may occur according to the physiological demands of triatomines to give rise to a cooperative functional mechanism, improving the counteraction of host's responses. Finally, the knowledge about the conserved salivary components among triatomine species is fundamental, once may lead to the identification of salivary molecules that might enhance pathogen transmission (Mesquita et al., 2008); and of potential candidates for anti-triatomine vaccines or immunobiologics, concerning their antigenicity and anti-hemostatic and immunomodulatory properties.




CONCLUSION

Protein interaction data is sparse in hematophagous arthropods saliva. This is the first report to give an insight into the potential protein complexes present in the saliva of T. infestans, T. dimidiata, D. maxima, R. prolixus, and R. neglectus kissing bugs by coupling BN-PAGE to LC-MS/MS. Triatominae salivary proteins may form transient homo- and/or hetero-oligomeric complexes arranged in multifunctional modules to efficiently counteract host's hemostasis, act against pathogens acquired during blood feeding, and in the digestion process once swallowed with the host blood. Oligomeric apyrases were identified only in T. infestans through proteomic analysis, despite apyrase in-gel activity was observed across all five species. In addition, unexpected secreted proteins were identified composing the Triatominae sialocomplexomes, ascribing putative novel functions to the poorly characterized protein complexes. For instance, inhibition of platelet aggregation and bacterial growth by actin 5C, and degradation of fibrinogen by HSP70. These proteins, which have primarily functions not related to hematophagy in other tissues, may impact the feeding behavior of triatomines. In the future, more efforts will be needed to elucidate protein-specific interactions and their mechanisms of action. Some questions that remain unanswered are: What triggers these transient interactions? What is the relevance of these complexes in blood feeding behavior, vector-host interaction, and vector immunity?
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Species have definitive genomes. Even so, the transcriptional and translational products of the genome are dynamic and subject to change over time. This is especially true for the proteins secreted by ticks at the tick-host feeding interface that represent a complex system known as the sialoverse. The sialoverse represent all of the proteins derived from tick salivary glands for all tick species that may be involved in tick-host interaction and the modulation of the host's defense mechanisms. The current study contemplates the advances made over time to understand and describe the complexity present in the sialoverse. Technological advances at given periods in time allowed detection of functions, genes, and proteins enabling a deeper insight into the complexity of the sialoverse and a concomitant expansion in complexity with as yet, no end in sight. The importance of systematic classification of the sialoverse is highlighted with the realization that our coverage of transcriptome and proteome space remains incomplete, but that complete descriptions may be possible in the future. Even so, analysis and integration of the sialoverse into a comprehensive understanding of tick-host interactions may require further technological advances given the high level of expected complexity that remains to be uncovered.

Keywords: tick, sialome, sialoverse, proteome, transcriptome, salivary gland


INTRODUCTION

Organisms are finite creatures in space and time with genomes that are definitive for a given species. As such, within the population of organisms that comprise a specific species, their genomes will be similar in identity and synteny over ~95–99% of the total genome. This last 3–5% of intra-species diversity comprise alleles, epigenetic differences, single nucleotide polymorphisms and lost or rearranged genes that forms the basis for phenotypic or strain differences. The contribution of the microbiome that forms with the tick genome the hologenome, adds considerable diversity at individual and population level (Díaz-Sánchez et al., 2019). Horizontal transfer may occur from the microbiome to the core genome, but in this case these transferred genes would then become part of the core genome. However, the hologenome is not considered in the current study, since these are exogenous variable factors that may not be part of the core genetic component of a species. The core genetic component comprises not only the genome, but its translational aspects such as the transcriptome and proteome, which are more dynamic in nature, since the final products such as mRNA, proteins and other metabolites show tissue-specific and temporal expression patterns, different half-life's and concentration levels. The impact of concentration levels of proteins and metabolites at the tick feeding site has recently been explored and shown to be critical for effective functioning (Mans, 2019). An extensive summary of functions for tick proteins involved at the tick-host interface was also presented previously (Mans, 2016, 2019; Mans et al., 2016). The acquisition of new functions by gene duplication has also been explored and shown to play an important part in the expansion of gene families in ticks (Mans et al., 2017). The current review considers the progress on quantitative description of molecules at the feeding site and addresses the question on how our understanding of the number of proteins and functions at the feeding site has changed over time due to technological advances and experimental design (Figure 1).
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FIGURE 1. Time line to indicate the major technological advances that improved our estimation of complexity of salivary gland proteins.




COMPLEXITY MEASURED BY MORPHOLOGY AND HISTOCHEMISTRY

The recognition that salivary glands have a complex morphology composed of non-secretory and secretory acini (Robinson and Davidson, 1913), as well as multiple cell types within secretory acini, have been well-recognized once cell staining and tissue sectioning could be applied to tick salivary glands (Till, 1959; Chinery, 1965; Balashov, 1972). While soft ticks have a single granular acini, female hard ticks have two types (II and III), while male hard ticks also have a fourth type (IV) (Till, 1959; Roshdy, 1972). Granular acini from both soft and hard ticks all have multiple cell types, with both histochemical staining and immunolocalization indicating that different cells show differential expression of proteins (Roshdy, 1972; Coons and Roshdy, 1973; Mans et al., 2004). Morphological observation was therefore the first indication that salivary glands have higher complexity than may be expected from a simple secretory organ that may be likened to a bag of proteins.



COMPLEXITY MEASURED BY FUNCTIONAL ACTIVITY

In the absence of fractionation, estimates of complexity may be obtained by measuring unique functions in salivary glands, salivary gland secretions (SGS) or salivary gland extracts (SGE) using empirical methods. As such, it was indicated that tick salivary glands possess numerous functionalities suggesting a complex organ with many functions active at the tick feeding site (Neitz and Vermeulen, 1987). These included enzymatic functions, enzyme inhibitory functions, anticoagulants, cement, toxins and immunogens. Many proteins responsible for these functions were later isolated and identified from numerous tick species, with ~120 experimentally verified tick protein functions to date (reviewed in Mans, 2019). The difficulty in complexity estimation using functional characterization is the sheer immensity of potential known and unknown functions and the amount of effort necessary to characterize these functions (Ribeiro and Arcà, 2009; Mans, 2016).



COMPLEXITY MEASURED BY COUNTING PEAKS

Kaire (1966) performed the first chromatographic separation of tick proteins from whole tick extracts to purify the neurotoxin from the Australian paralysis tick, Ixodes holocyclus (Neumann, 1899). However, the first fractionation of tick salivary proteins arguably occurred in the 1960 and 1970s when Neitz purified the first toxins from SGS from the soft tick Ornithodoros savignyi (Audouin, 1826) (sand tampan), now Ornithodoros kalahariensis (Neitz et al., 1969; Howell et al., 1975; Bakkes et al., 2018). The fractionation used combinations of size exclusion, ion exchange and iso-electric focusing methods available at the time. Estimation of the number of proteins that was present in the SGS is dependent on counting protein peaks with corresponding assumptions regarding the complexity of protein numbers within such peaks. Looking at the work of Neitz et al. (1969) in retrospect and doing back of the envelope estimations suggest a low complexity mixture of <100 proteins. For this specific tick species, even with modern HPLC methods, 1-dimensional sodium dodecyl sulfate poly-acrylamide electrophoresis (1D-SDS-PAGE), or 2-dimensional SDS-PAGE (2D-SDS-PAGE), and using SGE rather than SGS (SGE contain both secretory and non-secretory proteins, while SGS should be more abundant in secretory proteins), the complexity estimates did not change much (Gaspar et al., 1995, 1996; Mans et al., 2001, 2002a; Mans and Neitz, 2004a). For other soft tick species the generalization that <200 proteins may be observed in SGE using HPLC, 1D-SDS-PAGE or 2D-SDS-PAGE also holds (Oleaga et al., 2007; Francischetti et al., 2008a,b; Mans et al., 2008).

For the hard tick Amblyomma hebraeum (Koch, 1844) (South African Bont tick), chromatography and microzone electrophoresis suggested a low complexity mixture (Neitz and Vermeulen, 1987). However, it should be noted that the latter study again used SGS from a single feeding stage (partially fed). Whether SGS obtained from chemical induction represents salivary gland complexity has been addressed previously (Mans, 2019), and reservations exist whether such a secretion can be used as accurate measurement of salivary gland protein complexity, since different stimulants results in different proteins secreted (Oliveira et al., 2013).



COMPLEXITY MEASUREMENT BY CHROMATOGRAPHIC FRACTIONATION, EDMAN AND GENE SEQUENCING

Chromatographic fractionation of whole body, SGS or SGE enabled purification of proteins for functional characterization, while development of automated Edman degradation allowed for the first N-terminal amino acid sequences generated for tick salivary gland proteins (Neitz et al., 1983). This approach allowed for the full-length Edman sequencing of a variety of small anticoagulants and platelet aggregation inhibitors (Waxman et al., 1990; Karczewski et al., 1994; Wang et al., 1996). Generation of N-terminal or internal Edman sequences also allowed for the design of degenerate primers or probes that enabled cloning of gene sequences (Keller et al., 1993; Waxman and Connolly, 1993; Gaspar et al., 1996; Joubert et al., 1998; Nienaber et al., 1999; Paesen et al., 1999; Bergman et al., 2000; Valenzuela et al., 2000; Mans et al., 2001, 2002b,c, 2003; Narasimhan et al., 2002; Mulenga et al., 2003). This approach led to generation of ~30 tick salivary gland sequences by 2003. Our insights into salivary gland complexity were heavily skewed at this point in time by the limited number of functions known (Mans and Neitz, 2004b). Even so, we still remain with very few empirically confirmed functions to date (Mans, 2019), although function assignment by homology allowed thousands of potential functions to be assigned to tick proteins (Mans et al., 2016; Pienaar et al., 2018; Ribeiro and Mans, 2020).



COMPLEXITY MEASURED BY COUNTING BANDS

The development of high resolution 1D-SDS-PAGE by Laemmli (1970) ushered in a new era of estimating complexity, allowing in theory to differentiate proteins with molecular mass differences of <1,000 Da. Linked with high resolution gel photography, this led to the first glimpses of salivary complexity in the Lone Star tick Amblyomma americanum (Linnaeus, 1758) (McSwain et al., 1982). This study was significant, since it analyzed changes in protein patterns over the course of feeding and showed that differential expression does indeed occur. Counting of the bands indicated at least 100 proteins with different molecular masses. Other studies soon followed with similar estimates in complexity for A. hebraeum, the brown ear tick Rhipicephalus appendiculatus (Neumann, 1901) and the red-legged tick Rhipicephalus evertsi evertsi (Neumann, 1897; Neitz and Gothe, 1986; Viljoen et al., 1986; Wang and Nuttall, 1994; Wang et al., 1999, 2001). At this point in time 1D-SDS-PAGE promised a glimpse at salivary gland protein complexity. However, our ability to identify these proteins with proteomics was not yet at a technological advanced level that would enable this (Rabilloud, 2020). The limitation of 1D-SDS-PAGE to reveal complexity was also limited by the resolution afforded and the fact that members of the same protein family would have very similar molecular weights, even if they have different iso-electric points resulting in underestimation of complexity. As such, 100 bands may very well indicate a 100 protein families rather than a 100 proteins.



COMPLEXITY MEASURED BY COUNTING SPOTS AND IDENTIFICATION BY PROTEOMIC ANALYSIS

The advent of 2D-SDS-PAGE that included iso-electric focusing in the first dimension followed by 1D-SDS-PAGE in the second dimension (O'Farrell, 1975), again revolutionized the concept of fractionation of complex mixtures. This produced protein expression maps that correlated with protein iso-electric point and molecular weight represented by spots on a gel. In ticks, the first 2D-SDS-PAGE images were published in 2001 for the deer tick Ixodes scapularis (Say, 1821) and O. kalahariensis (Das et al., 2001; Mans et al., 2001). Analysis of female tick salivary gland extract from O. kalahariensis indicated ~100 proteins on a 2D-electropherogram. The major proteins present in this electropherogram could be confirmed to be soft tick proteins based on protein purification, peptide mass fingerprinting and tick sequences obtained via painstaking single gene sequencing (Mans et al., 2001; Mans and Neitz, 2004a). The 2D-electropherogram for I. scapularis revealed almost 500 spots in SGE (Das et al., 2001), and this complexity was again confirmed (Narasimhan et al., 2007). This latter study also indicated that the proteome changes over the time of feeding using Differential 2D Fluorescence Gel Electrophoresis (DIGE).

The first 2D-SDS-PAGE followed by proteomic analysis was performed for the SGS of A. americanum and the Gulf Coast tick, Amblyomma maculatum (Koch, 1844) (Madden et al., 2002). This revealed ~100–200 protein spots on the 2D-electropherogram. Surprisingly, the majority of spots reacted with anti-sheep serum suggesting that they were host derived. Of 16 prominent spots picked for peptide mass fingerprinting, one spot was identified as a tick protein and five spots as host proteins. It should be considered that at this point only 20 protein sequences were available for A. americanum and only 287 tick proteins were present in Genbank, which may explain the low number of tick proteins identified. This highlighted the impact that the lack of sequence coverage may have on proteomic detection. Other factors that limited the use of 2D-SDS-PAGE as method for saliva analysis is the high salt concentration found in tick saliva that necessitate extra desalting steps (Madden et al., 2002).



COMPLEXITY MEASURED BY CDNA LIBRARY SEQUENCING AND PROTEOMICS

The advent of complementary DNA (cDNA) library synthesis (Chenchik et al., 1996; Lukyanov et al., 1997) and propagation as unique clones using phage packaging (Kretz et al., 1989), allowed direct sequencing of mRNA derived genes that gave new insight into salivary gland and transcriptome complexity (Table 1). The first cDNA libraries constructed were expression libraries used to identify antigenic proteins recognized by host antiserum and subsequent sequencing of immunogenic clones (Das et al., 2000, 2001; Bishop et al., 2002). This yielded 14 immunogenic sequences for I. scapularis (Das et al., 2001). Larger scale, studies identified 895 immuno-proteins using similar approached in A. americanum (Radulović et al., 2014). Alternative approaches included the use of probes to screen a cDNA library for homologous genes (Sangamnatdej et al., 2002).


Table 1. Statistics for conventional cDNA library sequencing.
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The first tick salivary gland cDNA libraries synthesized and systematically sequenced using Sanger sequencing yielded 36 sequences for the castor bean tick Ixodes ricinus (Linnaeus, 1758) and 87 sequences for I. scapularis, respectively (Leboulle et al., 2002; Valenzuela et al., 2002a). The latter study also identified 19 tick proteins and 2 host proteins using Western blot analysis followed by Edman sequencing and used these sequences to identify corresponding cDNA sequences (Valenzuela et al., 2002a). This already highlighted the importance of having species specific transcriptome sequences available. It also indicated the utility of cDNA library sequencing, when the same cDNA data was used to predict function by homology and subsequent functional characterization of recombinant proteins, leading to the discovery of the anti-coagulant Ixolaris (Francischetti et al., 2002) and a fibrinogenase metalloprotease (Francischetti et al., 2003). The study by Valenzuela et al. (2002a) was further significant in that it represented the first systematic high-throughput randomized sequencing of tick salivary gland cDNA clones (735 clones sequenced that clustered in 410 clusters and yielded 87 unique full-length sequences), that also attempted a systematic classification of salivary transcripts into groups or protein families (7 groups plus various singletons). Secretory proteins accounted for 102 clusters and 310 of the clones sequenced. It also introduced for the first time the term sialome (from the Greek σíελoç = saliva) to describe the set of mRNA and proteins expressed in the salivary glands of ticks. A novel algorithm of deconvoluting Edman sequences obtained from crude SGE fractionated on 1D-SDS-PAGE was also presented, that allowed mixed Edman sequences to be matched to the transcriptome (Valenzuela et al., 2002b). This technique was subsequently successfully used in various transcriptome studies to identify abundant proteins (Francischetti et al., 2008a,b, 2011; Mans et al., 2008; Ribeiro et al., 2011).

Shortly after this groundbreaking study, more studies started to report on systematic conventional cDNA library transcriptome Sanger sequencing. For the Tropical Bont tick, Amblyomma variegatum (Fabricius, 1794), the salivary gland transcriptome was presented as the AvGI (A. variegatum gene index) and sequenced 3,992 clones of which 2,109 was non-redundant and 822 showed similarity to sequences in the database (Nene et al., 2002). No proteomics was performed, and no systematic classification presented, although a high-level gene ontology was assigned. A number of years later the same dataset was re-analyzed with the aim at classifying the genes and resulted in 3,985 EST sequences clustering into 2,077 contigs, of which 605 was submitted to Genbank (Ribeiro et al., 2011). The secretory proteins (379) were classified into 21 groups or families and a 1D-SDS-PAGE fractionation of SGE, from which 24 bands were analyzed by proteomics resulted in the identification of 170 proteins that represented 28% of the EST database submitted to Genbank.

For R. appendiculatus, 9,162 clones from an uninfected cDNA library and 9,844 clones from a Theileria parva infected cDNA library were sequenced (Nene et al., 2004). This resulted in 7,359 non-redundant sequences. Secretory genes were not classified in any systematic manner although gene ontology was presented. No proteomics was performed. This was followed by the Rhipicephalus microplus (Canestrini, 1888) gene index (BmGI) (Asian Blue tick) that was a whole body transcriptome where 11,590 clones were sequenced from a normalized cDNA library resulting in 8,270 unique sequences (Guerrero et al., 2005). A proteomic analysis of larval extract fractionated using 2D-SDS-PAGE, from which 20 spots were selected resulted in 18 proteins being identified (Untalan et al., 2005). This indicated the utility of a representative species specific transcriptome databases.

The salivary gland transcriptome of the Western-Blacklegged tick, Ixodes pacificus (Cooley and Kohls, 1943) was constructed via sequencing of only 1,068 clones that clustered into 557 contigs (Francischetti et al., 2005). Even though few clones were sequenced, classification of secretory proteins still resulted in 15 groups and 83 secretory proteins, creating the notion that the most abundant proteins and therefore those most important for feeding would still be represented in small scale transcriptome sequencing projects. However, a project that sequenced 8,150 clones from I. scapularis from nymphs and adults from various feeding stages resulted in 3,020 contigs and 863 unique secretory proteins (Ribeiro et al., 2006). This study was the first indication that secretory proteins may be present at levels of more than 500 proteins and possibly extending into thousands, suggesting that tick salivary gland diversity may be much more extensive than previously expected. The transcriptome for I. ricinus was also described from four different cDNA libraries (unfed, 24 h after attachment, 4 days—partially fed and 7 days—fully engorged) (Chmelar et al., 2008). A total of 1,881 clones were sequenced that clustered into 1,274 clusters of which 511 was submitted to the nucleotide database. Of these 129 was classified as secretory.

Alarcon-Chaidez et al. (2007) described the salivary gland transcriptome of the Rocky Mountain Wood tick, Dermacentor andersoni (Stiles, 1908). The study sequenced 1,440 clones that clustered into 762 unique sequences. Of these ~75% found homologs in the existing databases. The salivary gland transcriptome for A. americanum was described by Aljamali et al. (2009). A total of 6,160 clones were sequenced from both non-normalized and normalized libraries and clustered in 4,577 contigs. Of these 141 were submitted as proteins to Genbank. Reanalysis of the nucleotide sequences identified 193 secretory proteins in the dataset (Mans et al., 2016). A follow up study sequenced 15,390 clones that yielded 12,319 unique sequences (Gibson et al., 2013). The study observed that 71% of all sequences generated could not be annotated by function assignment by homology. Possible reasons presented were divergence in the tick lineage, the presence of lineage specific genes and limited genomic resources for ticks that would allow homology assignment. The study did not attempt to assign these genes to secretory families and the high level of non-homologous orphan sequences that did not find any hits to other tick sequences remain surprising.

Anatriello et al. (2010) described the salivary gland transcriptome of the brown dog tick, Rhipicephalus sanguineus (Latreille, 1806) and sequenced 2,034 clones that yielded 1,024 non-redundant sequences. Secretory proteins comprised 219 sequences and were classified into 12 protein family classes. A proteomic study was performed of saliva collected by either dopamine or pilocarpine stimulation (Oliveira et al., 2013). Saliva was fractionated on 1D-SDS-PAGE, bands were excised, followed by tryptic digestion and nanoflow reversed-phase liquid chromatography tandem mass spectrometry (nanoRPLC-MS/MS). The transcriptome database previously generated was used for analysis. The protein profiles obtained with dopamine or pilocarpine stimulation differed significantly with pilocarpine stimulation obtaining more bands. For dopamine stimulation only two lipocalins could be identified. For pilocarpine stimulation, 56 rabbit proteins were identified and only 19 tick proteins. Some of the rabbit proteins may have close homologs in ticks, although 16 rabbit proteins were detected that would be mammal specific. Of interest, is that the lipocalins secreted with dopamine were not found in the pilocarpine secretion, which raised again the question regarding representation of secretory proteins obtained with chemical stimulants.

The final ixodid sialome to be analyzed and described in a systematic manner using conventional cDNA sequencing was for the coarse bont-legged tick, Hyalomma rufipes (Koch, 1844) (Francischetti et al., 2011). A total of 2,084 clones were sequenced, clustered into 1,167 contigs of which 255 were classified as secretory and 98 proteins were submitted to Genbank. From 20 1D-SDS-PAGE bands analyzed by MS/MS, 72 tick proteins were identified as well as 22 host proteins. The identified proteins comprised 73.4% of the proteins submitted to Genbank.

By 2006 ~12 soft tick salivary gland proteins have been functionally characterized and single genes cloned and sequenced. No salivary gland transcriptomes was systematically described up to this point for soft ticks. A proteomic analysis of SGE from Ornithodoros erraticus (Lucas, 1849) and Ornithodoros moubata (Murray, 1877), the African hut tampan, based on the proteins then present in the databanks underscored the importance of having species specific transcriptome databases necessary for proteomic analysis (Oleaga et al., 2007). For O. moubata, 48 non-redundant proteins were present in the databank and for 40 2D-SDS-PAGE spots analyzed only two proteins (TSGP1 and moubatin) could be identified. For O. erracticus, no proteins were available in the databanks and from 54 spots analyzed only 7 proteins were identified. In a follow-up study proteomic analysis of saliva from O. moubata was performed using in situ tryptic digest followed by liquid chromatography-MS/MS (LC-MS/MS) (Díaz-Martín et al., 2013). At this point in time 75 sequences were available in the databanks for O. moubata and proteomic analysis identified 193 proteins. Of these, 99.9% of the protein abundance was accounted for by the major lipocalins: TSGP1, TSGP4, and moubatin, while the remaining 0.1% abundance was accounted for by housekeeping proteins similar to sequences from ticks and insects in the database. The presence of housekeeping proteins may be explained by apocrine secretion or perhaps even salivary gland cell degradation given the low abundance found (Mans et al., 2016). As indicated before, the functional provenance of these low abundance proteins at the tick feeding site needs to be confirmed (Mans, 2019).

In 2008, three argasid salivary transcriptomes were reported for the Mono Lake bird tick Argas monolakensis (Schwan et al., 1992), the pajaroello tick Ornithodoros coriaceus (Koch, 1844) and the relapsing fever tick Ornithodoros parkeri (Cooley, 1936) (Francischetti et al., 2008a,b; Mans et al., 2008). For A. monolakensis, 3,087 clones were sequenced and clustered to give 1,472 contigs of which 127 was classified as secretory and 193 proteins were submitted to Genbank (Mans et al., 2008). Analyses of 78 2D-SDS-PAGE spots identified 18 spots and 14 proteins, 14 bands analyzed by Edman sequencing identified 13 proteins, and 116 peaks obtained from HPLC fractionation identified 52 peaks and 27 proteins, resulting in a final number of 35 proteins identified. This comprised 18% of the contigs coding for housekeeping and secretory proteins and 40% of the protein samples analyzed. For O. coriaceus, 1,089 clones were sequenced, resulting in 726 contigs, 127 classified as secretory and 105 proteins submitted to Genbank. Edman sequencing of 1D-SDS-PAGE fractions identified 3 proteins, analysis of 60 2D-SDS-PAGE spots identified 7 proteins and proteomic MS/MS analysis of 61 bands from 1D-SDS-PAGE analysis identified 37 proteins, resulting in a final number of 39 proteins (Francischetti et al., 2008b). This comprised 37% of the contigs submitted to Genbank. For O. parkeri, 1,529 clones were sequenced, resulting in 649 contigs and 158 proteins submitted to Genbank (Francischetti et al., 2008a). Edman sequencing of 1D-SDS-PAGE bands identified 12 proteins, analysis of 60 2D-SDS-PAGE spots identified 11 proteins and proteomic MS/MS analysis of 51 bands from 1D-SDS-PAGE analysis identified 30 proteins, resulting in a final number of 36 proteins (Francischetti et al., 2008a). This comprised 22.7% of the contigs and 42% of the proteomic fractions analyzed. All of the proteins were secretory and the majority belonged to the 5′-nucleotidase (apyrase), basic pancreatic trypsin inhibitor (BPTI), basic tails secretory (BTSP), cystatin, and lipocalin families.

The results obtained for the argasid sialomes indicated that conventional cDNA libraries sequenced at low levels may not represent all proteins present, but that the proteome also do not represent all transcripts found in the sialome. It also indicated that different methodologies may identify different protein sets and are therefore complementary. Even so, it also made the case that specific transcriptomes contribute toward a higher rate of protein identification. It also indicated that for all of these sialomes the major abundant proteins identified were classified as secretory, notably belonging to the BPTI, BTSP and lipocalin families. It also suggested that soft tick sialomes may represent lower complexity than ixodids. Reasons for this may be traced to the short feeding events of soft ticks, where feeding occurs within a few minutes to hours rather than days (Mans and Neitz, 2004b). This result in secretion of a bolus of salivary material and not the differential expression patterns observed for ixodid ticks (McSwain et al., 1982; Wang and Nuttall, 1994).

The salivary transcriptome for female Antricola delacruzi (Estrada-Peña et al., 2004) was also described using conventional cDNA library sequencing (Ribeiro et al., 2012). A total of 1,147 clones were sequenced, resulting in 923 contigs, 115 annotated as secretory proteins with 38 proteins submitted to Genbank. The transcriptome differed completely from those of other soft tick species where the major soft tick protein families are BPTI, BTSP and lipocalin families. Instead, ferritin, mucins with chitin-binding domains and TIL-domain-containing proteins were abundant. A reason for this may lie in the fact that Antricola adults do not feed on blood. The larvae and possibly nymphs do feed on blood (Estrada-Peña et al., 2008), and it may be expected that these life stages may present the more canonical protein families found in blood-feeding argasids.

Conventional Sanger sequencing of cDNA libraries to generate insights into salivary gland transcriptome composition contributed tremendously to our knowledge of salivary gland complexity, even if in the final analysis it became clear that this approach was not exhaustively descriptive or quantitative. This period saw the classification of secretory salivary gland proteins into well-described families (Francischetti et al., 2009), the detection and description of abundant secretory proteins and the observation that protein families are conserved among tick families. It showed that ticks possess their own lineage specific protein repertoires, that gene duplication plays a significant role in creating lineage specific expansions and that the salivary gland protein repertoire may be much more complex than we expected originally (Mans et al., 2008). The data contributed to our ability to detect and identify salivary proteins by proteomic analysis and showed that species-specific sequence databases are crucial for proteomic identification. Where transcriptome data was available, a significant number of genes in the transcriptome could be confirmed by proteomics. This was a golden age in salivary gland discovery and we may have happily continued with this low-level description if the next revolution in sequence technology did not occurred, namely next-generation sequencing.



COMPLEXITY MEASURED BY NEXT-GENERATION SEQUENCING OF TRANSCRIPTOMES AND PROTEOMICS

The ability to generate automated high-throughput sequence data that was independent of cDNA library construction was made possible by the development of a wide variety of next-generation sequencing technologies that included Roche 454, Ion Torrent, Illumina HiSeq, and MiSeq technologies (Levy and Myers, 2016). These technologies purified mRNA directly, fragmented and directly sequenced all fragments at the same time resulting in large datasets with millions of reads. The reads are then assembled into contigs using a variety of next-generation algorithms (Martin and Wang, 2011). It enables the complete de novo assembly of a whole transcriptomes in the absence of any genome data. It also has the advantage that sequence depth may be converted into sequence coverage, giving an indication of transcript abundance and differential expression.

The first tick salivary gland transcriptome sequenced using these technologies was for A. maculatum using the Roche 454 GS FLX titanium pyrosequencing (Karim et al., 2011). The run generated 1,626,969 reads with an average length of 344 bp. An initial 190,646 contigs were assembled, but were reduced to 72,441 using a size cut-off above 149 bp. A final number of 15,814 were analyzed of which 4,849 were submitted to Genbank. An astounding 3,475 secretory proteins were identified with 304 members of the lipocalin family, the latter comprising almost the number of secretory proteins previously found in conventional cDNA libraries. These numbers were orders of magnitude higher than any transcriptome previously produced and hinted a depth of complexity not previously imagined.

The next transcriptome to be described was for I. ricinus using a combination of Roche 454 and Illumina technology (Schwarz et al., 2013). For Roche 454, 441,381 reads were generated and for Illumina an astounding 67,703,183 reads for the time. Assembly of the combined reads resulted in a total of 272,220 contigs reduced to 82,907 after a size and coverage cutoff. Of these 34,560 were annotated and 8,586 submitted to Genbank. Of the 82,907 contigs, 13% where classified as secretory and of the Genbank sequences, 3,882 was classified as secretory proteins and an astounding 564 as lipocalins. A follow up study expanded the read coverage by 315 million additional reads that were combined with the previous studies reads to generate a new assembly from which 25,808 contigs were extracted (Schwarz et al., 2014). The study also included midgut transcriptomes and focused on the first 24 h of feeding. These contigs were used for proteomic analysis of SGE and identified 1,510 proteins from nymphs and adults at 12, 24, and 36 h post-attachment. This is an impressive improvement in proteome coverage compared to number of proteins identified using conventional cDNA libraries. However, the direct digestion of SGE without fractionation may have influenced the total number of proteins detected since crude SGE presents a very high complexity mixture. The transcriptome and proteome data did not correlate with regards to abundance or relative changes, even though biological and technical replicates showed good correlation. Interestingly, the proteomes for the salivary gland and midgut did not differ significantly and ~60% of all proteins did not show any variation in abundance over all time periods sampled. This may reflect that proteomics detect many housekeeping proteins in addition to secreted proteins. Transcriptome levels varied more suggesting transcriptional changes not reflected in the proteome. A sister study classified the same 25,808 contigs according to function and protein family composition as well as for differential expression (Kotsyfakis et al., 2015). This study indicated significant differences in transcript expression profiles between salivary gland and midgut samples. Transcript expression profiles also change over feeding time for different protein families suggesting that “gene switching” occur. It has been suggested that this is a possible way to evade the immune system of the host. In addition, the study indicated higher levels of non-synonymous substitution in secretory proteins suggesting that this indicate higher rates of positive selection.

In a follow up study for I. ricinus, transcriptomes from single tick salivary glands were generated (Perner et al., 2018). Salivary glands were sampled from ticks fed on rabbits or artificial membranes at 24, 48, and 72 h. Approximately 435 million Illumina paired reads were generated from 18 libraries and assembled with Illumina reads previously generated in other studies and 40,490 coding contigs were extracted and a final 20,773 contigs with RPKM > 10 were annotated. The study identified 1,907 novel protein sequences of which 406 were identified as secretory. The study indicated that individual ticks show differential expression between ticks and over the course of a blood-meal.

The sialotranscriptomes for three different Amblyomma species from Brazil were sequenced using pyrosequencing (Garcia et al., 2014). For Amblyomma parvum (Aragão, 1908) 104,817 reads were generated with a final number of contigs of 3,796 of which 493 was annotated as secreted. For Amblyomma cajennense (Fabricius, 1787) 67,677 reads were generated with a final number of contigs of 4,604 of which 1,015 was annotated as secreted. For Amblyomma triste (Koch, 1844) 442,756 reads were generated with a final number of contigs of 11,240 of which 1,861 was annotated as secreted.

Next-generation sequencing of A. americanum sampled unfed, 12, 18, 24, 36, 48, 72, 120, 144, 168, 192, 216, and 264 h after attachment and generated a total of 344,909,378 paired reads (Karim and Ribeiro, 2015). Assembly resulted in a final number of 5,792 contigs that was analyzed. Of these, 2,153 were classified as secretory. Significant differences in transcript levels were observed over the course of feeding, supporting differential expression and the concept of sialome switching was introduced to suggest that the tick switch between different transcriptomes during the course of feeding.

For the zebra tick, Rhipicephalus pulchellus (Gerstäcker, 1873) 241,229,128 paired Illumina reads were generated from salivary glands of males and females that were unfed or fed for 1, 3, and 7 h as well as 1, 2, 3, 4, 5, 6, and 7 days (Tan et al., 2015). Assembly resulted in 50,460 coding sequences of which 7,134 was secretory. Proteomics was performed using SGE and in situ trypsin digestion followed by LC-MS/MS. This identified 2,231 proteins of which 221 were secretory. Significant differences in transcriptome and proteome expression were observed between males and females.

For Haemaphysalis flava (Neumann, 1897), engorged and semi-engorged female salivary glands were used to generate 162,912,848 paired reads, which after assembly yielded a final number of 54,357 contigs (Xu et al., 2015). Of these, 20,145 had homologs in Genbank and 13,513 could be assigned GO terms. Secretory proteins were not reported.

The salivary gland transcriptomes for brown ear ticks, vectors of T. parva, the causative agent of Corridor disease, East Coast fever and Zimbabwe theileriosis were described (de Castro et al., 2016, 2017). For R. appendiculatus, 430 million paired reads were generated with a final contig number of 21,410 contigs of which 13,996 coded for proteins, of which 2,135 were secretory proteins and 7,414 were annotated as long non-coding RNA. For R. zambeziensis (Walker et al., 1981), ~190 million paired reads were generated, assembled and resulted in 140,703 transcripts. After a FPKM > 1 cut-off a final contig number of 23,631 transcripts were obtained of which 15,737 were coding for proteins of which 2,569 were classified as secretory.

For Amblyomma sculptum (Berlese, 1888), fed and unfed ticks were sampled and ~567 million single reads were generated (Esteves et al., 2017). Assembly resulted in 9,560 contigs of which 2,314 secretory proteins were found in unfed and 2,592 in the fed transcriptomes. Proteomic analysis identified 124 proteins in saliva of which 58 were secretory. Another study on A. sculptum, assembled 195,594,989 Illumina paired reads, 844,529 Ion Torrent reads and 703,210 Roche 454 reads that derived from Rickettsia amblyommii infected and uninfected organs that included ovaries, midguts and salivary glands (Moreira et al., 2017). Assembly resulted in 460,445 contigs of which 27,308 were selected for annotation. Of these 2,177 were annotated as secreted salivary gland proteins.

For Hyalomma excavatum (Koch, 1844), 138,144,530 Illumina paired reads were generated (Ribeiro et al., 2017). After assembly, 53,228 contigs were obtained and 7,875 coding sequences were annotated with 1,796 classified as secretory. For the camel tick, Hyalomma dromedarii (Koch, 1844), male and female ticks at different stages of engorgement were collected from camels in the field (Bensaoud et al., 2018). Illumina sequencing generated 330,285,649 paired-end reads of which 55,819,366 were assembled. After PFAM filtering, 15,342 contigs were annotated of which 1,749 was classified as secretory. The transcriptome study was followed up with proteomic analysis of SGE from ticks collected in the field (Bensaoud et al., 2019a,b). Fractionation of SGE was performed using 1D-SDS-PAGE, after which bands were cut-out, tryptic digested and analyzed using LC-MS/MS. As a target database for the proteomic study, the sialotranscriptome previously generated was used in addition to Acari sequences from Genbank. This identified 1,111 proteins of which 854 were from the Acari database and 257 from the species-specific database. Only 24% of proteins were shared between males and females and 19% of proteins (~211) were classified as secreted.

For I. holocyclus, semi-engorged ticks were collected from animals with confirmed paralysis symptoms, before salivary glands were dissected (Rodriguez-Valle et al., 2018). Illumina sequencing generated 65,035,631 paired reads that produced 134,039 contigs after assembly of which ~3,149 was classified as secretory.

For the cattle tick Rhipicephalus annulatus (Say, 1821), engorged female ticks that were uninfected or infected with Babesia bigemina were used to construct salivary gland transcriptomes (Antunes et al., 2019). Illlumina sequencing generated 40,573,988 paired reads that generated 33,379 contigs in the control and 30,435 contigs in the infected sample of which 16,564 and 15,037 gave significant BLAST hits, respectively. This was reduced to 6,823 and 6,475 unigenes, respectively. Proteomics identified 4,594 proteins in female tick extracts.

For Amblyomma aureolatum (Pallas, 1772), transcriptomes were generated from Rickettsia rickettsii infected and uninfected tissues (Martins et al., 2019). Approximately 242 million reads were generated of which 110 million were from salivary glands. Assembly generated 11,906 contigs of which 11,903 were expressed in salivary glands.

For the Asian longhorned tick, Haemaphysalis longicornis (Neumann, 1901), salivary gland transcriptomes were generated that resulted in 18,313 contigs. The transcriptome was not published, but were used for proteomic analysis with iTRAQ labeling to allow for differential quantification of salivary glands from ~6,000 female ticks that was analyzed as unfed, partially fed, semi-engorged and engorged in three replicates (Ren et al., 2019). Replicate experiments identified 5,059, 5,526, and 5,584 proteins that resulted in 3,667 high-confidence proteins with 2,507 present in all replicates. The majority of proteins identified were housekeeping with significant upregulation of proteins observed during feeding.

A proteomic LC-MS/MS analysis of SGE were performed for the brown ear tick Rhipicephalus bursa (Canestrini and Fanzago, 1878) using the Ixodidae database from Genbank (Couto et al., 2020). SGE were prepared from unfed and fed females, which was also either infected, or not with Babesia ovis. A total of 1,586 proteins were identified even though only 35 proteins exist in Genbank for this tick species. The majority of proteins were housekeeping, which underscore the utility of sequence databases to identify homologous proteins, but also the impact of the absence of databases to identify species specific proteins.

Giachetto et al. (2020) generated salivary gland transcriptomes for engorged female R. microplus that was fed on tick-resistant or tick-susceptible hosts. The transcriptome was assembled from 74,639,552 reads (holstein cattle) and 63,013,658 reads (crossbreed cattle) resulting in 235,451 contigs. Of these 71,757 could be annotated by BLAST analysis but only 1,815 ORFs were extracted of which 20 could be annotated as secretory.

For R. sanguineus, female ticks were collected based on weight rather than just days and included unfed, 1.8 mg (day 2), 3.6 mg (day 6), 7.0 mg (day 6), 10.9 mg (day 8), 24 mg (day 8 and 11), 36 mg (days 6, 10, 13), and a sialotranscriptome was constructed (Tirloni et al., 2020). For 20 different libraries that included replicates, 687 million reads were generated from which 71,643 coding sequences were obtained. These were further reduced to 28,921 transcripts with expression values that would represent a minimum of 0.001% of all transcripts based on TPM value (TPM ≥ 10). Of these 8,178 could be annotated with 4,039 identified as secretory proteins. From a similar time series, proteomic analysis of SGE was performed using LC-MS/MS and the transcriptome database generated. This identified 2,125 proteins of that showed a positive correlation between proteome and transcriptome abundance for those transcripts with TPM > 10 (1,745 transcripts). Of 221 with positive correlation, 30% were secretory. A significant number of host proteins (47) were also identified in the SGE. Variability in expression, both in transcript and protein were less marked than previous studies, most probably since the feeding phases of the ticks were better correlated due to weight rather than time. The study again indicated differential expression and the sialome switching phenomenon, both at transcriptome and proteome level.

To date only one salivary gland transcriptome have been described for soft ticks from next-generation sequencing data, namely for Ornithodoros rostratus (Aragao, 1911) (Araujo et al., 2019). Salivary glands and midguts were collected from fourth instar nymphs that were unfed or 1 and 4 day fed. Sequencing generated 22,395,831 combined Illumina paired reads that were assembled into 40,058 contigs. Filtering based on ORFs generated a final set of 8,031 contigs that were annotated from which 717 proteins were classified as secretory. In contrast to hard ticks, the secretory proteins in the salivary glands were more abundant than housekeeping proteins and represented 67% of all reads. Another study also sequenced the salivary gland transcriptome of the relapsing fever tick, Ornithodoros turicata (Dugès, 1876), but did not describe the transcriptome in a systematic manner (Bourret et al., 2019). The study generated 15,136,406 single-end reads that generated 10,989 contigs after assembly, with 2,138 classified as secretory proteins.

It should be clear from the summary (Table 2) that large variations in data generated, numbers of contigs assembled, final contigs selected for annotation and the final number of contigs submitted to Genbank exists for salivary transcriptomes generated with next-generation sequencing. Given this large variation it may be safe to assume that the transcriptomes for salivary glands may not necessarily be representative of the full complement of proteins expressed in the salivary glands. Additionally, it is not yet clear whether the extremely high number of secretory genes found in the transcriptomes (that increase with each new sampling and sequencing effort) is due to artifacts or a tick-specific mechanism to generate genetic diversity (Mans et al., 2016; Ribeiro and Mans, 2020).


Table 2. Statistics for salivary gland transcriptomes assembled using next-generation sequencing technologies.
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NEXT-GENERATION SEQUENCING OF WHOLE BODY TRANSCRIPTOMES

Whole body transcriptomes will by default contain salivary gland derived transcripts. In addition, whole body transcriptomes should at least in theory represent the total protein complexity found in a species at the time of sampling and may as such give a better idea on the upper limits of proteins that may be found in salivary gland transcriptomes.

For the ornate cow tick, Dermacentor reticulatus (Fabricius, 1794), 7 day unfed larvae were used to construct a transcriptome to investigate stress responses in larvae (Villar et al., 2014). A total of 18,946 transcripts were obtained that were reduced to 3,808 unigenes. Proteomics on larval extracts identified 74, 239 and 104 proteins using various approaches, respectively. The low number of proteins identified may be due to sample complexity or the reduction of proteins to unigenes that likely represented loss of paralogous genes. For R. sanguineus, a larval transcriptome was generated for descriptive purposes (De Marco et al., 2017). A total of 5,566,986 short paired-end reads generated 33,396 contigs after assembly and filtering that represented 16,555 unique genes. Dehydration stress in D. variabilis was investigated by sequencing unfed male ticks that was dehydrated (Rosendale et al., 2016). From six libraries, 271,494,907 reads were used for assembly that generated 61,800 contigs that were analyzed, of which ~40,000 found BLAST hits. For engorged female H. longicornis, ~53 million reads generated 65,916 contigs, of which 23,339 could be annotated (Niu et al., 2019). Whole body transcriptomes for larvae (64,474,326) and nymphs (81,612,022) were also generated (Guo et al., 2019). This resulted in 536,336 transcripts and 440,896 unigenes. Of these 22,347 and 15,112 were annotated by KOG and KEGG databases, respectively. For I. ricinus, 15 libraries were constructed for unfed and fed nymphs, unfed males, unfed and fed females (Charrier et al., 2018). From 162,872,698 reads 427,491 contigs were produced that were reduced to a non-redundant dataset of 192,050 contigs. Removal of mammalian and fungal contaminants resulted in 179,316 contigs. Of these 56,809 produced BLAST hits to the Uniref90 or Swissprot databases. Only 12,838 genes were shared with other I. ricinus transcriptome studies, while 36,652 were unique to this study and 23,686 was unique to other transcriptomes bringing the potential number of sequences to 73,176 genes. In a follow-up study, the whole body transcriptomes for a number of additional Ixodes species were generated for use in phylogenomic analysis using combinations of unfed or fed nymphs, males or females (Charrier et al., 2019). This included Ixodes acuminatus (Neumann, 1901) (n = 20,250), Ixodes arboricola (Schulze and Schlottke, 1930) (n = 22,179), Ixodes canisuga Johnston, 1849 (n = 15,238), Ixodes frontalis (Panzer, 1798) (n = 18,187), Ixodes hexagonus (Leach, 1815) (n = 3,215), Ixodes holocyclus (n = 15,520), Ixodes uriae (White, 1852) (49,056), Ixodes ventalloi (Gil Collado, 1936) (n = 16,563) and Ixodes vespertilionis (Koch, 1844) (n = 21,090) with the final number of contigs assembled indicated.

Whole body transcriptomes indicate that expected upper limits for salivary gland transcriptomes may range from ~15,000–30,000 genes that can be annotated with our existing annotated databases. One major problem that may exist is overestimation of existing genes due to miss-assembly, such as insertions or deletion not due to exon-intron splicing, or extension of 5′ or 3′ ends that cause such genes to be identified as unique even though the rest of the gene is 100% identical to the canonical gene. While existing algorithms may identify and remove chimeric transcripts (miss-assembly due to linkage of two canonical genes or fragments), identifying miss-assembled transcripts due to small inserts, deletions or extensions is more difficult with existing algorithms and require extensive manual curation.



PROTEOMICS OF TICK SALIVA

Apart from the studies mentioned above that specifically focused on salivary gland transcriptome descriptions with added proteomic analysis, some studies focused more specifically on the analysis of tick saliva using proteomics (Table 3). The salivary transcriptome of D. andersoni were sequenced using Roche 454 technology for the purpose of proteomic analysis (Mudenda et al., 2014). A total of 632,267 reads were generated at three time points (Day 0, Day 2, and Day 5). Assembly yielded 21,769 unique sequences coding for proteins. Each time point presented unique transcripts as well as up- or down-regulation of genes during the course of feeding. The study also collected saliva for day 2 and day 5 of feeding and fractionated this with 2D chromatography (in-line cation exchange linked with reversed phase) yielding 30 fractions analyzed by MS/MS. An impressive number of 677 proteins were detected.


Table 3. Summary of proteomic analysis for tick salivary gland proteins using various technologies.
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Tirloni et al. (2014) performed proteomic analysis on saliva collected from partially and fully fed R. microplus. For this, saliva was fractionated on 1D-SDS-PAGE and 42 bands for partially engorged and 15 bands for fully engorged was excised, in-gel trypsin digested and analyzed on LC-MS/MS. Saliva was also directly digested in situ before LC-MS/MS analysis. Spectra were analyzed against an in-house database of 22,009 protein sequences. The study identified 187 tick and 68 host proteins. Another study that also compared saliva collected from partially and fully fed R. microplus by iTRAQ labeling followed by LC-MS/MS analysis, identified 322 unique proteins of which 41 was considered high-confidence and was found in both partially and fully fed samples (Feng et al., 2019).

Using a similar approach to Tirloni et al. (2014), performing in situ trypsin digestion of saliva from nymphs and adults from H. longicornis, followed by LC-MS/MS analysis, 135 tick and 100 rabbit proteins were identified (Tirloni et al., 2015). The authors used the in-house salivary gland transcriptome database of 22,009 sequences from R. microplus and the Ixodidae sequences from Genbank. In a study using a similar methodology that collected saliva from I. scapularis females at 24, 48, 72, 96, and 120 h as well as engorged and detached, a total of 769 tick and 130 rabbit proteins were identified (Kim et al., 2016). The NCBI non-redundant database (62,246 Ixodidae entries) were used for identification, rather than a species-specific database, since this database presumably presents the most up to date collection of I. scapularis sequences derived from both the genome and transcriptomes. The authors indicate that protein profiles change over the course of feeding and suggest that this switching mechanism is used as immune evasion strategy. More recently, the saliva profile of A. americanum was determined using the in situ digestion, LC-MS/MS approach (Kim et al., 2020). Saliva was collected from ticks attached for 24, 48, 72, 96, 120, 144, 168, and 192 h, as well as engorged and detached. The database used was from sequences generated previously (Radulović et al., 2014). This transcriptome was reassembled from the datasets and generated 110,587 contigs used for analysis. This study identified 1,182 tick and 335 rabbit proteins.

From these studies, saliva complexity at any given point seems low and corresponds with roughly 200 proteins. Complexity increase with number of sampling points, since protein expression patterns change over time, but it would seem, also with the size of the species-specific database. With regard to sampling points, the current practice is to sample at 24 h intervals and protein expression patterns may change between sampling events, suggesting that change can occur within hours. At yet, it is not clear how fast this change can occur. Even so, not all proteins identified are secretory, but many are housekeeping and some host-derived (Tables 1, 3). The numbers identified still do not correlate with the almost 10-fold larger number of transcripts identified in the transcriptomes (Mans et al., 2017). This would suggest that transcriptomes generate an over-estimation of complexity or that proteomic analysis are not yet technologically advanced to identify all proteins present in complex salivary mixtures.

The above sections detailed both transcriptome and proteomic studies since these are generally closely linked. It has been indicated that species-specific transcriptomes are essential for detection of lineage specific proteins and to increase proteome coverage. Even so, the use of proteomes to validate transcriptomes is just as valid. In a perfect world, each contig produced by a transcriptome sequencing project should be confirmed and validated by proteomic analysis, since proteins represents functional entities (Mans, 2019). However, the coverage of transcriptomes by proteomes has been dismal to date (Figure 2). In the case of transcriptomes derived from conventional cDNA libraries the transcriptome coverage detected by proteomics was decent, ranging from 10 to 73% (Table 1; Figure 2). This could be explained by the representation of highly abundant transcripts in relatively small transcriptomes, correlating with highly expressed proteins in the proteome. As transcriptome sizes increased, the number of proteins detected in the proteome also increased, but not at the same ratio. As such, while proteins detected by proteomics may range in the thousands, the percentage of transcriptome coverage is lower compared to conventional cDNA derived transcriptomes (Table 3). The potential reasons for this are numerous. Proteomic technology may not yet be sensitive enough to obtain the depths attained by next-generation sequencing of transcriptomes. This may be linked to both hardware limitations of mass spectrometry equipment, but also to sample fractionation strategies. In regard to the latter, the more complex the sample, the lower the expected coverage that may be obtained. Fractionation of samples that decrease sample complexity but retain yields for low abundance proteins should yield higher detection numbers for proteins. The number of time points sampled for proteomics may impact on the number of proteins identified, with more sampling points yielding more proteins. Transcriptomes may present artifacts, i.e., transcripts that do not represent proteins present in a given sample. This may be due to misassemblies or transcription of pseudogenes that are not translated into protein (Mans et al., 2017).
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FIGURE 2. Proteomics of tick transcriptomes. Indicated is the percentage of proteins identified using proteomics relative to the transcriptome database used for identification.




PROTEOMICS OF TICK CEMENT

An integral part of salivary complexity is the cement cone produced by some Ixodes and metastriate ticks (Chinery, 1973; Suppan et al., 2018). These are proteins secreted in soluble form in the saliva that then harden to a matrix that can anchor the tick to the host during feeding. Analysis of the cement cone was historically difficult due to its insolubility. However, the use of chaotropic agents such as urea and SDS to solubilize the cement cone, followed by proteomic analysis have allowed a deeper insight into cement composition. For A. americanum, cement were dissolved in 8M urea followed by SDS-PAGE, before bands were cutout for proteomic analysis. This identified 7 proteins that included a glycine-rich and metalloprotease as well as proteins considered housekeeping using the A. americanum salivary transcriptome and tick database (Karim and Ribeiro, 2015; Bullard et al., 2016). A follow up study solubilized the cement cone in 8M urea, after which alkylation and tryptic digestion were followed with LC-MS/MS identification. This identified 160 proteins using an in-house A. americanum database (Porter et al., 2015; Hollmann et al., 2018). The proteins identified included as major proteins glycine-rich proteins and protease inhibitors as well as a large proportion of house-keeping proteins. A more recent study identified 654 proteins in urea+SDS extracted vs. 388 proteins in SDS vs. 266 proteins in urea alone from cement cones of R. microplus (Villar et al., 2020). The protein profile from cement was also termed the “cementome.” The study also identified 2,264 proteins from salivary gland extract. Of the proteins identified in the cement only 81 seem to be tick-derived while the rest were host-derived. The tick proteins were composed of glycine-rich proteins, protease inhibitors and various enzymes proposed to play a role in cement formation, solidification and maintenance. Complexity of the cement cone therefore seem to increase as extraction methodologies improve. A question that obviously remain is how many proteins may be entrapped during cement formation that do not play a primary role in the cement plug.



THE COMPLETENESS OF SIALOTRANSCRIPTOMES

Next-generation sequencing technologies raised the problem of what would be considered to be true in transcriptomics. In all publications published to date several recurring issues may be observed. Assemblies lead to large numbers of contigs and cut-off values needs to be implemented to reduce the number of contigs analyzed. This is generally based on coverage, either RPKM or TPM values or a subjective selection of the cutoff value. While this result in more trustworthy final assemblies, it raises the question of the origin of those contigs that do not make the selection criteria. Are these assembly artifacts, background transcription artifacts, environmental contamination or contamination from other tick tissues?

To determine how representative a transcriptome is, the presence of expected household genes can be determined. The “completeness” of this set may then be used as a proxy for the quality of a transcriptome. The program “Benchmarking Universal Single-Copy Orthologs or BUSCO” uses the concept of universal genes that are present as singletons in both genomes and transcriptomes (Waterhouse et al., 2018). BUSCO analysis of all published salivary gland transcriptomes generated with next-generation sequence technologies, indicate that the “completeness” of these transcriptomes ranges from 40 to 97% (Figure 3). This would imply that salivary transcriptomes have not been sequenced to depths necessary to recover all genes. However, as indicated above, the BUSCO scores may also have been influenced by the cut-off values used in post-assembly analysis. While universal genes may certainly be indicative of how well housekeeping genes may be represented in transcriptomes, their function as proxy for the completeness of secreted protein families should be considered with caution. Small, abundant, multi-copy, polymorphic families such as the BPTI, BTSP, and lipocalins, may present their own problems during assembly since these genes are likely to be lost during assembly due to non-uniform sequence coverage and assembly artifacts. As such, while salivary gland transcriptomes have been expanded by NGS technologies the results suggest that we may still be missing a third or more of the transcriptome.
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FIGURE 3. BUSCO analysis of tick salivary gland transcriptomes. Indicated are various published tick transcriptomes and their BUSCO analysis. Complete genes were detected as single copies (single) or multiple copies (duplicated). Genes that are fragmented or missing are also reported.




COMPLEXITY MEASURED BY GENOME SEQUENCING

While transcriptome sequencing can certainly give insight into gene diversity, the above discussion indicate that it may not be possible to derive at a final number of genes using transcriptomics. The gold standard for definitively estimating gene numbers remains whole genome sequencing. For ticks, draft genomes of I. scapularis, I. ricinus, H. longicornis, and R. microplus has been published (Cramaro et al., 2015, 2017; Gulia-Nuss et al., 2016; Barrero et al., 2017; Miller et al., 2018; Guerrero et al., 2019).

The first genome for I. scapularis was sequenced using Sanger sequencing (Gulia-Nuss et al., 2016). The estimated genome size was 2.1 Gb with 20,486 predicted genes. BUSCO analysis indicated 69% completeness based on 2,675 reference genes (Mans et al., 2017). The ISE6 cell line from I. scapularis was also sequenced (Miller et al., 2018). This estimated the genome size at 2.8 Gb but if duplications are taken into account the size reduces to 2.2 Gb. BUSCO analysis indicated 95% completeness for 1,066 reference genes. The total number of genes associated with this genome is 37,259 with 24,501 protein coding. However, it has been estimated that as much as 50% of salivary gland proteins may be missing or incomplete in the genome (Ribeiro and Mans, 2020).

The genome for I. ricinus has been sequenced with both Illumina and Pacific Biosciences (PacBio) long read technologies (Cramaro et al., 2015, 2017). The estimated size of the genome is 2.65 Gb from which 516 Mb were sequenced which represent 19.4% of the genome but 67% of the non-repetitive genome. A total of 25,263 proteins were identified based on BLAST similarity searches. However, BUSCO only indicated 55.5% completeness.

The genome for H. longicornis was sequenced using PacBio long read technology (Guerrero et al., 2019). Genome sequencing was facilitated by the parthenogenicity of this species (ability to asexually reproduce with mating) that reduce genome heterogeneity. The total length of the genome was 7.3 Gbp in 34,208 contigs and was 96% complete as assessed with BUSCO. To date a gene count is not available.

The genome of R. microplus was sequenced using an Illumina/PacBio hybrid assembly approach (Barrero et al., 2017). Given the highly repetitive nature of the genome (70%) and the large estimated size (7.1 Gbp), Cot filtration was used to enrich for single, low copy, and moderately repetitive genomic DNA. This yielded an assembly of 2 Gbp with 38,827 genes of which 24,758 is protein coding. BUSCO analysis indicated a completeness of 53.1%. Conversely, a 63,416 non-redundant transcriptome dataset showed 85% completeness, suggesting that the genome assembly still miss 47% proteins encoded in the genome.

While all available tick genomes yield protein coding genes ranging from ~20,000 to 30,000 it is clear that their incomplete nature also do not allow accurate estimations of complexity of the whole genome, nor what may be expected at the tick-host interface.



COMPLEXITY MEASUREMENTS ONLY AS GOOD AS THE EXISTING DATABASES

It has been indicated that database repositories for sequences has an immense impact on the coverage and complexity detected during proteomic analysis, but also impact on the ability to annotate transcriptomes. In this regard, tick sequences are scattered across many different databases, none which present a complete non-redundant set of sequences. For VectorBase (Giraldo-Calderón et al., 2015), the only datasets available is for I. scapularis, I. ricinus, and R. microplus which is effectively those for which genome datasets exist. For Genbank, the nucleotide core database contain the majority of historical sequences deposited in Genbank, but only links to transcriptome shotgun assembly (TSA) sequences (that include EST and next-generation sequencing assemblies contained in the small read archive database -SRA). For many tick transcriptomes, data is only available in the small read archive database (SRA) as contigs (that may or may not contain full length ORFs) and no protein or nucleotide coding sequences exist. In some instances, no contigs were deposited and only raw sequence read data is available. This generally necessitates either extraction of ORFs or reassembly and annotation to make this data useful for comparative or proteomic analysis, although given the diversity of methods available for transcriptome assembly and analysis, the reproducibility of constructing a published transcriptome is debatable. In many cases as indicated, researchers use in-house sequence databases not deposited anywhere and therefore not available. There is therefore a need for a centralized database that would address all of these shortcomings and would include comprehensive inclusion of all tick transcriptomes sequenced to data as well as accurate annotation. To compound this, the unique lineage specific expansions observed in ticks make extraction of functionally relevant information difficult since proteins may only be annotated as “potential secretory protein” or “unknown function” (Ribeiro and Mans, 2020). In many cases, such proteins cannot even be assigned to existing protein families. In an attempt to partially address this, a database of secretory proteins has recently been constructed that can be searched by reverse position specific BLAST to assign potential secretory proteins to known secretory families (Ribeiro and Mans, 2020). However, this database only attempted classification of those proteins present in the NCBI non-redundant sequence database and excluded TSA and SRA databases. The searchable database will however, allow for better annotation of transcriptomes using a consistent nomenclature.

With regard to proteomic analysis, the data described in publications in tables or supplementary materials is generally useful to document the snapshot provided by a specific study. However, the main usefulness of proteomic data lies in the re-analysis potential of the raw data once sequence databases has been expanded since this may result in higher numbers of proteins identified from the proteomic data. To this end, raw proteomic data can be submitted to the PRoteomics IDEntification database (PRIDE) (Perez-Riverol et al., 2019). To this end, proteomic data for at least 6 tick species is available in PRIDE and include A. americanum (Crispell et al., 2019; Kim et al., 2020), A. sculptum (Esteves et al., 2017), I. scapularis (Villar et al., 2015; Kim et al., 2016), I. ricinus (Cramaro et al., 2015), H. longicornis (Ren et al., 2019), and R. sanguineus (Tirloni et al., 2020).



OTHER MEASURES OF COMPLEXITY: ALTERNATIVE SPLICING, RECOMBINATION, NON-CODING RNA AND POSTTRANSLATIONAL MODIFICATION

The current study has thus far largely focused on detection and quantification of genes and the proteins encoded by them, as measures of salivary gland complexity. The impact of exon shuffling and gene duplication has not been considered yet, since these are mechanisms to generate diversity during long-term evolution which is detected retrospectively (Mans et al., 2017). However, alternative splicing may contribute significantly to increase complexity since this may be tissue specific and give rise to protein isoforms (Nilsen and Graveley, 2010). The impact of alternative splicing on complexity has not yet been analyzed in depth in ticks or salivary gland products. For example, the search terms “alternative splicing” and “ticks” retrieve 11 hits in PubMed. Of these, 9 deals with potential alternative splicing in single genes, the majority which is housekeeping (Baxter and Barker, 1998; Guo et al., 1998; Saravanan et al., 2003; Xu et al., 2003; Tabish et al., 2006; Buresova et al., 2009; Olafson et al., 2011; Temeyer et al., 2012; Urbanová et al., 2018). None of the genome, proteome or transcriptome studies described in the current study considered alternative splicing or isoforms extensively, except for the study of Oleaga et al. (2007) that detected numerous isoforms on a two-dimensional gel for the histamine and serotonin-binding protein, TSGP1. It is unclear whether these isoforms were due to alternative splicing or post-translational modification. The absence of extensive detection of alternative splicing in salivary gland proteins may be partially due to the consideration that most secretory tick families are single domain proteins such as the BPTI, BTSP, cystatin or lipocalin families, or composed of multiple domains of these core folds such as for example the various BPTI proteins with double, triple, quadruple and quintuple domains, or composed of multi-domain proteins with well-defined domain structures such as 5'-nucleotidase and the metalloproteases (Francischetti et al., 2009). On this, large scale proteomic studies support the observation that a single main isoform exist for most proteins and that other isoforms may not be functional, or under selective pressure or even expressed (Tress et al., 2017), while splicing of whole domains is also unlikely (Light and Elofsson, 2013). The potential for alternative splicing, exon shuffling and intragenic recombination to generate “new genes on the fly” has been considered to explain the sheer diversity of secretory proteins observed in the salivary glands (Ribeiro and Mans, 2020). Real data is, however, needed to confirm this.

A further level of complexity that may be emerging is that of non-coding RNA. Abundant long non-coding RNA was found in tick transcriptomes (de Castro et al., 2016), while microRNA may perform important housekeeping functions (Barrero et al., 2011; Zhou et al., 2013; Luo et al., 2015, 2019; Shao et al., 2015; Malik et al., 2019; Liu et al., 2020). However, of more interest for the current study is the potential that some of these non-coding RNA may play a role in the regulation of host defense mechanisms. As such, exosomes that carry microRNAs has been described in the saliva of ticks (Hackenberg et al., 2017). It has been proposed that these exomes may deliver microRNAs to immune cells to down-regulate immune modulatory pathways (Hackenberg and Kotsyfakis, 2018; Bensaoud et al., 2019b; Chávez et al., 2019). This will add another layer of complexity to salivary glands of which the magnitude is difficult to estimate. As yet, down-regulation of such immune pathways needs to be proven and it needs to be shown that concentrations of these microRNAs can break the chemical equilibrium barrier to be effective (Mans, 2019).

Post-translational modifications play a large role in regulation of functional networks and in protein function. With regard to protein function involved in tick-host interaction a number of post-translational modifications have been shown to be important for functionality, especially tyrosine sulfation (Shabareesh et al., 2017; Thompson et al., 2017; Vechtova et al., 2018; Franck et al., 2020). Many of the transcriptome studies listed also report many potential modification sites or motifs. However, large scale confirmation of post-translational modifications by proteomic analysis has not yet been performed for ticks (Vechtova et al., 2018). As such, the impact of post-translational modifications on complexity of salivary gland proteins is as yet unknown, but could be quite significant.



FUTURE PERSPECTIVES ON SALIVARY GLAND COMPLEXITY

We are undoubtedly much further along the road to describing and understanding tick salivary gland protein complexity than ever before. It is likely that the next 10–20 years will see the completion of many tick genomes, the validation of many tick transcriptomes by proteomics and final estimates on the complexity of salivary gland protein repertoires for many tick species. This will be facilitated by new technologies such as third generation nanopore sequencing that will hopefully make transcriptome and genome sequencing affordable for the high number of species required to map all orthologs and paralogs. Other challenges are defined by our ignorance of the mechanisms regulating sialome switching, and the mode and possible physiological role of host protein secretion by tick salivary glands. The next challenge will be to analyze all this information to generate a comprehensive, holistic and ultimately understandable synthesis of tick evolution and tick-host interaction. Even so, we may find out that many genes identified in the genomes or transcriptomes may never be validated by proteomics. This may be due to the presence of pseudogenes or expression so transient to remain undetectable by proteomics, or even be functionally irrelevant (Mans et al., 2017; Mans, 2019). In the end, validation by empirical testing will remain crucial.

As indicated, the salivary gland is a complex organ composed of multiple acini with each comprising multiple cell types. While temporal differential expression over the course of feeding has been well-characterized, differential expression also occur within different cell types and acini. To define this expression well is important, since some cells are prone to infection by pathogens, such as T. parva that infect the e-cells of type III acini (Fawcett et al., 1982). In this case the impact of parasite infection on vector expression (Nene et al., 2004), is confounded by non-infected/non-affected members of the same cell type and other cell types since the parasite do not infect all cells of a particular type at the same time (McKeever, 2009). Other cell types are involved in specific biological functions such as water secretion by the e-cells of type III acini (Fawcett et al., 1981). An accurate picture of global differential expression is therefore confounded by the differential expression that occur on smaller scales. The potential to address this issue exist via single cell sequencing approaches (Chattopadhyay et al., 2018). These approaches are hampered by the pyramidal structure of acini and the fragility of salivary gland cell types, but future innovations on non-disruptive separation of acinar cell types may enable single cell sequencing. Alternatives may also be found in laser capture microdissection of cell regions followed by single cell sequencing (Chattopadhyay et al., 2018). It is foreseen that these approaches will certainly enable a deeper dissection of salivary function, localization and parasite-vector interaction.

The majority of studies described for salivary gland transcriptomics are for adult ticks, while whole body transcriptomes are generally generated for larvae or nymphs. Single cell and related technologies that allow sequencing of minute quantities of genetic material may open up the possibility of sequencing larval or nymphal glands made accessible via laser microdissection. This will certainly advance tick salivary gland transcriptomics, since differential expression between life stages is well-recognized (Schwarz et al., 2013; Andreotti et al., 2018).
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During feeding on vertebrate hosts, ticks secrete saliva composed of a rich cocktail of bioactive molecules modulating host immune responses. Although most of the proteinaceous fraction of tick saliva is of little immunogenicity, repeated feeding of ticks on mammalian hosts may lead to impairment of tick feeding, preventing full engorgement. Here, we challenged rabbits with repeated feeding of both Ixodes ricinus nymphs and adults and observed the formation of specific antibodies against several tick salivary proteins. Repeated feeding of both I. ricinus stages led to a gradual decrease in engorged weights. To identify the salivary antigens, isolated immunoglobulins from repeatedly infested rabbits were utilized for a protein pull-down from the saliva of pilocarpine-treated ticks. Eluted antigens were first identified by peptide mass fingerprinting with the aid of available I. ricinus salivary gland transcriptomes originating from early phases of tick feeding. To increase the authenticity of immunogens identified, we also performed, for the first time, de novo assembly of the sialome from I. ricinus females fed for six days, a timepoint used for pilocarpine-salivation. The most dominant I. ricinus salivary immunogens identified in our study were zinc-dependent metalloproteases of three different families. To corroborate the role of metalloproteases at the tick/host interface, we fed ticks micro-injected with a zinc metalloprotease inhibitor, phosphoramidon, on a rabbit. These ticks clearly failed to initiate feeding and to engorge. However, neither feeding to ticks immune blood of repeatedly infested rabbits, nor phosphoramidon injection into ticks, prevented their engorgement when fed in vitro on an artificial membrane system. These data show that Zn metalloproteases play a decisive role in the success of tick feeding, mediated by complex molecular interactions between the host immune, inflammatory, and hemostatic processes, which are absent in in vitro feeding. This basic concept warrants further investigation and reconsideration of the current strategies towards the development of an effective “anti-tick” vaccine.
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Introduction

Ticks and tick-borne diseases (TBD) represent a growing global burden for both human and animal health (de la Fuente et al., 2008) and are a major constraint for the improvement of livestock industries, particularly in developing countries (Peter et al., 2005). Host immunity-mediated rejection of ticks has potential in the search for a vaccine that offers an effective and environmentally sound approach for controlling ticks and TBDs (de la Fuente et al., 2016).

Ticks salivate proteinaceous saliva into the host during the course of feeding (Francischetti et al., 2009). The individual protein components are secreted into a feeding site at functional concentrations and with adequate affinities for host targets to establish biomolecular associations at the feeding site, thereby modulating host intrinsic hemostatic processes and defence responses (Mans, 2019). To escape immune recognition by the host, tick salivary proteins have evolved low immunogenicity (Chmelar et al., 2016), leading to low or no tick rejection reactions when Ixodes ricinus ticks feed on their natural hosts such as mice, voles, or passerine birds (Dizij and Kurtenbach, 1995; Dusbábek et al., 1995; Heylen et al., 2010). In contrast, tick saliva induces an antibody-mediated response in distinct less adapted hosts (Brossard and Wikel, 2005).

The production of anti-salivary gland-specific antibodies against Amblyomma variegatum and I. ricinus ticks was reported in rabbits (Jongejan et al., 1989; Schorderet and Brossard, 1993). Furthermore, sera from sheep that were exposed to a repeated infestation of Amblyomma americanum ticks were shown to recognize multiple tick antigens (Barriga et al., 1991). The presence of specific anti-tick antibodies has been correlated with the inability of ticks to feed and/or reproduce, leading to the concept of acquired resistance to ticks in sensitive host species (Bowessidjaou et al., 1977). The presence of host antibodies in the tick’s blood meal might thus be a decisive defence factor preventing tick infestations.

The cellular fraction of host immunity is also clearly involved in the phenomenon of acquired resistance to ticks. In fact, cellular infiltration into the tick feeding site was described in the original seminal paper (Trager, 1939) showing that ticks fed on resistant animals were pale in colour due to a higher leukocyte content in their gut. It was established that repeated tick infestation on guinea pigs is characterized by a large accumulation of eosinophils and basophils in the dermis and epidermis (Allen, 1973). Similarly in mice, basophils are recruited to the tick feeding site during the second, but rarely the first, infestation (Wada et al., 2010). The indispensable role of basophils in acquired resistance to ticks was demonstrated convincingly by diminishing the manifestation of acquired resistance in basophil-ablated mice (Wada et al., 2010).

In the more-than-20-year-old review (Willadsen and Jongejan, 1999), it was stated: “Disappointingly, little progress has been made in the identification of the protective antigens of naturally acquired immunity.” A few studies have addressed this challenge in various tick species since then by using yeast surface display (Schuijt et al., 2011) or gel-based proteomics (Garcia et al., 2017). To fill the knowledge gap as to what are the bona fide immunogens introduced into the host by tick feeding, we exploited a laboratory model of repetitive infestations of I. ricinus adult females and nymphs on rabbits to induce the production of antibodies. Using pull-down enrichment of proteins present in I. ricinus saliva via their specific binding to immunoglobulins from resistant rabbits, and following differential proteomic analysis, we identified natural tick antigens against which, antibodies are formed in the acquired immunity of rabbits. Our data suggest that zinc-dependent metalloproteases in tick saliva play the most prominent role in mounting an antibody response in resistant rabbits.



Material and Methods


Tick Colony Maintenance and Natural Feeding on a Rabbit

I. ricinus ticks (nymphs and adults) were collected by flagging in the forest near České Budějovice, Czech Republic. Ticks were kept at 24°C and 95% humidity under a 15:9 h day/night regime. Repeated feeding of adult I. ricinus ticks was performed by placing 50 freshly collected females into two chambers (25 each with an equal number of males) on the opposing sides of the shaven back of a laboratory rabbit (Hy-Plus strain) and ticks were allowed to feed naturally until replete. The feeding was repeated three times at 2–3 week intervals, and engorged females were weighed after each feeding. Feeding of I. ricinus nymphs on a laboratory rabbit was performed in total, eight times: 4 x 2 subsequent feedings (10 days overall) followed by a resting interval of 2–3 weeks (1st, 2nd, 3rd, or 4th nymphal infestation). For each feeding, a total number of 500 nymphs were equally distributed into two chambers on the opposing sides of the rabbit and allowed to feed till replete. Fifty representative fully fed nymphs were weighed per feeding.

All laboratory animals were treated in accordance with the Animal Protection Law of the Czech Republic No. 246/1992 Sb., ethics approval No. 25/2018. The study was approved by the Institute of Parasitology, Biology Centre of the Czech Academy of Sciences (CAS) and Central Committee for Animal Welfare, Czech Republic (protocol no. 1/2015).



Membrane Tick Feeding

Membrane feeding of ticks was performed according to the original protocol (Krober and Guerin, 2007) in a 6-well plate format kept at 37°C. Bloods from repeatedly infested and naive rabbits were collected in 50 ml conical centrifuge tubes and manually defibrinated using glass beads (diameter 4 mm). Fifteen females were placed into each feeding unit lined with a thin (80–120 μm) silicone membrane, previously pre-treated with a bovine hair extract in dichloromethane (0.5 mg of low volatile lipids). After 24 h, unattached or dead females were removed and an equal number of males were added to the feeding unit containing attached females. Diets were exchanged in a 12 h regime, with concomitant addition of 1 mM adenosine triphosphate (ATP) and gentamicin (5 μg/ml).



Micro-Injection of Unfed I. ricinus Females

Phosphoramidon [N-(α-rhamnopyranosyl-oxyhydroxyphosphinyl)-Leu-Trp] (Merck; Sigma-Aldrich 525276), a competitive inhibitor of several soluble zinc metalloproteases (Kitagishi and Hiromi, 1984), was solubilized in PBS and 300 nl were micro-injected in a concentration series ranging from 5–50 µg/µl, through the coxa of the third pair of legs into the hemocoel of each unfed adult I. ricinus female using a Nanoinject II (Drummond). Next day, ticks were allowed to feed naturally on a rabbit or were fed in vitro on a membrane (see above). The feeding ability of ticks was monitored, and their post-engorgement weights were determined.



Salivary Gland Transcriptome Assembly

Five pairs of salivary glands were dissected from adult I. ricinus females fed for 6 days on a naïve rabbit. These were homogenized using a 29G needle syringe and RNA was extracted using Nucleospin RNA (Macherey-Nagel). The RNA extract was sent to Novogene for library preparation and NovaSeq 600 M (Illumina) sequencing. Paired end unstranded sequencing (PE 150) generated 39,825,389 clean reads with a Q30 of 95%. Transcriptome assembly and coding sequence extraction were carried out as described previously (Ribeiro et al., 2014). Briefly, reads were stripped of their contaminating primers, and bases with equal values <20 were trimmed. Clean reads were assembled using the Abyss (Birol et al., 2009) and Trinity (Grabherr et al., 2011) assemblers. These assemblies were merged using a parallelized pipeline of blastn and cap3 assembler (Huang and Madan, 1999) as described previously (Karim et al., 2011). All open reading frames larger than 200 nucleotides were extracted and those matching known proteins or having a signal peptide were retained. The resulting peptide and coding sequences were mapped to a hyperlinked spreadsheet, including blastp and rpsblast matches to several databases, as well as an indication of the signal peptide (Nielsen et al., 1999), transmembrane domains (Sonnhammer et al., 1998) and O-galactosylation sites (Hansen et al., 1998). The sequence data are available in GenBank as BioProject: 589581 and a hyperlinked excel sheet is available to download at https://proj-bip-prod-publicread.s3.amazonaws.com/transcriptome/Perner/Ixric/Perner-Ir2019.zip (further referred to as Source data 1), which also provides semi-quantitative data on transcript expression. Column AR in the Source data 1 spreadsheet indicates a Y if the new sequence is at least 2% different from the public one, or if it extends the length of a known sequence. The Y actually represents 3 classes: (a) novel sequences, if less than 95% identical to a known sequence, (b) similar sequences, possibly due to alleles (95–98% identity and full or at least 90% coverage, (c) extensions, with 98–100% id and longer new sequences as indicated in column AQ of the Source data 1 spreadsheet.



Immunoprecipitation

Saliva was collected from one hundred I. ricinus adult females fed on naïve rabbits for 6 days and they were then manually detached and removed. Salivation was induced by application of 1.2 µl of pilocarpine (5 mg dissolved in 100 µl of 100% ethanol) onto the tick scutum (Tatchell, 1967). Saliva was collected into 10-µl capillaries for 2 h in a wet chamber kept at 30°C. IgG fractions were obtained from the rabbit sera by caprylic acid precipitation of non-IgG proteins (Russo et al., 1983) and dialysed against 50 mM Tris, pH 8.0, 150 mM NaCl. A volume of 125 µl of Protein A Mag Sepharose bead slurry (GE Healthcare) was equilibrated with 1 ml of binding buffer: 50 mM Tris, pH 8.0, 150 mM NaCl. Immunoglobulins (82.5 µg) were then added to equilibrated beads and incubated for 1 h at 7°C. Beads were washed three times with binding buffer and then saliva was added to the Ig-loaded beads. These were incubated over-night at 7°C in a head-over-head rotator. Beads were washed five times with binding buffer and antigens were eluted with 0.2% SDS, 0.1% Tween-20, 50 mM Tris-HCl, pH  =  8.0, 150 mM NaCl incubated for 7 min at 25°C, shaking at 1,000 rpm (Antrobus and Borner, 2011). The eluates were separated by non-reducing SDS-PAGE in 4–12% Bis Tris Plus gel (Life Technologies) and stained with Coomassie Brilliant Blue.



Sample Preparation for Mass Spectrometry

Coomassie-stained bands were excised, chopped into small pieces and transferred to 0.5-ml Eppendorf tubes. For all following steps, buffers were exchanged in two consecutive 15-min incubation steps of gel pieces with 200 µl of acetonitrile (ACN), with the ACN being removed after each step. Proteins were reduced by the addition of 200 µl of a 10 mM DTT solution in 100 mM ammonium bicarbonate (AmBiC, Sigma Aldrich, A6141) and incubated at 56°C for 30 min. Proteins were alkylated by the addition of 200 µl of 55 mM iodoacetamide (IAA) in 100 mM AmBiC and incubated for 20 min in the dark. A 0.1 µg/µl stock solution of trypsin (Promega, V511A) in trypsin resuspension buffer (Promega, V542A) was diluted with ice-cold 50 mM AmBiC buffer to achieve a final concentration of 1 ng/µl. 50 µl were then added to the gel pieces, which were incubated first for 30 min on ice and then overnight at 37°C. Gel pieces were sonicated for 15 min, spun down and the supernatant was transferred into a glass vial (VDS Optilab, 93908556). Remaining gel pieces were washed with 50 µl of an aqueous solution of 50% ACN and 1% formic acid and sonicated for 15 min. The combined supernatants were dried in a speedvac and reconstituted in 10 µl of an aqueous solution of 0.1% (v/v) formic acid.



LC-MS/MS

Briefly, peptides were separated using an UltiMate 3000 RSLC (Thermo Scientific) equipped with a trapping cartridge (Precolumn; C18 PepMap 100, 5 lm, 300 lm i.d. × 5 mm, 100 A°) and an analytical column (Waters nanoEase HSS C18 T3, 75 um × 25 cm, 1.8 µm, 100 A°). Solvent A: aqueous 0.1% formic acid; Solvent B: 0.1% formic acid in acetonitrile (all solvents were of LC-MS grade). Peptides were loaded onto the trapping cartridge using solvent A for 3 min at a flowrate of 30 µl/min. Peptides were separated on the analytical column at a constant flowrate of 0.3 µl/min applying a 30 min gradient of 2–25% of solvent B in A, followed by an increase to 85% B. Peptides were directly analyzed in positive ion mode applied with a spray voltage of 2.2 kV and a capillary temperature of 275°C using a Nanospray-Flex ion source and a Pico-Tip Emitter 360 lm OD × 20 lm ID; 10 lm tip (New Objective). The MS spectra with a mass range of 350–1.500 m/z were acquired using a resolution of 120.000 (maximum injection time of 100 ms). Fragmentation was triggered by HCD in fixed collision energy mode with fixed collision energy of 30% for peaks with a charge state of 2–6 on the MS scan and a 5-second exclusion window. MS2 spectra were acquired by the Ion Trap with a rapid ion trap scan rate and a max injection time of 35 ms. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD021370.



Data Analysis

Acquired data were processed using MaxQuant 1.6.7.0 with cDNA databases based on transcriptomics data. Apart from the default settings, the following modifications were considered: Carbamidomethyl (C) (fixed modification), Acetyl (N-term), and Oxidation (M) (variable modifications). Gel slices were considered as fractions of the naïve or immunized samples. Proteins were identified by a minimum of four assigned unique peptides and, with zero assignment in the naïve sample, are shown in Table 1. Only sequence coverages of more than 2% and Q values (representing the probability that the protein is a false hit) that equal zero were considered. Full proteomics assignment data are shown in the excel spreadsheet available as Supplementary Data File.



Statistical Analysis

Data on tick weights failed to meet the criteria for normal data distribution according to the Shapiro-Wilk normality test. Individual datasets were, therefore, analyzed by the unpaired non-parametric Mann-Whitney test. Individual statistical significances are stated in the Figure legends.




Results


Repeated Ixodes ricinus Feeding Induces Acquired Resistance in Rabbits

We subjected laboratory rabbits to repeated feeding of Ixodes ricinus adults and nymphs. After initial feeding, any following feeding of adult females led to significantly decreased engorged weights (Figure 1A). Similarly, the immediate weight reduction of nymphs following feeding of the first cohort was observed with a gradual and continuous decrease in nymphal weights until the 4th infestation (Figure 1B). To verify if the acquired resistance to adult ticks would also lead to resistance against nymphal stages, we added I. ricinus nymphs to a rabbit with previously developed resistance to I. ricinus adults. Nymphs were placed onto the same spot where adults had previously fed, and also onto a new unexposed spot on the rabbit’s back (Figure 1C). Nymphs gained significantly lower engorged weights compared to control nymphs fed on a naïve rabbit, demonstrating cross-reactivity between adult and nymphal antigens and cross-protection between adult and nymphal I. ricinus ticks (Figure 1C). There was no significant difference between ticks placed on the old and new spot of the rabbit, indicating a systemic response to the tick feeding rather than local rejection (Figure 1C).



Immunoprecipitation of Antigens From Tick Saliva Using Antibodies Developed Under Naturally Acquired Immunity

Tick secretory material is derived predominantly from salivary glands but can also contain components from midgut regurgitate (Brown, 1988). To select the source material for pull-down, we inspected the background avidity of naïve rabbit immunoglobulins against midgut homogenates, salivary gland homogenates, and saliva (Supplementary Figures S1–3). While immunoglobulins from naïve rabbits markedly cross-reacted with proteins of the tick midgut and salivary gland homogenates (Supplementary Figures S1, 2, respectively), reduced immuno-detection was found in tick pilocarpine-induced saliva using immunoglobulins from naïve rabbits (Supplementary Figure S3). Therefore, for identification of immunogens, we used saliva of I. ricinus ticks, rather than a tissue homogenate. Isolated immunoglobulins from sera of immunized or naïve rabbits were immobilized on paramagnetic ProteinA beads, and target antigens were pulled-down from the saliva of adult I. ricinus females. To prevent co-elution (leaking) of immunoglobulins with the antigens, we used mild elution conditions for retrieval of a pure, yet possibly not exhaustive, set of antigens. The elution fraction from immunoglobulins of the repeatedly infested rabbit clearly contained specific antigens that were not present in the elution fraction from immunoglobulins of a naive rabbit (Figure 2). The elution fractions were separated by SDS-PAGE and the area around the visible bands were excised for proteomic identification, together with the corresponding gel areas in the lane from the naïve rabbit control.




Figure 1 | (A) Weights of Ixodes ricinus adults repeatedly fed on one rabbit. I. ricinus adult females were fed on a laboratory rabbit in subsequent feedings with 2–3-week intervals between feedings. Adult females were placed in two chambers on opposing sides of the rabbit (25 ticks into each chamber); n ≥ 30; Days indicate the date of detachment of respective groups after attachment of the first ticks. (B) Weights of I. ricinus nymphs repeatedly fed on one rabbit. I. ricinus nymphs were fed on a laboratory rabbit in two subsequent feedings (10 days overall) and with 2–3-week intervals between feedings. Nymphs were placed in two chambers on opposing sides of the rabbit (125 nymphs into each chamber). Two subsequent feedings (1st, 2nd, 3rd, or 4th nymphs) totaled each 500 nymphs. Days indicate the date of detachment of the respective groups after attachment of first ticks. Fifty representative fully fed nymphs were weighed per feeding. Note, the clusters above and below the average weight represent weights of female and male nymphs, respectively (Dusbabek, 1996). (C) Weights of I. ricinus nymphs fed on a repeatedly adult-infested rabbit. I. ricinus nymphs were fed on a laboratory rabbit previously fed on by I. ricinus adults. Nymphs were placed on a rabbit two weeks after the last I. ricinus adult feeding (Day 90). Nymphs were placed either on a spot of previous feeding (old) or the feeding chamber was moved to a previously un-infested spot on the same rabbit (new). Nymphs fed on a naive rabbit were used as a control. Mean + SEM are shown, n ≥40. Asterisks indicate statistical significance, ****p < 0.0001, ***p < 0.001, **p < 0.01, when compared to tick weights after first feeding.






Figure 2 | Non-reducing SDS-PAGE separation of immunoprecipitated salivary antigens using protein A paramagnetic beads. Immunoglobulins (Ig’s) from both immunized (repeated feeding) and naïve rabbit sera were immobilized on Protein A magnetic beads. These immunoglobulin-loaded beads were used for antigen fishing in pilocarpine-induced saliva of I. ricinus females fed on a rabbit for six days. Bound antigens to immunoglobulins from immunized and naïve rabbits were eluted and subjected to SDS-PAGE. M – Novex Sharp Marker, 1 – immunoglobulin fraction from “immunised” rabbits, 2 – SN after bead pelleting (indicates immobilization of “immunised” Ig’s on Protein A beads), 3 – immunoglobulin fraction from naïve rabbits, 4 – SN after bead pelleting (indicates immobilization of naive Ig’s on Protein A beads), 5 – elution fraction from “immune” beads, 6 – elution fraction from “naïve” beads. Bands from experimental group (red arrows) and corresponding areas from the control gel control were sliced out the gel and subjected to proteomic analysis.





Tick Antigens Recognized by Naturally Acquired Immunity Are Mostly Secreted Metalloproteases

Proteins were, by default, identified by assignment of obtained peptides in available I. ricinus transcriptomes from the early phase of feeding. Existing transcriptomes of I. ricinus salivary glands, however, so far have covered a transcript repertoire of salivary glands only during the initial three days of tick feeding (Schwarz et al., 2013; Kotsyfakis et al., 2015; Perner et al., 2018). In order to fine-tune the protein identification of salivary gland antigens at the timepoint of saliva collection, we assembled a new transcriptome from salivary glands of adult I. ricinus females fed for six days. Additionally, we have identified 19,559 novel or extended transcripts (see Material and Methods section for the filtering criteria). The full list of assembled contigs, their sequences and expression values are accessible through the Source data 1, a hyper-linked excel sheet (see Material and Methods for a download link). Using this new transcriptome as a search database for peptide assignments (BioProject: 589581), we have identified only one unique antigen-encoding transcript on top of those identified from already existing transcriptomes (Table 1). Out of ten identified antigens, six are enzymes, one is a binding protein, and three are proteins of unknown function (containing a distant domain similarity with the catalytic domain of phosphoinositide-specific phospholipase C-like phosphodiesterases) (Table 1). Among the identified salivary antigens, the MA clan metalloproteases of the GluZincin superfamily (based on MEROPS nomenclature), and the zinc-dependent metallopeptidases, which contain the HEXXH motif as part of their active site, clearly dominate. These mainly include the M13 family neprilysin-like metalloprotease, the M2 family angiotensin converting enzyme-like dipeptidyl carboxypeptidase (kininase), and the M1 family aminopeptidase N, venom metalloprotease 3, and Metis5 (venom antarease-like) metalloprotease. Additionally, a non-proteolytic enzyme identified among the enriched antigens was the ATP diphosphohydrolase (apyrase), a frequently reported constituent of tick saliva (Mans, 2016). The full list of identified antigens and numbers of assigned peptides is available as Supplementary Data File. To gain an insight into expression dynamics throughout tick feeding, we inspected the transcription expression profiles of those transcripts that were present in our new 6 days fed SG library and compared their expression patterns in SG RNAseq databases from earlier timepoints of feeding (Source data 1 spreadsheet, columns ER-EZ). Most of the antigen transcripts were apparently present in the salivary glands during the early phases of feeding. In fact, most were highly abundant transcripts and their levels decreased only slightly as feeding progressed (Table 1). A unique transcript, present only in the new 6 days fed SG library, was the venom metalloprotease 3. Based on software predictions, most of the identified antigens are secretory proteins except aminopeptidase N that lacks the signal peptide (Table 1). The antigens identified were predicted to be frequently post-translationally modified, bearing O-glycosylation at Ser and Thr residues, and/or N-glycosylation at Asn residues (Table 1). This is in line with the recent corroboration that the presence of a glycan moiety on salivary proteins is critical for eliciting tick rejection by a host, a guinea pig in that case (Narasimhan et al., 2020). Of note, a clear motif ANGDYDDWQ, found in the sequence of aminopeptidase N and apolipophorin, indicates sulfation of the tyrosine residue of the enzyme (Table 1), a key post-translational modification that determines the capacity of tick salivary proteins to inhibit host clotting enzymes (Thompson et al., 2017).



Tick Membrane Feeding of Immunized Rabbit Blood Did Not Lead to Decreased Engorged Weights

To examine whether the decreased weights of ticks fed on repeatedly infested rabbits is caused by the presence of “toxic” immunoglobulins in the blood, we performed the following in vitro feeding experiment. Ticks were fed artificially on blood collected from repeatedly infested rabbits and naïve rabbits. The results clearly show that both groups achieved comparable engorged weights irrespective of the presence of anti-tick immunoglobulins (Figure 3). This observation indicates that integration of antibodies in acquired resistance to ticks is not an independent cause but is likely linked to other fractions of host immunity absent in the artificial membrane feeding. This is in line with a previous observation that the humoral response of the immunized animals alone did not affect tick feeding (Knorr et al., 2018). Also, this result rather negates the expectations of using this in vitro feeding platform as a valuable tool for screening anti-tick sera from vaccinated animals, as previously proposed (de la Fuente et al., 2016).



Injection of Metalloprotease Inhibitor Impairs Tick Feeding In Vivo on a Rabbit but Not Feeding In Vitro on a Membrane

To investigate the role of metalloproteases at the tick-host interface, we performed a comparative feeding on a rabbit (in vivo) and using an artificial membrane system (in vitro) with ticks that were microinjected with phosphoramidon, a potent naturally occurring inhibitor of neprilysin-like and ACE-like metalloproteases (Campbell, 2018). Ticks were micro-injected with different concentrations of phoshoramidon solution in PBS, ranging from 50 to 5 µg/µl, in a volume of 300 nl (25 to 2.5 nanomoles/tick injection). Ticks rested over-night before being placed for feeding. Ticks were then either put on a rabbit or on the membrane of an artificial feeding system. The highest concentration injected (50 µg/µl) was toxic and ticks died before feeding initiation or shortly thereafter, irrespective of the feeding mode (Figure 4). However, the lower concentrations (5–25 µg/µl), impaired the feeding of ticks on a rabbit, while ticks fed on a membrane managed to initiate and accomplish feeding until full engorgement (Figure 4). These data clearly show that tick salivary metalloproteases play a critical role in the feeding process on a living host.




Figure 3 | Membrane feeding of Ixodes ricinus adults on blood from infested rabbit. I. ricinus adults were fed on reconstituted rabbit blood (haematocrit 60%) either from a previously infested rabbit, by repeated adult I. ricinus feeding (experimental), or from a naïve rabbit (control). (A) Pictures of feeding units during the course of artificial feeding. (B) Weights of dropped-off females and females removed on Day 10. Bars represent a mean and SEM, n ≥6.






Discussion

Tick salivary gland transcriptomic (Perner et al., 2018) and proteomic (Narasimhan et al., 2007) repertoires wax and wane as functions of time during the initial period of tick feeding on a host. The salivary proteome repertoire also appeared to adjust according to the host species (Tirloni et al., 2017; Narasimhan et al., 2019). For increased authenticity in identifying peptide mass fingerprints, it is critical to have transcriptomic databases relevant to particular tick feeding stages and host type. We, therefore, assembled a salivary gland transcriptome from ticks fed on a rabbit for six days, i.e. the common time-point for pilocarpine-induced saliva collection, to match in time with proteomic pull-down and mass spectrometry. In this study, we identified and experimentally demonstrated that salivary enzymes and scavenging proteins play a critical role in interactions between the tick and host at the expense of immunological recognition during prolonged exposure to the host immune system. During this period, the host antibody response had sufficient time to develop. Antigens identified by repeated feeding of ticks thus have the potential to be harnessed for research into vaccination against tick feeding. Importantly, the recent study on guinea pigs and their acquired resistance to I. scapularis infestation revealed that tick salivary glycoproteins are the critical elicitors of tick resistance (Narasimhan et al., 2020). This finding agrees with our results showing that the majority of antigenic metalloproteases from I. ricinus saliva are predicted to be post-translationally modified by O-type and/or N-type glycosylation. If glycans need to be retained on the enzymes to induce protectivity, this needs to be taken into consideration in recombinant protein expression strategies for vaccination against ticks and tick-borne pathogens (Šimo et al., 2017).


Table 1 | Identification and characterization of tick I. ricinus salivary antigens.



Metalloproteases comprise the majority of coding sequences in the tick salivary gland transcriptomes, accounting for more than 5% of the total read of the entire transcriptome (Schwarz et al., 2013), as well as of salivary proteomes of various tick species, e.g. Dermacentor andersoni (Mudenda et al., 2014), Haemaphysalis longicornis (Tirloni et al., 2015), Ixodes scapularis (Kim et al., 2016), A. americanum (Kim et al., 2020). Despite their abundance, the physiological function of most metalloproteases in tick saliva remains unknown, although some were characterized as fibrinogenases (Francischetti et al., 2003). We can speculate about their additional possible interference with the host peptide signalling cascade of inflammatory responses or host matrix modulation. Our results show that some of the MA clan zinc-dependent metalloproteases of different families are the major immunogens present in the saliva of I. ricinus ticks and thus corroborate previous studies showing the recognition of metalloproteases by sera of repeatedly infested dogs and rabbits (Decrem et al., 2008) as well as by sera from people with an immune reaction to tick feeding (Becker et al., 2015). Vaccination trials with the metalloprotease Metis1 in rabbits led to decreased fecundity in I. ricinus ticks (Decrem et al., 2008), as well as with the metalloprotease BrRm-MP4 from R. microplus (Ali et al., 2015).




Figure 4 | Evaluation of micro-injected phosphoramidon effect on tick feeding. Adult I. ricinus females were micro-injected indicated amounts of phosphoramidon solubilized in PBS. (A) Weights of engorged females fed on a rabbit. Bars represent the mean and SEM, n ≥25. (B) Weights of engorged females fed on an artificial membrane system. Data were obtained from two independent experiments. Bars represent a mean and SEM, n ≥12. Asterisks indicate statistical significance, *** indicate p = 0.0003, **** indicate p < 0.0001, n.s, not significant, when compared to the uninjected control.



Three of five identified antigenic metalloproteases in I. ricinus saliva presumably act as endopeptidases, cleaving host (vertebrate) large protein or peptide substrates. M13-neprilysin-like metalloprotease is an endopeptidase and shares a 32% amino-acid identity with mammalian neprilysin, and contains a HEITH Zn-binding motif (Bland et al., 2008). Invertebrate M13 peptidases have been found in various organisms playing diverse roles from metamorphosis to immune responses (Bland et al., 2008). Neprilysin-like peptidases have undergone genome expansion and the I. scapularis genome encodes more than a hundred different isoforms (Gulia-Nuss et al., 2016). M2 Metallo-dipeptidyl carboxypeptidase (kininase) is a broad substrate specificity exopeptidase, containing an HEMGH Zn-binding motif, and sharing a 42% amino acid identity with insect and mammalian angiotensin-converting enzyme (ACE). However, it has been shown that the ACE-related protein from R. microplus does not cleave mammalian angiotensin as a substrate (Jarmey et al., 1995; Bastiani et al., 2002). Instead, the I. scapularis dipeptidyl carboxypeptidase was shown to exert a kininase activity, with the capacity to cleave host bradykinin, a key pro-inflammatory molecule (Ribeiro and Mather, 1998). The identified I. ricinus antigenic kininase is a likely homologue of the I. scapularis enzyme (XP_029826915.1; 90% amino acids identity over 99% coverage) and R. microplus ACE-like protein (54% amino acid identity over 95% sequence coverage), designated as Bm91 antigen (Riding et al., 1994). Vaccination with recombinant Bm91 produced in the eukaryotic Pichia pastoris system, however, did not confirm any effect against tick feeding or reproduction (Lambertz et al., 2012). When silenced, no significant deviations from feeding and reproduction in Bm91-RNAi ticks were observed either (Nijhof et al., 2007). M1 Puromycin-sensitive aminopeptidase is another exopeptidase, containing the HELAH Zn-binding motif, and shares a 44% amino acid identity with mammalian aminopeptidase N. The tick aminopeptidase N homologue has a strong predication for tyrosine sulfation. Such post-translational modification plays a critical role in its capacity to inhibit host haemostatic targets (Thompson et al., 2017). In insects, aminopeptidase N is mainly localized to the midgut membrane (Adang, 2004) and is a candidate molecule from the mosquito Anopheles gambiae for a Plasmodium falciparum transmission-blocking vaccine (Dinglasan et al., 2007). Interestingly, using specific rabbit polyclonal antibodies, nearly a 100% neutralisation of protease activity was achieved, which supports the concept of immunoglobulin-mediated neutralisation of proteases at the parasite-host interface (Dinglasan et al., 2007).

Besides the dominant metalloproteases, we also identified the enzyme apyrase as an immunogenic constituent of tick saliva. Apyrases hydrolyse host ADP and ATP, inhibiting key pathways of platelet and neutrophil aggregation and other pro-inflammatory reactions (Francischetti et al., 2009). Anti-apyrase immunoglobulins have been reported as markers of the sand fly Lutzomyia longipalpis bite, indicating an immunogenic nature of these enzymes, even in non-tick blood feeders (Milon et al., 2010). Vaccination of rabbits with E.coli-produced recombinant Ornithodoros moubata apyrase (GenBank: AGJ90350.1; 52% amino acid identity and 97% coverage with the I. ricinus immunogenic apyrase) led to a strong reduction in feeding in all developmental stages (Díaz-Martín et al., 2015), indicating a protective effect when used as a single-antigen vaccine.

Another natural I. ricinus antigen was identified as an apolipophorin-related molecule. Apolipophorins were originally described as important lipid transporters in insect hemolymph (Chino et al., 1981; Chino and Downer, 1982). Insect apolipophorins show a resemblance to tick vitellogenins and carrier proteins (Donohue et al., 2009), all of which are derived from a common ancestor and belong to the large lipid transfer protein superfamily (Smolenaars et al., 2007). This finding is not new, as homologous lipoproteins have previously been identified proteomically in pilocarpine-induced saliva of partially- and fully-fed R. microplus ticks (Tirloni et al., 2014), dopamine-induced saliva of partially-fed D. andersoni (Mudenda et al., 2014), dopamine- and pilocarpine-induced saliva of H. longicornis nymphs and adults (Tirloni et al., 2015), pilocarpine-induced saliva of I. scapularis (Kim et al., 2016), A. americanum (Kim et al., 2020), as well as by antibody-mediated identification in phage display cDNA expression SG libraries from early timepoints of A. americanum feeding (Radulovic et al., 2014). Genetically tick-resistant bovines recognize more tick salivary proteins than sera of susceptible ones. Among R. microplus antigens identified by sera of resistant bovines, and not of susceptible ones, are apolipophorin and lipocalins (Garcia et al., 2017). The role of lipoproteins in tick saliva is currently unknown. The transcript encoding apolipophorin/vitellogenin (SigP-149886; GenBank: JAB71606.1) is predominantly expressed in the midgut rather than salivary glands in nymphs and adults of I. ricinus (Kotsyfakis et al., 2015), suggesting that it might not be a specific salivary secretory protein.

Using artificial membrane feeding of ticks, we demonstrated that the mere presence of anti-tick immunoglobulins in the blood meal had no significant effect on the progress of tick feeding. This can be explained by the fact that the processes by which antigens interact with the in vivo system are absent in the membrane feeding system. Such processes might include blood coagulation (ticks fed on defibrinated blood in the membrane feeding system), or leukocyte infiltration and degranulation. Host production of specific immunoglobulins may bring about neutralisation of the antigenic metalloprotease enzymatic activity. When fed repeatedly, potential antibody-mediated neutralisation of the proteases might lead to increased levels of peptidic inflammatory mediators and leukocyte infiltration, eventually causing rejection of ticks. Alternatively, as tick salivary Zn-metalloproteases were implicated in the prevention of fibrin clot formation and dissolution of the fibrin clots (Francischetti et al., 2003), we speculate that the ability of ticks exposed to protective immunoglobulins or a specific inhibitor to fully engorge in an in vitro membrane feeding system is due to the fact that ticks are served defibrinated blood. Any neutralisation of tick anti-clotting activity is, therefore, not physiologically penalized in this apparently “luxurious” feeding system.



Conclusion

In this work, we have: 1) identified tick salivary proteins that are recognized by antibodies produced in a tick-immunized host (rabbit), using peptide mass fingerprinting; 2) assembled and made publicly available the tick salivary gland transcriptome of adult I. ricinus females from the 6th day of tick feeding; 3) demonstrated that neutralization of tick Zn-dependent metalloproteases by rabbit immunoglobulins or inhibition by a specific inhibitor prevent ticks from initiating and progressing through natural feeding but not artificial feeding.

We conclude that metalloproteases present in tick saliva target the components of the host hemostatic and defence systems that are absent during artificial membrane feeding. This explains why ticks feed successfully in vitro even in the presence of protective immunoglobulins or metalloprotease inhibitors.
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Malaria infection status

P falciparum
R vivax
Uninfected
Total

Turbo

36
45
89

Elbagre

18
29
43
90

Total

26
65
88
179
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Protein
accessions

ETN63669.1
ETNE6035.1
ACI30180.1

ETN62038.1
ETN61268.1
ETN64733.1
ETN59462.1

ACI30121.1
ETN65121.1
ACI30100.1

ETN58076.1
ETNG4604.1
ETN63240.1
ETN62075.1
ETNG1375.1
ETN57775.1
ACI30046.1

Description

Apyrase (An. darlingi)
Oxidase/peroxidase (An. darling))

Putative salivary protein SG18 (An. darlingi)
ATP synthase beta subunit (An. daringi)
Protein disulfide isomerase (An. darling)
Venom allergen 5 (An. darlingi)

ATP synthase alpha subunit mitochondrial
(An. darling))

SG1-like salivary protein (An. darlingi)
Pyruvate kinase (An. darling))

30 kDa salivary antigen family protein

(An. darling))

Deoxyribonuclease | (An. darlingi)

Malic enzyme (An. darling))

Protein disulfide isomerase (An. darling)
Apyrase (An. darlingi)

Catalase (An. dariingi)

Actin (An. darlingi)

Long form D7 salivary protein (An. darling))

Avg. mass

63,178
65,566
51,296
53,768
54,542
29,387
59,383

44,890
57,651
25,628

45,530
69,409
56,374
62,276
62,481
31,545
37,105
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Peptide name

AnDar_PeroX1
AnDar_PeroX2
AnDar_Apy1
AnDar_Apy2

Peptide sequence

RGQCDSTSPYRTYDGRCNNLON
GQCDSTSPYRTYDGRCNNLQNP
GGHSHSFLFSPDSDQPYNKQDT
HMNDLHARFDETSNKSSKCRSD

a.a. position

19-40

20-41
249-270

39-60
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All samples (n = 179)

PVMSP1 (p-value)

PIMSP1 (p-value)

AnDar_Apy1 0.16(0.0305)" 0.16 (0.0290)"
AnDar_Apy2 039 (0.0001)" 0.35 (0.0001)"
AnDar_PeroX1 0.15(0.0503)" 0.12(0.1208)
AnDar_PeroX2 037 (0.0001)" 0.26 (0.0004)"
SGE ~0.06 (0.4245) ~0.03 (0.6104)
Malaria infected (n = 89) PUMSP1 (p-value)  PfMSP1 (p-value)
AnDar_Apy1 0.06 (0.5544) 0.15 (0.1657)
AnDar_Apy2 0.29 (0.0045)" 0.32 (0.0018)"
AnDar_PeroX 0.13(0.1971) 0.19(0.0741)
AnDar_Perox2 035 (0.0008)! 026 0.0108)"
SGE —0.04 (0.6879) 0.00(0.9975)
Malaria uninfected (1 =90)  PVMSP1 (p-value)  PfMSP1 (p-value)
AnDar_Apy1 0.15(0.1689) 0.1 (0.2770)
AnDar_Apy2 0.41 (0.0001)t 0.33(0.0013)"
AnDar_PeroX 0.00(0.3544) ~0.00 (0.9881)
AnDar_Perox2 039 (0.0001)t 0.24 (0.0184)"
SGE ~0.06 (0.5791) ~0.06 (0.5444)

p < 0.05: Tp < 0.001.
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Putative secreted protein

Na*/dicarboxylate, Na* tricarboxyiate, and phosphate transporter, putative
Beta-N-acetylhexosaminidase, putative

TPA_inf: hypothetical protein 384

Acid methyltransferase, putative

Phosphoinositol 4-phosphate adaptor protein, putative

Innexin, putative

Monocarboxylate transporter 10-like

Secreted protein, putative

Putative defense protein 3

F-actin-uncapping protein LRRC16A isoform X2

*Putative secreted proteins predicted by Min (2010) pipeline, using Phobius, WoltPsort, TMHMM, Targetf and PS_SCAN.

be-value from Blast result.
©Blast mean similarity.

9Blast hit taxonomy name. Log FC with negative signal means that transcripts are upregulated in ticks fed on resistant cattle.

e-value®

0.0E0
1.9E-160
3.5E-15
1.1E-52
8.0E-71
4.7E-156
7.4E-122
1.4E-8
12E-14
0.0E0

Similarity® (%)

82.81
67.95
63.22
68.66
78.47
80.86
68.14
56.06
49.98
3.44

LogFC

0.96
234
4.32
278
-1.50
-3.35
1.37
413
1.80
-0.83

FDR

2.3e-02
2.4e-03
1.8e-02
4.4e-02
2e-02
4.8e—03
2.4e-02
4.2e-02
4.5e—02
2e-03

Taxonomy name?

Ixodes scapularis
Ixodes scapularis
Amblyomma variegatum
Ixodes scapularis

Ixodes scapularis

Ixodes scapularis
Parasteatoda tepidariorum
Ixodes scapularis
Crassostrea gigas

Limulus polyphemus
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DEG

UPREGULATED IN SALIVARY GLANDS FROM TICKS FED ON HOLSTEIN CATTLE

Serine carboxypeptidase

RNA-directed DNA polymerase from mobile element jockey-like

Phosphorylase kinase, putative

Conserved hypothetical protein

Neuroendocrine convertase 1

Negative elongation factor B-like

MAP kinase-activated protein kinase 3
Longistatin

Leucine aminopeptidase

Glycerol-3-phosphate dehydrogenase
Gamma-glutamyltransferase, putative 1¢
Gamma-glutamyltransferase, putative 2¢
Uncharacterized protein LOG111632264 isoform X1
Conserved hypothetical protein XP_002414744.1
Coagulation factor precursor putative

Calnexin

Bleomycin hydrolase
Beta-N-acetyhexosaminidase, putative
Hypothetical protein IsoW/_ISCW006057

Small heat shock protein |

Ribosomal protein P2

RNA-directed DNA polymerase from mobile element jockey-like

Pantothenate kinase PanK, putative
265 protease regulatory subunit 68

e-value®

Similarity® (%)

UPREGULATED IN SALIVARY GLANDS FROM TICKS FED ON CROSSBREED CATTLE

Conserved hypothetical protein
Hypothetical protein IscW/_ISCW000551
Pentatricopeptide repeat-containing protein, putative
Mucin-17-like isoform X3

Conserved hypothetical protein

Fanconi anernia group | protein-like

ATP synthase H+ transporting, mitochondirial F1 complex, delta

subunit precursor
Ribosomal protein L19

%e-value from Blast result
bBlast mean similarity.
©Blast hit taxonomy name.

4.5E-103 71.02
4.2E-128 51.45
0.0E0 81.17
00 52.31
5.3E—-245 83.98
2.4E-128 80.98
1.0E-8 100.00
1.5E-30 57.72
2.7E-242 90.63
B6.9E-12 92.50
6.8E—145 67.82
4.7E-148 68.21
6.4E—-104 80.20
2.5E-142 96.48
1.6E-53 69.47
B6.5E-118 92.70
1.1E-82 41.18
1.9E-160 67.95
5.3e-240 57.73
4.7E-27 83.95%
1.9E-24 98.48%
4.2E-126 51.45
2.8E-203 92.23
3.9e-211 95.68
1.8E-98 87.45%
2.0E-202 50.26
8.7E-130 96.51
2.0E-18 69.41
1.9E-99 91.71%
4.9E-181 54.43%
1.0E-68 94.58
2.0E-75 94.04%

FC

4.38
0.88
0.95
071
169
1.90
1.69
171
3562
3.15
206
1.95
0.90
173
2.74
298
1.85
2.34
051
371
2.56
0.88
179
257

276
0.656
1.84
072
213
0.58
3.69

3.39

FDR

3.6e-056
4.7e-02
4.8e—-03
3.2e-02
3.6e—02
1.5e-02
1.5e-03
3.1e-02
1.2e-03
8e-03
1.3e-02
1.5e-02
2.7e-02
8.2e-03
4.1e-02
2.9e-04
1.6e-04
2.4e-03
3e-02
1.4e-02
1e-02
4.7e-02
4.1e-02
1.4e-02

1.2e-03
2.8e-02
1e—02
1.6e-02
1.36-02
3.26-02
4.56-02

4E-02

SP

zZzz2zz2<22ZZ2Z2Z2Z2ZZZZZZ<ZZZ

zzzzzzz

Taxonomy name®

Haemaphysalis longicornis
Strongylocentrotus purpuratus
Ixodes scapularis

Ixodes scapularis

Ixodes scapularis
Centruroides sculpturatus
Ixodes scapularis
Haemaphysalis longicornis
Haemaphysalis longicornis
Ixodes scapularis

Ixodes scapularis

Ixodes scapularis
Centruroides sculpturatus
Ixodes scapularis

Ixodes scapularis

Ixodes scapularis
Zootermopsis nevadensis
Ixodes scapularis

Ixodes scapularis
Rhipicephalus annulatus
Haemaphysalis ginghaiensis
Strongylocentrotus purpuratus
Ixodes scapularis

Pedlculus humanus corporis

Ixodes scapularis
Ixodes scapularis
Ixodes scapularis
Limulus polyphemus
Ixodes scapularis
Crassostrea virginica
Ixodes scapularis

Ixodes scapularis

FC, fold change; FOR, faise discovery rate; SR, predicted signal peptide that target proteins to be either secreted or o be a transmembrane protein; Y—signal pepide predicted,

N—signal peptide not predicted.
deTranscript isoforms.
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Species

Amblyomma maculatum
Ixodes ricinus
Ixodes ricinus

Ixodes ricinus

Amblyomma parvum
Amblyomma cajennense
Amblyomma triste
Dermacentor andersoni
Amblyomma americanum
Rhipicephalus pulchellus
Haemaphysalis flava
Rhipicephalus appendiculatus
Rhipicephalus zambeziensis
Amblyomma sculptum
Amblyomma sculptum
Hyalomma excavatum
Hyalomma dromedari
Ixodes holocyclus
Amblyomma aureolaturn
Rhipicephalus annulatus
Omithodoros rostratus
Ornithodoros turicata
Rhipicephalus microplus

Total reads

1,626,969
68,144,564
~815 million

~435 million
104,817
67,677
442,756
632,267
344,909,378
241,229,128
162,912,848
~430 milion
~190 million
~667 million
197,142,728
138,144,530
56,819,366
65,035,631
~242 million
40,573,988
22,395,831
15,136,406
137,663,210

Total contigs

190,646
272,220

21,797

70,542

87,688

140,703
480,445
53,228

142,391
134,039
11,903

40,058

285,451

Contigs after
cut-off

72,441
82,907
198,504

40,490

56,760
21,410
23,631

27,308

8,031

Annotated

15,814
34,560
25,808

20,773
3,796
4,604
11,240

21,769
5,792

50,460

54,357

21,410

23,631
9,560

27,308
7875

16,342

134,039

11,908

8,031
10,989
71,757

HKP

7,856
19,491
12,913

2,653
2,805
6,854
3,465
11,499
8,237
8,139
23,248
5,511
8,063
7,975

5,125
7,986

SEC

3,475
10,777
9,048

493
1,015
1,861

2,153
7,134

2,135
2,569

2,177
1,796
1,749
3,149

7
2,138
20

Genbank

4,849
8,686
16,002

7,692
2,838
5,770
8,098
3,139
11,227
20,175
21,529
4,246
5,337
142,391
95,717
7,999

6,588
7,560

References

Karim et al., 2011
Schwarz et al., 2013

Schwarz et al., 2014;
Kotsyfakis et al., 2015

Pemer et al., 2018
Garcia et al., 2014
Garcia et al., 2014
Garcia et al., 2014
Mudenda et al., 2014
Karim and Ribeiro, 2015
Tan et al., 2015
Xuetal., 2015

de Castro et al., 2016
de Castro et al., 2017
Esteves et al., 2017
Moreira et a., 2017
Ribeiro et al., 2017
Bensaoud et al., 2018
Rodriguez-Valle et al., 2018
Meartins et al., 2019
Antunes et al., 2019
Aratjo et al., 2019
Bourret et al., 2019
Giachetto et al., 2020

Indicated are the total reads generated used in assemblies, the total number of contigs obtained after assembly, number of contigs obtained where a coverage or size cutoff was
implemented, the number analyzed for annotation, the number identified as house-keeping (HKF) or secretory (SEC). The number of sequences coding for proteins or contigs deposited

in Genbank is also indicated.
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Accession  Description Coverage Peptides PSMs AAs MW (kDa) Calc.pl FCUnfed/Fed P-value

ENERGY METABOLISM
1871969814  Calcium-transporting ATPase sarcoplasmic/endoplasmic  13.89 18 3 1001 10050 552 1.20 004
reticulum type-like
1067084430 NADH dehydrogenase flavoprotein 1, mitochondrialke 855 3 3 468 5090 821 1.20 001
1547583175 Na*t/K*-ATPase, partial 29.70 5 9 202 2240 677 1.28 002
1246309936 Sodium potassium ATPase alpha subunit, partial 25.99 5 9 227 2520 539 1.28 001
26324181 Smooth endoplasmic reticulum calcium ATPase 18.96 17 46 1002 10070 536 132 001
1220106012 NADH dehydrogenase subunit 1 (mitochondrion) 356 1 1 809 8470 888 1.41 000
1561970059 Cyclic AMP-responsive element-binding protein 1 1.98 1 1 353 37.50 7.56 1.44 0.00
DIGESTIVE METABOLISM
Carbohydrate Metabolism
1371969117 Phosphoglucomutase 302 1 1 563 6140 526 068 000
1562001515 Trehalase 1.46 1 1 548 6280 526 073 003
262305275  Glycogen synthase, partial 631 2 3 817 3620 764 0.85 001
1067085998 UDP-glucuronosylransferase 2B14-ike 385 1 5 156 1780 957 076 000
1371968467 Fructose 1,6-bisphosphatase 8.33 2 3 276 30.00 5.36 0.78 0.01
1371966397 ~ Kynurenine-oxoglutarate transaminase 3-lie, partial 269 1 2 484 5390 77 0.83 000
1562082021 Ubiquitin carboxyl-terminal hydrolase 7 1.18 1 1 1267 14650 677 0.83 004
Protein Metabolism
1067064770  Aminopeptidase N-iike 059 1 2 181 20850 491 0.63 000
1371969475 268 protease regulatory subunit 68 556 3 3 414 4670 558 065 000
1562025605 Protein disulfide-isomerase AS 227 1 1 441 4830 557 068 001
1371970147 Nucleoside diphosphate kinase 7.73 1 2 181 20.20 8.40 0.74 0.01
1562080658  Protein disulfide-isomerase 517 3 4 522 5870 477 075 000
1371969013 Dolichyl-diphosphooligosaccharide-protein 1.66 1 1 722 8210 787 078 001
glycosylransferase subunit STT3A-like
1562029772 Ubiquitin-protein ligase E3C 087 1 2 1082 11750 676 078 001
1371965865 Serine/threonine-protein phosphatase 4 regulatory 052 1 11340 14930 465 0.80 000
subunit 1-like
1562011562  Pepiyl-prolyl cis-trans isomerase FKBP7 13.81 4 7 210 2850 479 0.80 000
1562027280 Proteasome subunit beta type-5 461 1 2 282 3150 665 0.85 002
1561992339 Putative serine/threonine-protein phosphatase PP2A 10.44 4 5 479 5300 521 0.85 002
regulatory subunit
Lipid Metabolism
1562029772 Ubiquitin-protein ligase E3C 087 1 2 1082 11750 676 078 001

1562030180 Fatty acid synthase 057 1 2 2,263 24870 5.49 0.81 0.02
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Species

Ixodes scapularis

Omithodoros erraticus
Omithodoros moubata
Omithodoros parkeri

Ornithodoros coriaceus

Argas monolakensis

Rhipicephalus sanguineus
Amblyomma variegatum
Hyalomma rufipes
Omithodoros moubata
Dermacentor andersoni
Rhipicephalus microplus
Haemaphysalis longicornis
Ixodes scapularis
Amblyomma americanum

Extract

Technology  Tick

Edman
Edman

MALDI-MS
MALDI-MS

Edman
1D-LC-MS
2D-LC-MS
Total

Edman
2D-LC-MS
1D-LC-MS
Total

Edman
2D-LC-MS
LC-ms
Total

1D-LC-MS
1D-LC-MS
1D-LC-MS
LC-Ms

LC-Ms

1D-LC-MS
1D-LC-MS
1D-LC-MS
1D-LC-MS

Proteins

170
72
193
77
187
135
582
1,182

Percentage of
Genbank

13.7
12.6

4.4

76
183

23.4
28

343
370

7.2

14.5
18.1

9.7
280
73.4
2573
3.1

Species specific
sequences in
Genbank/Study

87

48
158

105

217

605

98

75
21,797
22,009
62,246
110,587

HKP

©C0O0O0O O0OOCOO NNOO O G AO

151
75
72

41
106

SEC

19
23

145
29

References

Valenzuela et al., 2002a

Oleaga et al., 2007
Oleaga et al., 2007
Francischetti et al., 2008a

Francischetti et al., 2008b

Mans et al., 2008

Oliveira et al., 2013
Ribeiro et al., 2011
Francischetti et al., 2011
Diaz-Martin et al., 2013
Mudenda et al.,, 2014
Tirloni et al., 2014
Tirloni et al., 2015

Kim etal., 2016

Kim et al., 2020

Protein mixtures analyzed were obteined via induction of salivary glend secretion (SGS) or salivary glend extracts (SGE). Mixtures were analyzed by one-dimensional SDS-PAGE followed
by blotting and Edmen sequencing (Edman), matrix-assisted laser desorption ionization (MALDI-MS), one-dimensional SDS-PAGE from which bands were cut out for tryptic dlgest
followed by MS/MS analyss (1D-LC-MS), or two-dimensional SDS-PAGE from which bands were cut out for tryptic digest followed by MS/MS analysis (2D-LC-MS), or salivary gland

proteins fractionated using liquid chromatography followed by MS/MS (LC-MS).
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Accession  Description Coverage Peptides PSMs AAs MW (kDa) Calc.pl FCFed/Unfed P-value

BLOOD SUCKING

427782987  Putative salivary alkaline phosphatase 1.68 1 1 1 10 535.00 0.45 6.60
1661973869  Barrier-to-autointegration factor 11 1 1 90 10.1 5.90 0.67 0.02
1067116995  Inorganic pyrophosphatase-like isoform X1 3.41 1 1 410 462 5.08 072 0.00
1067085871 Calcineurin subunit B type 2 isoform X1 4.69 1 1 213 235 4.97 0.76 0.02
1067070998 Neurocalcin homolog isoform X3 1053 2 2 190 219 525 074 0.01
164632859  Alpha-2-macroglobulin, partial 3.85 2 3 571 61.7 4.94 0.75 0.00
1562026595  Calreticulin, partial 13.03 3 5 330 384 4.93 0.81 0.00
1202288454  Insulin receptor substrate 2-B, partial 235 1 1 426 462 6.38 0.82 0.01
1067101392 Mitogen-activated protein kinase 14B-like 4.08 1 1 392 440 7.30 0.82 0.03
1662031882  Pl-actitoxin-Aeg3a 6.51 1 1 169 195 4.81 0.83 0.02
1562036618 Bleomycin hydrolase 4.76 1 1 252 29.0 6.64 0.85 0.04
1371966987  Peroxiredoxin, partial 9.65 1 1 114 12.4 5.48 1.20 0.03
1871959777 Galactose ABC transporter substrate-binding protein 3.26 1 1 337 371 5.08 1.50 0.00
HEAT SHOCK PROTEIN

190014500 70 kDa heat shock protein 7.64 4 10 641 701 5.53 0.72 0.00
1561987640 Endoplasmin 3.99 3 5 803 9.1 5.02 0.77 0.00
1561990168 60 kDa heat shock protein, mitochondrial 14.19 8 13 571 60.5 5.41 0.81 0.01
1871970216  Heat shock protein HSP 90-alpha-like 7.49 5 7 708 82.0 5.06 0.83 0.00
1371965305  Stress-activated protein kinase JNK-like 3.14 1 1 509 572 7.40 0.83 0.04
1562029713 Putative heat shock protein HSP 90-alpha A4 10.86 5 8 488 55.7 5.08 0.83 0.00
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Species

Ixodes ricinus
Ixodes scapularis
Amblyomma variegatum
Rhipicephalus appendiculatus
Rhipicephalus microplus
Ixodes pacificus

Ixodes scapularis
Dermacentor andersoni
Omithodoros parkeri
Omithodoros coriaceus
Argas monolakensis

Ixodes ricinus

Amblyomma americanum
Rhipicephalus sanguineus

Amblyomma variegaturm
Hyalomma rufipes
Antricola defacruzi
Amblyomma americanum

Clones

9%
735
3,992
19,008
11,590
1,068
8,150
1,440
1,629
1,089
3,087
1,881
6,160
2,034

3,992
2,084
1,147
16,390

Clusters  Genbank

27
410
2,109
7,359
8,270
557
3,020
762
649
726
1,472
1274
4,577
1,024

2,077
1,167
923
12,319

29
87

19,046

120
514
1,270
158
105
193
511
141
217

605
98
38

14,958

Secretory

102

83
863
239
130
127
127
129
193
219

379
255
115

Proteomics

19 tick; 2 host

37
39
35

21 tick; 56 host

170
72 tick, 22 host

Proteomic coverage (%)

218

284
37
18.1

9.7

280
734

References

Leboulle et al., 2002
Valenzuela et al., 2002a
Nene et al., 2002

Nene et al., 2004
Guerrero et al., 2005
Francischetti et al, 2005
Ribeiro et al., 2006
Alarcon-Chaidez et al., 2007
Francischetti et al., 2008a
Francischetti et al., 20080
Mans et al., 2008
Chmelar et al., 2008
Ajamali et al., 2009

Anatriello et al., 2010; Oliveira
etal,, 2013

Ribeiro et al., 2011
Francischetti et al., 2011
Ribeiro et al., 2012
Gibson et al., 2013

Indicated are the tick species, the number of clones sequenced by Sanger sequencing, the non-redundant clusters obtained after clusterization of sequenced clones, final number of
genes submitted to Genbank, the number of secretory proteins detected, the number of tick or host proteins detected using proteomics and the proteomic coverage in percentage of
proteins detected relative to the genes submitted to Genbank. Transcriptomes are organized based on publication date.
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Class

Hypotheticall secreted

Enzyme

Housekeeping

Unknown

Rhodococeus rhodii-derived products

Number of PG

24
12
23
8
5

% PGs

33.33
16.67
31.94
pE b
6.94
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Protein group®

HYPOTHETICALLY SECRETED
Apyrase

79 kDa salivary apyrase

Salivary apyrase
Actin
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Uncharacterized protein (T1HX12)
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Hydrolysis of ADP and ATP
Hydirolysis of ADP and ATP
Insect immunity/Inhibition of platelet aggregation

Inhibition of platelet aggregation; Inhibition of coagulation;
Antioxidant activity

Inhibition of platelet aggregation; Inhibition of coagulation;
Antioxidant activity

Heme binding
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Unknown
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4Protein group name based on protein signature icentified by LC/MS-MS.
b For the Hypothetical secreted PGs: Putative function of the particular protein group in blood feeding context (vector/host interaction). See references in discussion section. For the
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¢ Triatomine species initials and number of the BN gel band submitted to LC/MS-MS identification.
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Promotes autophagy activation.
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Inhibits activation of NF-kB
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Inhibits IFN-e: and IFN-B mRNA expression
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chemokines, promotes neutrophil
recruitment to bite site.
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Effect
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activation of neutrophils.

Decreases the expression of
pro-inflammatory cytokines
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Enhances viral replication
Enhances viral replication
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Enhances infection

Enhances infection Increased disease
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immune cell activity and influences
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PD1 PD2 BL1 BL2 Total

Date survey (2017) Start May 2 Sept 11 May 4 Sept 14
End May 12 Nov 22 June 1 Nov 21

Sampled individuals. 130 132 130 131

Age range (years) 18-67 19-66 19-65 19-65

Median age 455 470 440 440

Mean age + 95% Cl 438+ 2.4 454+ 2.4 439%19 448%18

Females () 39 34 12 16

Meales (M) 91 98 118 15

Paired samples PD,n =69 BLn=97

Travel abroad in the Country with 19 30 14 29 9%

preceding 6-months Ae. albopictus
Country with no 7 4 7 6 20
Ae. albopictus
Not specified 1 4 - - 5
No travel 103 9 109 9% 402
Total 130 132 130 131 523

Cutaneous reaction (0-5) Low (0-1) 73 77 61 3 303
Mid (2-3) 49 49 18 25 141
High (4-5) 8 3 4 3 18
Total 130 129 83 120 462

Number of bites (0-5) Low (0-1) 17 53 124 64 358
Mid (2-8) 13 49 6 59 127
High (4-5) 0 28 0 8 36
Total 130 130 130 131 521

Timing of bites Day 11 61 12 38 122
Night 7 22 7 43 79
Day and night 6 46 7 36 %
Total 2 129 26 117 206
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Group FishNo.  Gender Feed Day

10 2 3 4 5 6 7 8 9 10 1" 12 13 14
Saliva 26-1 Female Fish A D Dead
262 Fomale Fish A D Dead
263 Female Fish A D Dead
264 Female Fish - - - - - - - - - - - - - £
265 Male Fish - - - - - - - - - - - - _ E
266 Male Fish - - - - - - - - - - - - - E
14-7 Female Dog - - A A - - - - - - - - - E
148 Mae Dog - - A A - - - - - - - - - E
149 Female Dog - - A A - - - - - - - - - E
o-Gal 27-1 Male Fish - - - - - - - - - - - - — E
272 Female Fish - - - - - - N = = = = = _ E
273 Female Fish - - - - - - - - - - - - _ E
274 Male Fish - - - - - - - - — - _ _ _ E
155 Male Dog - - - - - - - - - - - _ _ I
156 Male Dog - - - - - - - - - - - - - I
157 Female Dog - - - - - - - - = - = N _ I
PGE, 28-1 Female Fish - - - - - - D Dead
282 Female Fish = = - = - - . - = - o = . E
283 Male Fish - - - - - - - - - - - - . £
284 Male Fish - - - - - - - - - - - - _ E
166 Female Dog - - - - - - - - - - - - . E
166 Male Dog - - - - - - - - - - - - - E
167 Male Dog - - - - - = - - = - B = _ E
o-Gal + PGE; 29-1 Female Fish AD Dead
292 Mae Fish - - - - - - - = = - = _ - I
293 Male Fish - - - - - - - - = = - = _ E
294 Female Fish - - - - - - - - - - . - _ E
295 Male Fish - - - - - - - - _ _ - _ _ I
176 Male Dog - - - - - - - - - - - _ _ £
17-7  Male Dog - - - - - - - - - . B - . I
178 Female Dog Disappeared from the tank
PBS 30-1 Female Fish - - Died from injection
30-2 Female Fish - - - - - - - = = — — — - E
303 Male Fish - - - - - - - - - - - _ _ £
304  Male Fish - - - - - - - - - - . - - E
186 Female Dog - - - - - - - - - - - - - E
186 Male Dog - - - - - = - - - - - - _ £
187 Male Dog - - - - - - - - - = - - . E

4 Treatments according to the experimental group were done at dys 1, 3, and 8.
bFeed chenge (fish feed to dog food for some animals) occurred at day 2. The appearance of allergic reactions (A) and death e to allergic reactions (D) were recorded. The absence of allergic reactions and deaths are represented
with a dash (—). All surviving fish were euthanized (E) at the end of the experiment.
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Species Number of Species Number of
sequences sequences
Amblyomma americanum 3967 Rhipicephalus 49,146
appendiculatus
Amblyomma aureolatum 93 Rhipicephalus bursa 39,435
Amblyomma cajennense 7,008 Hyalomma dromedarii 38518
Amblyomma maculatum 4,855 Ixodes ricinus 33,250
Amblyomma parvum 2838 Rhipicephalus annulatus 20,753
Amblyomma rotundatum 355 Haemaphysalis longicoris 20,592
Amblyomma sculptum 4,249 Rhipicephalus 14,393
zambeziensis
Amblyomma triste 8008 Rhipicephalus pulchelus 11,227
Amblyomma tuberculatum 67 Amblyomma tiste 8,008
Amblyomma variegatum 743 Omithodoros turicata 7,560
Antricola delacruzi 317 Amblyomma cajennense 7,098
Argas monolakensis 1,059 Omithodoros rostratus 6,587
Carios mimon 4 Hyalomma excavatum 5338
Dermacentor andersoni 505  Amblyomma maculatum 4,855
Haemaphysalis longicornis 20,692 Amblyomma sculptum 4,249
Haemaphysalis qinghalensis 2 Amblyomma americanum 3,967
Hyalomma anatolicum 88 Amblyomma parvum 2,838
anatolicum
Hyalomma asiaticum 1 Iodes scapularis 2,451
asiaticum
Hyalomma dromedarii 38518  Argas monolakensis 1,069
Hyalomma excavatum 5338 Rhipicephalus microplus 969
Hyalomma rufipes 558  Rhipicephalus sanguineus 761
Ixodes affinis 1 Amblyomma variegatum 743
Ixodes holocyclus 7 Hyalomma rufipes 558
Ixodes pacificus 118 Omithodoros parkeri 544
Ixodes persulcatus 17 Dermacentor andersoni 505
Ixodes ricinus 83,250  Ornithodoros brasiliensis 440
Ixodes scapularis 2451 Amblyomma rotundatum 355
Ixodes sinensis 5 Antricola delacruzi 317
Ornithodoros brasiliensis 440 Ornithodoros coriaceus 272
Omithodoros coriaceus 272 Ixodes pacificus 118
Omithodoros Kalahariensis 2 Amblyomma aureolatum 9
Omithodoros moubata 59 Hyalomma anatolicum 88
anatolicum
Omithodoros parkeri 544 Amblyomma tuberculatum 67
Ornithodoros rostratus 6,687  Ornithodoros moubata 59
Ornithodoros turicata 7,560  Ixodes persulcatus 17
Rhipicephalus annulatus 20,753 Ixodes holocyclus 7
Rhipicephalus 49,146 Ixodes sinensis 5
appendiculatus
Rhipicephalus bursa 39,435  Carios mimon 4
Rhipicephalus 1 Haemaphysals 2
haemaphysaloides ginghaiensis
Rhipicophalus microplus 969 Omithodoros kalahariensis 2
Rhipicephalus puichellus 11,227 Hyalomma asiaticum 1
asiaticum
Rhipicephalus sanguineus 761 Ixodes affis 1
Rhipicephalus zambeziensis 14,393 Rhipicephalus 1
haemaphysaloides
Total 287,343 Total 287,343

(A) Data sorted by species and (B) data sorted by number of sequences.
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Species

Amblyomma americanum
Amblyomma aureolatum

Amblyomma cajennense
Amblyomma maculatum
Amblyomma parvum

Amblyomma rotundatum
Amblyomma sculptum
Amblyomma triste
Amblyomma tuberculatum
Amblyomma variegatum
Antricola delacruzi

Argas monolakensis
Dermacentor andersoni
Haemaphysalis longicornis
Hyalomma anatolicum
anatolicum

Hyalomma asiaticum
asiaticum

Hyalomma dromedarii
Hyalomma excavatum
Hyalomma rufipes

Ixodes affinis

Ixodes holocyclus

Ixodes pacificus

Ixodes persulcatus

Ixodes ricinus

Ixodes scapularis

Ixodes sinensis
Omithodoros brasilensis
Omithodoros coriaceus
Omithodoros Kalahariensis
Ornithodoros moubata
Omithodoros parkeri
Omithodoros rostratus
Omithodoros turicata

Rhipicephalus annulatus
Rhipicephalus
appendiculatus

Rhipicephalus bursa

Rhipicephalus
haemaphysaloides

Rhipicephalus microplus
Rhipicephalus puichellus

Rhipicephalus sanguineus
Rhipicephalus zambeziensis

Total

Number of
sequences

1,369
2F

2,072
917
721

164
307
2,542
26
267
83
301
154
2,493
27

3,833
397
133

74
14
9,776
890

61
111

37
162
657
818

1,467
6,690

3,190

257

1,969

224

3,017

45,264

Species

Ixodes ricinus

Rhipicephalus
appendiculatus

Hyalornma dromederii
Rhipicephalus bursa

Rhipicephalus
zambeziensis
Amblyomma triste
Haemaphysalis longicornis
Amblyomma cajennense
Rhipicephalus pulchellus
Rhipicephalus annulatus
Amblyomma americanum
Amblyorma maculatum
Ixodes scapularis
Ormithodoros turicata
Amblyomma parvum

Ornithodoros rostratus

Hyalomma excavatum
Amblyomma sculptum
Argas monolakensis
Amblyomma variegatum
Rhipicephalus microplus
Rhipicephalus sanguineus
Amblyormma rotundatum
Omithodoros parkeri
Dermacentor andersoni
Hyalornma rufipes
Omithodoros coriaceus
Antricola defacruzi

Ixodes pacificus
Omithodoros brasiliensis
Omithodoros moubata
Amblyomma aureolatum

Hyalomma anatolicum
anatoficum

Amblyormma tuberculatum
Ixodes persulcatus

Ixodes holocyclus
Ixodes sinensis

Ornithodoros kalahariensis

Hyalormma asiaticum
asiaticum

Ixodes affinis

Rhipicephalus
haemaphysaloides

Total

(A) Data sorted by species and (B) data sorted by number of sequences.

Number of
sequences

9,776
6,690

3,833
3,190
3,017

2,542
2,493
2,072
1,969
1,467
1,369
917
890
818
721

657

397
307
301
267
257
224
164
162
154
133
111
83
74

61

37

27

27

2
14

45,264
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DAP36
Apyrase
Metalloprotease
Cystatin
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Number of recombination
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M. musculus target
transcript

F4/80
CD11c

Vimentin
Keratin 14
CD3e
CD4%b

Location of target transcript in the skin

Dermis, hypodermis, sub-muscular layer
Epidermis, dermis, hypodermis, sub-muscular layer

Epidermis, dermis, hypodermis, sub-muscular layer
Epidermis, hair folicles.

Epidermis, dermis

Epidermis, dermis, hypodermis, sub-muscular layer

M. musculus cells expressing this target
transcript

Macrophages, monocytes

Dendritic cells, Langerhans cells, macrophages, NK
cells

Mesenchymal cells
Keratinocytes
Teells
Lymphocytes

Co-localization of
target transcript with
POWV RNA?

Yes
Yes

Yes
Yes
Yes
No
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Primer
pmirGLO-Bg! Il-HACt-F
PMIrGLO-HIACt-Kozak-
FLAG-R

FLAG-HIPrx-F
HIPrx-Xho I-R

FLAG-HIPrx2-F

HIPrx2-Xho I-R

Sequence (§'— 3)

AGAGGATCGAGATCTGGCTTCGGACGAAGGCC

CTTGTCGTCGTCGTCCTTGTAGTCCATGTTGACTGT
TTAGCTGCA

ATGGACTACAAGGACGACGACGACAAGG GC G GC
GG CATGCCTCCC

GACTCTAGACTCGAGCTAATCCATGGTGGTGCGAAG
GTAC

ATGGACTACAAGGACGACGACGACAAGGGCGGC
GG CATGGACGTG
GACTCTAGACTCGAGCTATTGTTTGGCGAAGTAGGCC

Underlines denote the restriction enzyme recognition site that was included in its
primer name. A double underline denotes the estimated Kozak consensus sequence in
Haemaphysalis longicornis. Broken underlines denote the spacer sequence.
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Unigenes Subject_id Gene Name Species Identity Align Miss_match E_value Score

length
Unigene10768_All ACAB4007.1 Heat shock 70 kDa protein & "Haemaphysalis longicornis 100 21 0 1.01E-11 45.4394
CL2077.Contigl_All ACAB4007.1 Heat shock 70 kDa protein Haemaphysalis longicomis 97.51 401 10 0 761.14
Unigene11678_All XP_013782730.1 Heat shock 70 kDa protein 4-like Limulus polyphemus 53.91 831 383 0 860.766
Unigene13971_All P191202 Heat shock 70 kDa protein 8 Bos taurus 93.68 174 11 3.24E-86 321627
Unigene16158_All XP_012264348.1 Heat shock 70 kDa protein cognate 5 Athalia rosae 79.97 694 139 0 1061.21
Unigene18598_Al XP_001012263.1 Heat shock 70 kDa protein Tetrahymena thermophila 76 75 18 6.00E-24 114.39
Unigene19775_Al XP_007453496.1 Heat shock 70 kDa protein Lipotes vexilifer 61.64 219 84 3.08E-68 263.462
Unigene23136_All XP_013788178.1 Heat shock 70 kDa protein 12A-like Limulus polyphemus 724 616 170 0 920613
Unigene48580_All AIS39468.1 Heat shock 70 kDa protein Haemaphysalis flava 100 20 0 231E-10 45.4394
Unigene48580_All DAA34432.1 Heat shock 70 kDa protein Amblyomma variegatum 95 20 1 5.35E-10 415874
Unigene56143_Al XP_010125825.1 Heat shock 70 kDa protein Chlamydotis macqueenii 83.61 79 9 387E-34 148.288
CL434.Contigl_All XP_014239635.1 Major heat shock 70 kDa protein Ba-like Gimex lectularius 78.74 635 135 o 101229

CL2742.Contig1 _All XP_013778668.1 Heat shock 70 kDa protein cognate 4 Limulus polyphemus 89.68 649 67 0 1162.52
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Groups  48h attachment Engorgement Engorgedbody  Death

rate (%)* rate (%)°  weight (mg)® rate (%)
HSP70 52022 (47/90)  2.56(2/78)  208.95:201.58 97.44 (76/78)
(2 ticks)
L 88.89 (80/90) 80.39 (41/561)  324.45+£85.24 19.61 (10/51)

aSignificantly different using the chi-square test.
bSignificantly different using Student's t-test.
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