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Ticks secrete various anti-coagulatory, anti-vasoconstrictory, anti-inflammatory, and anti-platelet aggregation factors in their saliva at the bite site during feeding to evade host immunological surveillance and responses. For the first time, we report successful isolation of exosomes (small membrane-bound extracellular signaling vesicles) from saliva and salivary glands of partially fed or unfed ixodid ticks. Our data showed a novel role of these in vivo exosomes in the inhibition of wound healing via downregulation of C-X-C motif chemokine ligand 12 (CXCL12) and upregulation of interleukin-8 (IL-8). Cryo-electron microscopy (cryo-EM) analysis revealed that tick saliva and salivary glands are composed of heterogeneous populations of in vivo exosomes with sizes ranging from 30 to 200 nm. Enriched amounts of tick CD63 ortholog protein and heat shock protein 70 (HSP70) were evident in these exosomes. Treatment of human skin keratinocytes (HaCaT cells) with exosomes derived from tick saliva/salivary glands or ISE6 cells dramatically delayed cell migration, wound healing, and repair process. Wound healing is a highly dynamic process with several individualized processes including secretion of cytokines. Cytokine array profiling followed by immunoblotting and quantitative-PCR analysis revealed that HaCaT cells treated with exosomes derived from tick saliva/salivary glands or ISE6 cells showed enhanced IL-8 levels and reduced CXCL12 loads. Inhibition of IL-8 or CXCL12 further delayed exosome-mediated cell migration, wound healing, and repair process, suggesting a skin barrier protection role for these chemokines at the tick bite site. In contrast, exogenous treatment of CXCL12 protein completely restored this delay and enhanced the repair process. Taken together, our study provides novel insights on how tick salivary exosomes secreted in saliva can delay wound healing at the bite site to facilitate successful blood feeding.
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INTRODUCTION

Ticks and tick-borne diseases are of major concern due to medical and veterinary health importance (Nuttall et al., 2000; Neelakanta and Sultana, 2015; de la Fuente, 2018). Ticks not only cause damage/inflammation to human or animal skin but also facilitate transmission of deadly pathogens to the host (Wikel and Whelen, 1986; Wikel, 1996a, 2018; Nuttall et al., 2000; Nuttall and Labuda, 2003, 2004; Bernard et al., 2015). In these triad interactions that involve pathogen, arthropod, and vertebrate/human host, ticks serve as medically important vectors for pathogen transmission to the host (Wikel and Whelen, 1986; Labuda et al., 1996; Nuttall et al., 2000; Nuttall and Labuda, 2004; Neelakanta et al., 2010; Sultana et al., 2010; Leitner et al., 2011; Wikel, 2018). Several studies have shown that during blood feeding, ticks transmit a variety of pathogens that mainly includes bacteria from rickettsial family and Lyme disease agent and viruses such as tick-borne encephalitis virus (TBEV) that belongs to Flaviviridae family (Wikel and Whelen, 1986; Labuda et al., 1996; Nuttall et al., 2000; Nuttall and Labuda, 2004; Neelakanta et al., 2010; Sultana et al., 2010; Leitner et al., 2011; Wikel, 2018; Zhou et al., 2018). We recently reported for the first time that tick-borne Langat virus (LGTV), a model pathogen closely related to TBEV, is transmitted via infectious tick exosomes containing viral RNA and proteins (Zhou et al., 2018). Our study also showed that LGTV profusely used arthropod exosomes that were capable of transmission of infectious viral RNA and proteins to the HaCaT cells and human blood endothelial cells (Zhou et al., 2018). Keratinocytes are the initial and highly critical defense barrier lining of the human skin that comes in direct contact during the bites from infected ticks (Hanel et al., 2013; Kim et al., 2014; Zhou et al., 2018). Keratinocytes react by producing the pro-inflammatory chemokines like interleukin-8 (IL-8) to recruit leukocytes such as neutrophils at the site of damage caused by pathogenic viruses, bacteria, fungi, parasites, UV radiation, heat, or water loss (Kamata et al., 2011; Jiang et al., 2012; Hanel et al., 2013; Kim et al., 2014; Scholl et al., 2016; Zhou et al., 2018). Other than keratinocytes, skin harbors several residential immune cells that check and limit infections by secreting inflammatory cytokines, type I interferons (IFNs), critical chemokines, and antimicrobial peptides or by directly killing pathogens with alternative mechanisms such as synthesis of nitric oxide or reactive oxygen species (ROS) (Labuda et al., 1996; Labuda and Randolph, 1999; Nuttall and Labuda, 2003; Hanel et al., 2013; Bernard et al., 2014, 2015; Scholl et al., 2016; Glatz et al., 2017; Han et al., 2017; Zhou et al., 2018; Nuttall, 2019). Studies addressing transcriptional regulation, immunohistochemistry, and immune cells targeting the tick–virus–host interface during early stages of infections have highlighted participation of inflammatory cytokines and chemokines along with infiltration of mononuclear cells and neutrophils (Labuda et al., 1996; Labuda and Randolph, 1999; Hanel et al., 2013; Bernard et al., 2014, 2015; Hermance and Thangamani, 2015; Zhou et al., 2018). Although skin keratinocytes constitute an efficient physical and immune barrier at the vector and pathogen interface, ticks have evolved appealing mechanisms to thwart and evade the innate and adaptive immune responses at this region (Wikel, 1996a,b, 2018; Bowman et al., 1997; Nuttall et al., 2000; Nuttall and Labuda, 2003, 2004; Brossard and Wikel, 2004; Leitner et al., 2011; Hanel et al., 2013; Bernard et al., 2014, 2015; Kotal et al., 2015; Nuttall, 2019). In order to allow the firm attachment, acquire a continuous blood meal, successfully complete feeding and repletion, ticks do secrete a combination of pharmacologically bioactive salivary factors into this feeding site (Wikel and Whelen, 1986; Labuda et al., 1996; Wikel, 1996a; Nuttall and Labuda, 2003; Lewis et al., 2015; Scholl et al., 2016; Vora et al., 2017; Bakshi et al., 2018). Some of these tick salivary factors include the inhibitors of the itch and/or pain or in combination of both, anticoagulants, immunomodulators, vasodilators (that dilate blood vessels), and antiplatelet molecules (that can avoid platelet-mediated killing mechanisms) (Wikel and Whelen, 1986; Labuda et al., 1996; Wikel, 1996a; Bowman et al., 1997; Nuttall and Labuda, 2003, 2004; Bernard et al., 2015; Kotal et al., 2015; Lewis et al., 2015; Scholl et al., 2016; Glatz et al., 2017; Vora et al., 2017; Bakshi et al., 2018; Nuttall, 2019).

Numerous studies have shown that several tick salivary factors play differential roles to facilitate evasion of host immune responses (Bowman et al., 1997; Nuttall and Labuda, 2004; Bernard et al., 2015; Kotal et al., 2015; Glatz et al., 2017; Nuttall, 2019). We have shown that tick salivary factors elicit differential levels of fibrinogenolysis upon blood feeding on immunocompetent or immunodeficient mice (Vora et al., 2017). A differential level of D-dimer, a fibrin degradation product, was noted in ticks fed on different immune background animals. This work defined a novel role for tick heat shock protein 70 (HSP70)-like molecule(s) in contributing to these differential levels of fibrinogenolytic activity (Vora et al., 2017). Upon feeding on immunodeficient animals, one of the transcripts of HSP70-like protein was reduced, suggesting a requirement for this factor in tick saliva (Vora et al., 2017). Independent work from our laboratory also showed the presence of HSP70 as an enriched protein in ISE6 tick cell-derived exosomes (Zhou et al., 2018). The presence of HSP70 in tick exosomes suggested that salivary factors are perhaps secreted via exosomes. We now provide first evidence for the successful isolation of in vivo exosomes from Ixodidae tick saliva and salivary glands and show that these exosomes inhibit tissue healing via host molecules like IL-8 and C-X-C motif chemokine ligand 12 (CXCL12). Furthermore, cytokine array profiling of human keratinocytes incubated with tick saliva/salivary glands or ISE6 cell-derived exosomes revealed a skin barrier protection role for secreted IL-8 and CXCL12. The present study strongly suggests that tick exosomes are perhaps the carriers of bioactive salivary factors that facilitate blood feeding and pathogen transmission.



MATERIALS AND METHODS


Ticks and Other Animals

The Gulf Coast tick, Amblyomma maculatum (Am) was maintained at the University of Southern Mississippi according to established methods (Patrick and Hair, 1975). Unfed Am adult female ticks were purchased from Oklahoma State University’s tick-rearing facility (Stillwater, OK, United States). Female Am were kept at room temperature with approximately 90% relative humidity under a photoperiod of 14 h of light and 10 h of darkness before infestation on sheep. Female Am were blood-fed on sheep and removed at intervals between 1 and 11 days, depending upon the experimental protocol. Adult unfed female-blacklegged ticks, Ixodes scapularis (Is), were obtained from BEI Resources [American Type Culture Collection (ATCC)] and were maintained at our laboratory in a similar way as described above. The unfed female Is were used as an independent group and not to compare with the partially fed group of female Am.



Collection of Tick Saliva, Salivary Glands, and Tick Cell Culture Supernatants

Saliva and salivary glands were collected from female Am as described (Karim et al., 2002, 2011). Briefly, partially fed female Am were stimulated to salivate into capillary tubes by induction method and with 1% pilocarpine buffered in 1 × phosphate buffered saline (PBS) (Ribeiro et al., 2004; Crispell et al., 2019). Freshly collected saliva pooled from 100–200 Am female ticks was immediately stored at −80°C or until subsequent exosome purifications were performed. Partially fed female Am were processed for isolation of salivary gland tissues (pooled from 80–100 separate batch of Am) that were dissected within 2 h of removal of these ticks from sheep (Karim et al., 2002, 2011). Am salivary glands were washed in M-199 buffer and stored in 0.15 M Tris-HCl, pH 8.0, containing 0.3 M NaCl, 10% glycerol, and 1% protease inhibitor cocktail (Amresco, Solon, OH, United States) and at −80°C. In addition, salivary glands were also dissected from unfed female Is (pooled from 80–100 ticks) and collected in 1 × PBS containing protease or phosphatase cocktail and stored immediately at −80°C. These two groups of salivary glands from Am or Is are not for comparison but were used as independent samples to show the presence of exosomes and the detection of exosomal markers. As we have successfully isolated exosomes from I. scapularis ISE6 tick cell line in our previous study, we used these cells as a positive control for isolation of purified exosomes (14). ISE6 cells were grown in L15300 media as per the culture methods (Zhou et al., 2018). Tick cell (2 × 106) culture supernatants were collected and processed for isolation of exosomes as described in our previous study (Zhou et al., 2018). The media used for tick cells are free of endotoxins, and we do not expect any endotoxins in our exosome preparations.



Exosome Isolation From Tick Saliva, Salivary Glands, and Concentrated ISE6 Cell Culture Supernatants

OptiPrep density gradient exosome (DG-Exo) isolation or differential ultracentrifugation methods were used for isolation and purification of exosomes (Thery et al., 2006; Zhou et al., 2018). Details for these procedures are schematically shown in our previous studies (Vora et al., 2018; Zhou et al., 2018). To isolate exosomes, we used concentrated pooled saliva from several partially fed female Am ticks. To minimize the cell damage, Am or Is salivary glands were gently processed for exosome isolation. We successfully isolated in vivo exosomes as six different fractions using DG-Exo-isolation method (Vella et al., 2017) for soft tissues such as brain. We included C57BL/6 mouse brain slices (20 mg) as internal control along with tick salivary glands (80–100 pairs, weight ∼20 mg) to isolate six different exosome fractions. Frozen brain tissues were sliced lengthwise with razor blade to generate small sections that were kept frozen. Tissues (salivary glands and brain slices) were weighed (to similar weight) while partially frozen and transferred to a tube containing 75 U/ml of collagenase type 3 in Hibernate-E medium (at a ratio of 800 μl per 100 mg of tissue). Tissues were incubated for a total of 20 min in a shaking water bath at 37°C and were gently mixed by inversion after 5 min, then returned to the incubation, and pipetted for several times after 5–10 min and again kept for the remaining time. After the incubations, tissues were immediately kept on ice, with the addition of protease and phosphatase inhibitors cocktail. To separate clear supernatants, disassociated tissue was spun at 300 g for 5 min followed by transfer and centrifugation of the supernatant at 2,000 g for 10 min, and again 10,000 g for 30 min (all spins were done at 4°C). Tick cell culture supernatants as positive control (∼20 ml) were collected and centrifuged at 4°C (480 g for 10 min followed by 2,000 g for 10 min to remove cell debris and dead cells). Cell culture supernatants were then concentrated to volume of 2–2.5 ml using the Corning Spin-X UF concentrators or centrifugal filter device with a 5 k nominal molecular weight limit (NMWL). The concentrated tick culture supernatants were processed for OptiPrepTM (DG-Exo) isolation as described (Zhou et al., 2018). Briefly, discontinuous gradients of 40% (w/v), 20% (w/v), 10% (w/v), and 5% (w/v) solutions of iodixanol were prepared from the stock solution of OptiPrepTM 60% (w/v) of aqueous iodixanol (Axis-Shield PoC, Norway) with 0.25 M Sucrose/10 mM Tris, pH 7.5. Concentrated saliva, salivary gland suspensions, or tick cell culture supernatants were overlaid onto the top of the gradient and centrifuged at 100,000 g for 18 h at 4°C. Six individual fractions of ∼3 ml were collected (from top to bottom, as fractions 1–6, and with increasing density) and diluted with 5 ml of sterile PBS. Fractions were centrifuged again at 100,000 g for 3 h at 4°C and followed by one more wash with 5 ml of PBS and resuspended in 80–200 μl of PBS. Purified DG-Exo preparations were stored at −80°C and used later for further analysis. DG-Exo-isolation was used for generation of six fractions of exosomes that were used in immunoblotting analysis. In addition, exosomes from saliva and tick cell culture supernatants were isolated by differential ultracentrifugation method as described in our studies (Vora et al., 2018; Zhou et al., 2018, 2019). To isolate exosomes without a mixture of bovine exosomes, we plated ISE6 cells (1 × 106 cells, as six replicates) in exosome-free fetal bovine serum [Exo-free FBS obtained from Systems Biosciences Inc. (SBI)]. To perform sonication, exosomes were sonicated on ice five times with each time period of 20 s and with a 20-s cooling break in between (20-s bursts with 20-s resting periods). After sonication of exosomes, they were freeze and thawed at −80°C three times. Sonicated or not sonicated groups of exosomes were run on native polyacrylamide gel electrophoresis (PAGE) (Zhou et al., 2018) to confirm the lysis of sonicated/treated exosomes. Furthermore, sonicated or not sonicated groups of exosomes were treated with 5 mg/ml of RNaseA/DNaseI mixture for 15 min at 37°C, followed by RNA extractions and quantitative real-time PCR (QRT-PCR) analysis to reveal the cytokine loads. For the measurement of exosome numbers, we used the microfluidic resistive pulse sensing (MRPS) analysis. MRPS was performed with nCS1 Spectradyne nanoparticle analyzer (Spectradyne LLC, United States) and by using TS-300 filter that measures particles from 50 to 300 nm. Exosome measurements were performed as three independent replicates.



Cryo-Electron Microscopy

Cryo-electron microscopy (cryo-EM) was performed at two independent institutional facilities [University of Texas Medical Branch (UTMB) and Indiana University (IU)] on Am saliva or salivary gland-derived exosomes. At UTMB facility, exosomes were vitrified on carbon holey film grids (Sherman et al., 2006, 2009) (R2 × 2 Quantifoil; Micro Tools GmbH, Jena, Germany; or C-flatTM, Protochips, Raleigh, NC, United States). Briefly, purified concentrated suspensions of exosomes in PBS were applied to the holey films in a volume of ca. 3 μl, blotted with filter paper, and plunged into liquid ethane cooled in a liquid nitrogen bath. We used computerized Vitrobot plunger (FEI, Hillsboro, OR, United States) for freezing. Frozen grids were stored under liquid nitrogen and transferred to a cryo-specimen holder (70 deg. 626, Gatan, Inc., Pleasanton, CA, United States or 2550 cryo-tomography holder, E.A. Fischione Instruments, Inc., Export, PA, United States) under liquid nitrogen before loading into a JEOL 2200FS or a JEOL 2100 electron microscope (JEOL Ltd., 3-1-2 Musashino, Akishima, Tokyo 196-8558, Japan). JEOL 2200FS was equipped with in-column energy filter (omega type) and a field emission gun (FEG); JEOL 2100 had a LaB6 filament, both were operated at 200 keV. Grids were maintained at near-liquid nitrogen temperature (−172 to −180°C) during imaging. Preliminary screening and imaging of exosomes were done using a 4k × 4k Gatan US4000 CCD camera (Gatan, Inc., Pleasanton, CA, United States), and final imaging was done at indicated 40,000 × magnification with a 5k × 4k Direct Electron Detector camera (DE-20, Direct Electron, Inc., San Diego, CA, United States) using a low-dose imaging procedure. An in-column omega electron energy filter was used during imaging with a zero-loss electron energy peak selected with a 20-eV slit. Images were acquired with a ca. 20 electrons/Å2 dose; the pixel size corresponded to 1.5 Å on the specimen scale. We used a 2.0–2.3-μm defocus range for imaging. For cryo-EM analysis at IU facility, 4 μl of sample solution was applied on a glow-discharged holey carbon film coated copper grid with an additional layer of ultrathin carbon film (Quantifoil). The grid was quickly frozen using FEI VitrobotTM Mark III with 2.5-s blotting time, at 8°C, and under 100% humidity. Frozen-hydrated specimen was transferred using Gatan 626 cryo-holder and imaged by JEM-1400plus. Images were screened and taken under low-dose conditions on a Gatan OneView camera. Overall, exosome images were acquired from two independent batches of exosomes (from Am saliva and salivary glands) at each institution. For cryo-EM imaging, we performed two independent experiments at each facility.



Immunoblotting Analysis and ELISA Assay

For immunoblotting assays, exosomal fractions (1–6) were prepared by DG-Exo-isolation method and resuspended in freshly prepared cold 1 × PBS and processed for detection of exosomal-enriched molecules. Exosomal proteins isolated from brain tissue, tick saliva, or salivary glands were measured by bicinchoninic acid (BCA) method and at 562 nm. Equal volumes (20 μl) of each exosomal fraction (1–6) were loaded onto 12% sodium dodecyl sulfate (SDS)-PAGE gels, followed by immunoblotting and labeling with specific exosomal markers such as HSP70 (rat monoclonal; Cell Signaling Technologies, Inc.) or CD63 (mouse monoclonal; Santa Cruz Biotechnologies, Inc.) antibodies. Both HSP70 and CD63 antibodies were used at 1:500 dilutions. BCA assay was performed on exosomal protein amounts from Am saliva or salivary glands, Is salivary glands, or ISE6 cell culture supernatants, or mice brain tissue using Pierce kit and by following manufacturer’s instructions. The BCA assay was performed in triplicate. For multiple human cytokine array Panel A (Proteome Profiler Array Kit, Catalog Number ARY005 purchased from R&D Systems, Biotechne) that identifies the cytokines and chemokines that are differentially regulated upon secretion, blots were incubated with cell culture supernatants (0.5 ml) from HaCaT cells treated (for 24 h) with tick exosomes derived from Am saliva or salivary glands, Is salivary glands, or ISE6 cell culture supernatants. Briefly, expression levels of 36 human cytokines/chemokines secreted protein levels were analyzed and were processed as per the instructions from the manufacturer, and the assay details are provided on the company’s manual. The human cytokine proteome profiler array consists of four independent nitrocellulose membranes spotted with carefully selected capture antibodies for 36 different cytokines/chemokines, including three pairs of positive spots and one pair of negative spot.

To validate the cytokine array, we performed immunoblotting analysis and loaded 20 μl of concentrated culture supernatants (concentrated using the Corning Spin-X UF concentrators or centrifugal filter device with a 5 k NMWL) collected from HaCaT cell treated (24 h) with respective groups of tick exosomes on to 12% SDS-PAGE gels, followed by probing with IL-8 (Santa Cruz Biotechnologies, Inc.) or CXCL12 (Cell Signaling Technologies, Inc.) mouse monoclonal antibodies, respectively. For immunoblotting analysis to detect the presence of CD63 in Am salivary gland whole lysates or ISE6 whole cell lysates (20 μg) or ISE6 cell-exosomal lysates (10 μg), samples were loaded on to 12% SDS-PAGE gel. Respective secondary antibodies (Santa Cruz Biotechnologies, Inc.) with horseradish peroxidase (HRP) conjugates (dilutions of 1:5,000) were used for each primary antibody. Total protein profiles (images obtained from stain-free gels) served as loading controls. Antibody binding was detected with WesternBright ECL kit (Advansta, BioExpress). Membranes were exposed for a number of seconds depending on the intensity of the signals or until the desired signal is reached. Blots were imaged using Chemidoc MP imaging system and processed using ImageLab software from the manufacturer (Bio-Rad). All immunoblotting analysis was performed in duplicates. For ELISA, we coated Nunc grade plates as six replicates with 200 μl (each well) of cell culture supernatants obtained from HaCaT cells treated (24 h) with tick exosomes derived from Am saliva or salivary glands or ISE6 cells overnight. Samples were blocked with 3% bovine serum albumin (BSA) for 2 h at 4°C, followed by IL-8 primary antibody (1:100 dilution) incubation for 1 h at 4°C, and HRP-conjugated secondary antibody (1:2,500 dilution) incubation for 1 h at room temperature (RT). SureBlue TMB Microwell Peroxidase Substrate and Stop solution (from KPL) were used according to manufacturer’s instructions. Optical density was measured at an absorbance of 450 nm using a Multimode infinite M200 Pro Microplate reader (Tecan). ELISA was performed in six replicates for each group.



Wound Healing Assays and Phase Contrast Microscopy

HaCaT cells were grown in complete Dulbecco’s modified Eagle’s medium (DMEM) containing 5% heat-inactivated FBS (Invitrogen, GIBCO; Thermo Scientific) and maintained as per the ATCC Company guidelines. Briefly, 1–1.5 × 106 HaCaT cells were plated in six-well plates with regular media, and after overnight attachment, culture medium was removed, and fresh medium with 10% FBS was added to these cells. Before exosome treatments, images of HaCaT cell monolayers were taken as before scratch (also referred as before scratch). Wounds/scratches were generated in the middle of the HaCaT cell monolayers and by using sterile 1-ml blue pipette tips (nearly 0.5–0.75 mm). Monolayers of HaCaT cells were then treated for 24 h (at 37°C) with purified exosomes from Am saliva/salivary glands or Is salivary gland or ISE6 cell-derived exosomes. Cells were monitored, and several phase contrast images were collected (using EVOS FL system, Thermo Scientific, at 10 × magnification, and with a scale bar of 400 μm) at different time points (of 0, 4, 8, 16, and 24 h) after scratches from each group. HaCaT monolayers without exosome treatments but with scratches were considered as untreated (UT) controls in each assay. Images of HaCaT cell monolayers obtained immediately after treatment (for 24 h) with exosomes from different groups are considered as 0 h. To determine the role of tick exosomes on the cell migration and wound repair process, we continuously collected images at the indicated time points of 4, 8, 16, and 24 h post wound generation. Representative images are shown in each panel. For antibody or protein treatments, HaCaT cells were plated (as above) overnight, changed to fresh DMEM medium with 10% FBS and treated for 12 h with either IL-8 or CXCL12 or both antibodies or IgG isotype control antibody (2 μg per well/per group, for each antibody; IL-8 or CXCL12 or IgG isotype) or treated for 4 h with purified CXCL12-glutathione S-transferase (GST)-tagged protein or GST protein alone (2 μg per well/per group, for each protein; CXCL12 or GST) at 37°C, followed by scratches to generate wounds and treatments with tick exosomes of the respective groups. Scratched monolayers were treated (24 h) with exosomes, and images were obtained at the indicated time points as described above. IL-8 (B-2) antibody (Catalog number: sc-8427) and CXCL12/stromal cell-derived factor 1α (SDF-1α) (F-4) antibody (Catalog number: sc-518066) were obtained from Santa Cruz Biotechnology, Inc. The relevant isotype control IgG antibody (Catalog number: ab37355) was purchased from Abcam. We used CXCL12 or SDF-1α (hBA-68) (Catalog number: sc-4654) purified protein produced from Escherichia coli bacterial lysates (> 98%) and supplied as 35-kDa biologically active, GST-tagged fusion protein corresponding to 68 amino acids of the SDF-1α of human origin (Santa Cruz Biotechnology, Inc.). CXCL12 purified protein used in this study is free of endotoxin and is obtained from a commercial vendor. GST purified protein was produced in our laboratory from E. coli. For siRNA studies, monolayers of HaCaT cells were transfected with ∼1 μg of IL-8 siRNA for 24 h (and as per the manufacturer’s instructions; Santa Cruz Biotechnologies, Inc.), followed by wound healing assays (for another 24 h) as described above. Scrambled siRNA serves as a control to monitor transfection efficiency. UT internal controls were considered for wound healing assays. All assays were performed in duplicate for each group of tick exosomes, and data from one independent experiment is shown. Quantitative estimation as percentages of remaining wound sizes against different time points after scratching was calculated using ImageJ (NIH generated imaging software) and by measurement of wound closures in each group and in each independent experiment in comparison to their respective UT controls. Wounds at 0 h were considered as 100% for all groups. Bar graphs were generated using GraphPad Prism 6 software.



RNA Extraction, cDNA Synthesis, PCR and QRT-PCR Analysis

Briefly, HaCaT cells were seeded (5 × 105) overnight in 5% FBS containing DMEM medium. Next day, cells were changed to fresh DMEM medium containing 10% FBS. HaCaT cell monolayers were treated with tick exosomes from respective groups for 24 or 72 h posttreatment. Freshly prepared exosomes (by DG-Exo-isolation method) were collected in PBS, pooled, and stored frozen at −80°C for treatment of HaCaT cells. Total RNA from HaCaT cells was extracted (at either 24 or 72 h) using Aurum Total RNA Mini kit (Bio-Rad) and following manufacturer’s instructions. During RNA extractions, DNaseI treatment was performed as on column digestion and as per the recommendations from the manufacturer. Using Bio-Rad iScript cDNA synthesis kit, 1 μg RNA was converted to cDNA and used as template for the amplification and determination of cytokine expression by QRT-PCR. Arrays of cytokines were analyzed at both tested time points of 24 and 72 h posttreatment. Independent UT control groups were maintained for each cytokine group analyzed in this study. Human beta-actin amplicons were quantified with published primers (Sultana et al., 2010, 2012) and used for normalization. QRT-PCR was performed using iQ-SYBR Green Supermix (Bio-Rad, United States). Standard curves were prepared using 10-fold serial dilutions starting from standard 1 to 6 of known quantities of actin or different cytokine gene fragments. UT samples served as internal controls. For amplification of CD63-like molecules, we used female Is or ISE6 cells extracted RNA that is converted to cDNA as template in QRT-PCR analysis. Following are the primer sequences used for CD63-like molecules amplifications: for ISCW001785 (forward primer 5′ GCATCCTCCACATCTTCAACTTCA 3′ and reverse primer 5′ CAGGAGCAGGAGGAAGGTGT 3′), for ISCW010731 (forward primer 5′ GCTCTGGGAAGAGTGTGCGT 3′ and reverse primer 5′ CCTCCTGGCTTTTGAGTCCTCT 3′), and for ISCW014150 (forward primer 5′ GGCAGGCATTTTGGGATT CA 3′ and reverse primer 5′ GCAGCACGAGAAAGGGACA 3′). The primers for cytokines and chemokines were used from published studies (Strausberg et al., 2002; Cho et al., 2007; Miyamoto et al., 2007; Schutyser et al., 2007; Kang et al., 2009; Sultana et al., 2009; Xie et al., 2009; Kawane et al., 2010; Carneiro et al., 2011; Bernard et al., 2016; Roy et al., 2017) and shown in Supplementary Table S3. For IL-8 siRNA analysis, after acquiring the images for wound healing assay, HaCaT cells were processed for RNA extractions followed by PCR amplification of IL-8 and actin. We loaded PCR samples on 1.2% DNA agarose gel for detecting the IL-8 and actin loads. For all RNA extractions, we have considered six replicates and performed the QRT-PCR in duplicate for each replicate.



Statistics

Statistical differences observed in data sets were analyzed using GraphPad Prism6 software and Microsoft Excel. The non-paired, two-tail Student t-test was performed (for data to compare two means) for the entire analysis. Error bars represent mean (+SD) values, and P-values of <0.05 were considered significant in all analyses. Statistical test and P-values are indicated for significance. We have also performed the two-way ANOVA without replicates analysis to measure the significant differences in wound healing percentages and treatments.



Ethics Statement

All animal experiments were conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). Protocol for performing the blood feeding of Am ticks on sheep was approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Southern Mississippi (protocol # 15101501). All efforts were made to minimize animal sufferings. For both ticks and human cell line experiments, we used the institutionally approved protocol #15-014.



RESULTS


Cryo-Electron Microscopy Analysis Revealed a Novel Discovery of Exosomes in Tick Saliva and Salivary Glands

In this study, we have presented a novel discovery showing the presence of in vivo exosomes/extracellular vesicles (EVs) in tick saliva and salivary gland tissues. Our cryo-EM analysis showed the presence of purified tick saliva or salivary gland-derived in vivo exosomes with the size ranges of 30–200 nm in diameter (Figure 1A) that are similar to exosomes isolated from ISE6 cells or other mammalian cells (Fevrier and Raposo, 2004; Ludwig and Giebel, 2012; Regev-Rudzki et al., 2013; Zhou et al., 2018, 2019). Exosomes isolated from tick saliva or salivary glands showed a heterogeneous population of vesicles with variable sizes (Figure 1A). We observed no differences in exosomes imaged from either saliva or salivary glands and neither from two independent institutional research groups (Figure 1A). Additional cryo-EM representative images are shown from both independent groups for further confirmation that in vivo tick exosomes are intact vesicles with membrane-bound lipid bilayers (Supplementary Figure S1A). Furthermore, measurement of exosome numbers by MRPS analysis revealed that Am saliva-derived exosome sizes (measured as particle diameter against concentration of particles) were variable from 50 to 110 nm (Supplementary Figure S1B). Particle diameter vs. transit time (time taken to move particles in the thin capillaries of Spectradyne device) was also calculated by excluding events that serve as background noise and/or false positives (Supplementary Figure S1B). Only included events represent particles considered for this analysis (Supplementary Figure S1B). Fewer particles were counted due to less number/concentration (±2.18E + 08, 1.17E + 08/ml) of exosomes in Am saliva samples that were diluted with PBS/Tween 20 (PBST) in a ratio of 1:1 (Supplementary Figure S1B). In contrast to saliva-derived exosomes, we counted (±3.99E08, 3.55E + 08/ml) higher number of Is salivary gland-derived exosomes (also diluted with PBST in a 1:1 ratio) that were variable between 50 and 180 nm in sizes (Supplementary Figure S1C). Similar to data shown for Am saliva-derived exosomes, we considered only the included events for particle counts in salivary gland-derived exosomes (Supplementary Figure S1C).
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FIGURE 1. Isolation of in vivo exosomes derived from tick saliva and salivary glands and detection of exosomal markers. (A) Cryo-electron microscopy (Cryo-EM) images collected from two independent institutions [University of Texas Medical Branch (UTMB) and Indian University (IU)] showing exosomes isolated from Am saliva or salivary glands. Scale bar indicates 100 nm, or 1 μm, or 500 nm, respectively. For better estimation, scales have been provided close to individual exosomes to show the heterogeneous population of exosomes. For images from IU, insets show details of exosome structures from the field. (B) Immunoblotting analysis showing detection of exosomal-enriched markers CD63 and HSP70 in six different exosome fractions derived from Am saliva or salivary glands, Is salivary glands or ISE6 cells. CD63 and heat shock protein 70 (HSP70) levels indicate the presence and enrichment of tick exosomal markers in each fraction. Am represents Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line. Total protein profile images of stain-free gels shown for each group serve as a loading control. Asterisk indicates additional exosomal-enriched proteins detected in the gel images.




Detection of Enriched Exosomal Markers in Tick Saliva and Salivary Gland-Derived Exosomes Confirmed the Presence of Extracellular Vesicles in These in vivo Samples

Next, we collected exosomes as six different fractions from saliva or salivary glands of partially fed Am or salivary glands from unfed Is female ticks or ISE6 cells or soft brain tissue as internal control (Vella et al., 2017). CD63 (a specific exosomal marker in mammalian cells) was highly enriched in exosomal fractions isolated (resuspended in 20 μl of PBS) from brain tissue samples (Supplementary Figure S2A). The protein profile image serves as a loading control (Supplementary Figure S2A). Exosomal protein measurement by BCA method showed a linear graph and the standards R2 value to be close to 1 (Supplementary Figure S2B). The R2 value generated from BSA standards is shown for estimation. Exosomal protein amounts were determined to be 0.39 μg/μl (∼8 μg per 20 μl) for each tick group (Supplementary Figure S2C). Immunoblotting analysis with 20 μl of each tick exosomal fraction (collected by DG-Exo isolation) revealed the presence of HSP70 (70 kDa) from both Am saliva and salivary glands (Figure 1B). In addition, we found abundant amounts of HSP70 in Is salivary gland-derived exosomal fractions (Figure 1B). As expected, HSP70 was also detected in ISE6 cell-derived exosomal fractions (Figure 1B). We found enhanced levels of HSP70 in ISE6 cell-derived exosomes when compared to saliva or salivary gland-derived exosomes, suggesting that higher exosomal numbers are derived from a large volume of tick cell culture supernatant (Figure 1B). In addition to HSP70, we also detected the presence of mammalian ortholog of tick CD63 (exosomal marker, 30–65 kDa; endogenous-glycosylated) in both Am saliva and salivary gland-derived exosomal fractions (Figure 1B). Similarly, CD63 ortholog was also detected in Is salivary gland and ISE6 cell-derived exosomal fractions (Figure 1B). CD63 protein loads in Am salivary gland whole extracts (20 μg) are shown along with loads in ISE6 whole cells (20 μg) or cell-derived exosomal lysates (20 μl) (Supplementary Figure S3A). Both salivary gland and ISE6 whole cell lysates showed endogenous CD63 protein in addition to the glycosylated form, whereas in ISE6 cell-derived exosomal lysates, we detected only the heavily glycosylated form of CD63 (Supplementary Figure S3A). Gel image showing total protein profile serves as a loading control for each group of sample analyzed (Figure 1B and Supplementary Figure S3A). Some of the additional bands observed in total protein profile gel images from Figure 1B (indicated with asterisk) are highly enriched proteins in exosomal fractions that have been in the process of identification. The abundant levels of both HSP70 and CD63 tick orthologs suggest the presence of in vivo exosomes in tick saliva and salivary gland samples, in addition to the ISE6 cell-derived exosomes. Furthermore, combing of Is genome (not completely annotated) for CD63 ortholog sequences revealed three different CD63-like proteins with the following accession numbers IsCW001785, IsCW014150, and IsCW010731. PCR amplifications of CD63 showed products of 245, 261, and 241 bp, respectively, from both Is unfed females or ISE6 cells (Supplementary Figure S3B). ClustalW alignments of these three Is CD63-like protein amino acid sequences revealed 23–30% identity with sequences from Aedes aegypti mosquito protein, Tsp29Fb (Vora et al., 2018), mouse, or human orthologs (Supplementary Figures S4A,B). Phylogenetic analysis showed that two of the Is CD63-like proteins (IsCW001785 and IsCW014150) shared the same clade; however, the third one (IsCW010731) formed a divergent clade (Supplementary Figures S4B,C).



Exosomes Derived From Tick Saliva, Salivary Glands, or ISE6 Cells Delay Migration and Tissue Repair of HaCaT Cells

To our knowledge, this is the first report about the discovery of in vivo exosomes in tick saliva or salivary glands. Next, we addressed the functional role or physiological significance of these tick exosomes at the tick–host skin interface. We found that HaCaT cells treated (for 24 h) with 20 μl of exosomal-pooled fractions (1–6) from groups of either Am saliva or salivary glands or Is salivary glands or ISE6 cells showed delays in cell migration and wound repair (noticeable at 16 and 24 h posttreatment) in comparison to the UT control group (Figure 2A and Supplementary Figure S5). Moreover, HaCaT cells treated with in vivo exosomes from tick saliva or salivary glands (from both Am or Is) had a much clear delay in cell migration and wound repair at 16 h in comparison to the UT control group (Figure 2A and Supplementary Figure S5). At 16 h, HaCaT cells treated with exosomes from ISE6 cells showed less delay and better wound closure in comparison to the in vivo tick exosomes (Figure 2A and Supplementary Figure S5). UT monolayers of HaCaT cells were considered as internal controls and are shown for comparison (Figure 2A and Supplementary Figure S5). For clear appearance of HaCaT cell monolayers, images from all time points (of 0, 4, 8, 16, and 24 h and including before scratches) and from all groups of exosome are shown (Supplementary Figure S5). Measurement of percentages for remaining wound sizes collected from images at different time points (of 0, 4, 8, 16, and 24 h) are shown in Figure 2B. At 24 h post wound scratch and treatment with tick exosomes (for 24 h), the percentages remaining of the wound sizes are in the following order from high to low: 25% (Am saliva), 18% (Is salivary gland), 8.7% (Am salivary gland), 6.4% (ISE6 cells), or 0% (UT control) (Figure 2B). All four groups of exosomes derived from Am saliva or salivary glands or Is salivary glands or ISE6 cells had a significant (P < 0.05) delay in wound closure when compared to the UT control group (Supplementary Table S1A). These data show that tick exosomes from saliva or salivary glands severely delayed wound healing that perhaps correlates to severe damage at the tick bite site.
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FIGURE 2. Exosomes derived from tick saliva, salivary glands, or ISE6 cells delay cell migration, closure, and repair of the scratch. (A) Phase contrast images of HaCaT cell monolayers treated with 20 μl of exosomal-pooled fractions (1–6) from either Am saliva, salivary glands, or Is salivary glands or ISE6 cells for 24 h. Images were collected immediately after tick exosome treatment that is considered as 0 h time point. Representative images are shown for each selected time points (of 0, 8, 16, and 24 h). HaCaT cell monolayers maintained as untreated (UT) group serves as the control. Images were obtained using 10 × magnification. Scale bar indicates 400 μm for each image per group/time point. (B) Quantitative measurement of remaining wound size percentages obtained from ImageJ at different time points of (0, 8, 16, and 24 h) posttreatment of Am saliva or salivary gland or Is salivary gland or ISE6 cell-derived exosomes is shown. Am represents Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line. Wounds at 0 h were considered as 100% for all groups, including the UT control. Percentages for remaining wound sizes at 24 h posttreatment of in vivo or in vitro tick exosomes are shown as bar graphs for comparison. Two-way ANOVA for significance is shown in Supplementary Table S1A.




Cytokine Profiling From HaCaT Cells Revealed Differential Immune Responses by Tick Saliva, Salivary Glands, or ISE6 Cell-Derived Exosomes

After 24 or 72 h posttreatment of HaCaT cells with 20 μl of exosomal-pooled fractions (1–6) from Am saliva or salivary glands or Is salivary glands or ISE6 cells, we analyzed the expression of several common cytokines or the ones that are highly expressed in human skin. QRT-PCR analysis revealed that some of the human cytokines were differentially regulated at both 24 and 72 h posttreatment with tick exosomes (Figures 3A–D and Supplementary Figures S6A–D). We found that at both 24 and 72 h time points, transcript levels of IL-8 (IL-8 or CXCL8) were significantly (P < 0.05) upregulated with the treatment of tick exosomes (from all four groups) in comparison to their respective UT controls (Figures 3A–D and Supplementary Figures S6A–D). Exosomes derived from Am saliva or salivary glands or Is salivary glands or ISE6 cells showed very similar and consistent induction of IL-8 (Figures 3A–D and Supplementary Figures S6A–D). In contrast to IL-8, we found that at both 24- and 72-h time points, SDF-1, also known as CXCL12, transcripts were significantly (P < 0.05) downregulated upon treatment with all four groups of tick exosomes in comparison to their respective UT controls (Figures 3A–D and Supplementary Figures S6A–D).
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FIGURE 3. Tick exosome differentially regulates human skin cytokines and chemokines. Quantitative real-time PCR (QRT-PCR) analysis showing differential gene expressions of several cytokines and chemokines [CXCL12, CXCR4, IL-8, Serpin E1, tumor necrosis factor (TNF)-α, IL-1β, transforming growth factor (TGF)-β, IL-6, fibroblast growth factor (FGF)-7, and vascular endothelial growth factor A (VEGFA)] from HaCaT cells upon treatment with in vivo or in vitro tick exosomes derived from Am saliva (A) or salivary glands (B) or Is salivary glands (C) or ISE6 cells (D) for 24 h posttreatment. Untreated (UT) controls were used for each group of respective tick exosomes. Cytokine and chemokine transcript levels were normalized to human beta-actin. Am represents Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line. Asterisk indicates significance (P < 0.05) in comparison to the respective UT controls. P-value (P < 0.05) determined by Student’s two-tailed t-test is shown.


The human keratinocyte growth factor or fibroblast growth factor (FGF)-7 that is involved in wound healing was also significantly (P < 0.05) downregulated (at both 24 and 72 h) upon treatment with tick exosome from all four groups in comparison to their respective controls (Figures 3A–D and Supplementary Figures S6A–D). Similar to FGF-7, the vascular endothelial growth factor A (VEGFA), also known as vascular permeability factor (VPF) that stimulates the formation of new blood vessels, showed significant (P < 0.05) downregulation (at both 24 and 72 h) upon treatment with tick exosomes (from all four groups) in comparison to their respective controls (Figures 3A–D and Supplementary Figures S6A–D). Two of the other cytokines that showed consistent and significant (P < 0.05) differences with tick exosome treatments (at both 24 and 72 h) include IL-1β and Serpin E1 [also known as endothelial plasminogen activator inhibitor (PAI)] (Figures 3A–D and Supplementary Figures S6A–D). Tumor necrosis factor alpha (TNF-α) transcripts were significantly (P < 0.05) upregulated only at 72 h posttreatment with exosomes (Supplementary Figures S6A–D). No significant differences were observed with TNF-α transcript levels at 24 h posttreatment with tick exosomes (Figures 3A–D). At 24 h posttreatment, transforming growth factor beta (TGF-β) transcript levels were significantly upregulated upon treatment with exosomes from Am saliva and ISE6 cells but not with treatment of Am or Is salivary gland-derived exosomes (Figures 3A–D). However, at 72 h posttreatment, TGF-β transcripts were significantly (P < 0.05) upregulated only in Am saliva-exosome group (Supplementary Figures S6A–D) but not in other groups. The C-X-C chemokine receptor type 4 (CXCR-4, also known as CD184) transcript levels were significantly (P < 0.05) downregulated at 24 h posttreatment with Am salivary glands or ISE6 cell-derived exosomes and showed no significant differences with Am saliva or Is salivary gland-derived exosomes in comparison to their respective UT groups (Figures 3A–D). At 72 h, CXCR-4 transcripts were unaltered in all four groups of exosomes (Supplementary Figures S6A–D). IL-6 that acts as both a pro-inflammatory cytokine and an anti-inflammatory myokine (cytokine released by muscle cells; myocytes) was not influenced (at both 24 and 72 h) by treatments with tick exosomes (Figures 3A–D and Supplementary Figures S6A–D). Next, we addressed if ISE6 cell-derived exosomes collected from complete L15 medium containing 5% FBS are regulating the cytokine expression independent of bovine exosomes from FBS. We performed similar experiments where HaCaT cells were treated with ISE6 cell-derived exosomes collected from ISE6 cells maintained in exosome-depleted FBS media. The expression levels of both CXCL12 (downregulated) and IL-8 (upregulated) were very similarly modulated when HaCaT cells were treated (for 24 h posttreatment) with these ISE6 cell-derived exosomes that are depleted of bovine exosomes (Figure 4A).
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FIGURE 4. Tick exosomal proteins stimulate the regulation of interleukin-8 (IL-8) and C-X-C motif chemokine ligand 12 (CXCL12) and independent of bovine exosomes. (A) Quantitative real-time PCR (QRT-PCR) analysis showing gene expression of CXCL12 and IL-8 upon treatment (for 24 h) of HaCaT cells with exosomes collected from ISE6 cells cultured in Exo-free fetal bovine serum (FBS) medium (without any bovine exosomes). Black bar indicates HaCaT cells treated with tick cell-derived exosomes, and white bars indicate the untreated (UT) group. (B) Native polyacrylamide gel electrophoresis (PAGE) gel image showing degradation of tick exosomal proteins upon sonication. Sonicated exosome group is shown in duplicate with two lanes. Exo indicates exosomes that were not sonicated and serves as the control. M indicates protein ladder showing bands of 50 and 70 kDa. Arrowheads indicate the degraded proteins in sonicated exosome group in comparison to the not sonicated group of exosomes. QRT-PCR analysis showing CXCL12 (C) or IL-8 (D) gene expression in HaCaT cells treated with tick cell-derived exosomes processed for sonication followed by treatment with the mixture of RNaseA/DNaseI (last bar in each graph). HaCaT cells incubated with tick cell exosomes (not processed for sonication but treated with the mixture of RNaseA/DNaseI) serve as the control. HaCaT cells incubated with phosphate buffered saline (PBS) alone that is treated with the mixture of RNaseA/DNaseI serve as the internal control. Transcript levels of cxcl12 and Il-8 were normalized to human beta-actin. Asterisk indicates significance (P < 0.05) in comparison to respective UT controls. P-value determined by Student’s two-tailed t-test is shown.


Furthermore, we tested whether extracellular RNA or DNA acts as a stimulus to differentially regulate the cytokines in human skin cells treated with ISE6 cell-derived exosomes. Native PAGE gel analysis of pretreated exosomes for sonication (to lyse their lipid bilayer membranes) showed that it degraded the tick exosomal proteins in comparison to the UT group of exosomes (Figure 4B). HaCaT cells treated with ISE6 exosomes (sonicated or not processed for sonication but both groups incubated with RNaseA/DNaseI mixture) or with an internal control group of PBS alone (as tick exosomes were suspended in PBS) showed no significant differences in cytokine expression of CXCL12 (Figure 4C) or IL-8 (Figure 4D). Both groups of exosomes (not sonication or processed for sonication) showed a significant (P < 0.05) reduction of CXCL12 or induction of IL-8 when compared to the internal control group of PBS alone-treated HaCaT cells (Figures 4C,D). In addition, we also tested the mouse macrophages (RAW 264.7 cell line) treated with exosomes derived from Am saliva or salivary glands or ISE6 cells and analyzed the expression levels of cytokines such as IL-1β, CXCL12, and TGF-β. No differences were observed for both IL-1β and TGF-β upon treatment with ISE6 exosomes (Supplementary Figure S7A). CXCL12 expression in RAW cells showed a significant (P < 0.05) reduction with Am tick salivary gland-derived exosomes; however, other groups showed no significant differences in comparison to the respective UT control group (Supplementary Figure S7A). Data from profiling of human cytokines suggested a differential immune response to tick exosomes at the bite site.



Exosomes Derived From Tick Saliva, Salivary Glands, or ISE6 Cells Consistently Upregulated Interleukin-8 and Downregulated C-X-C Motif Chemokine Ligand 12 Secreted Proteins From HaCaT Cells

Both IL-8 and CXCL12 transcript loads were significantly (P < 0.05) modulated upon treatment with tick exosomes at 24 and 72 h posttreatment (Figures 3A–D and Supplementary Figures S6A–D). Next, we analyzed if these extracellular signaling molecules are also differentially secreted as proteins after tick exosome treatments by using a human cytokine proteome profiler array panel. Layout and Appendix table for human cytokine assay coordinates are provided in Supplementary Figures S7B,C. We found six secreted proteins to be differentially regulated in this profiler array. Interestingly, both IL-8 (increased) and CXCL12 (reduced) proteins were consistently regulated in cell supernatants collected from HaCaT cells treated (for 24 h) with Am saliva, Is salivary glands, or ISE6 cell-derived exosomes when compared to the UT control group (Figure 5A). We also noticed the presence of Serpin E1 to be consistently downregulated upon treatment with tick exosomes in comparison to the UT control (Figure 5A). The other three molecules modulated in HaCaT cell supernatants upon treatment with tick exosomes are CXCL1, macrophage migration inhibitory factor (MIF), and IL-1 receptor antagonist (IL-1RA) in comparison to the UT control (Figure 5A). Cell culture supernatants collected from UT HaCaT cells served as a control (Figure 5A). Densitometry analysis showed a differential regulation of IL-8, CXCL12, and other proteins in comparison to the UT control (Figure 5B). Furthermore, independent immunoblotting analysis performed with cell culture supernatants collected from HaCaT cells treated with tick exosomes and respective antibodies showed that secreted levels of IL-8 protein are dramatically upregulated and CXCL12 protein was considerably reduced in comparison to the UT control group (Figure 5C). Total protein profile gel image serves as a loading control (Figure 5C). Densitometry analysis for these immunoblots showed increased or decreased levels of IL-8 or CXCL12 proteins, respectively (Supplementary Figure 7D). Consistent with immunoblotting analysis, ELISA assay showed upregulation of secreted IL-8 protein in culture supernatants collected from HaCaT cells treated with exosomes derived from Am saliva or salivary glands or ISE6 cells in comparison to the UT control (Supplementary Figure 7E). These data suggest that tick exosomes affect the secretion of extracellular signaling molecules such as IL-8 and CXCL12 from human skin cells.
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FIGURE 5. Tick exosome treatments showed consistent upregulation of interleukin-8 (IL-8) and downregulation of C-X-C motif chemokine ligand 12 (CXCL12) in HaCaT cells. (A) Multiple cytokine protein arrays with cell culture supernatants collected from HaCaT cells treated with in vivo or in vitro tick exosomes derived from Am saliva, or Is salivary glands, or ISE6 cells for 24 h posttreatment are shown. Images of nitrocellulose membranes with spotted molecule (as duplicates) are shown along with proteins spotted as a positive reference on three corners of each membrane. Proteins spotted as one negative control are shown at the bottom right and indicated as NC. Numbers indicated on membranes are related to CXCL1 (1), CXCL12 (2), IL-1 receptor (3), IL-8 (4), MIF (5), and Serpin E1 (6). Numbers indicate the molecules detected and evaluated for densitometry analysis. (B) Densitometry of spots detected on nitrocellulose membranes from multiple cytokine arrays of culture supernatants from HaCaT cells treated (for 24 h) with tick exosomes is shown. Different bar shades represent tick exosome-treated groups. (C) Immunoblotting analysis showing levels of secreted IL-8 and CXCL12 proteins in cell culture supernatants collected from HaCaT cells treated (for 24 h) with in vivo or in vitro tick exosomes derived from Am saliva, or Is salivary glands, or ISE6 cells. Total protein profiles are stain-free gel images that serve as the loading control. (D) Wound healing assay images from monolayers of HaCaT cells treated with IL-8 antibody (2 μg) for 12 h, followed by treatments (for 24 h) with tick exosomes from respective groups is shown. Phase contrast images collected at different time points (of 0, 8, 16, and 24 h) of post tick exosome treatments are shown. HaCaT cell wound closure images for IL-8 antibody alone or untreated (UT) groups collected at indicated time points serve as controls. Scale bar indicates 400 μm. (E) Quantitative measurement of remaining wound size percentages (obtained from ImageJ) from HaCaT cell monolayers treated with IL-8 antibody for 12 h, followed by treatment with tick exosomes at different time points (of 0, 8, 16, 24 h) is shown. Am represents Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line. Wounds at 0 h were considered as 100% for all groups, including IL-8 antibody alone or UT controls. Percentages for remaining wound sizes at 16 or 24 h posttreatment with in vivo or in vitro tick exosomes are shown as bar graphs for comparison. The –/+ indicates the presence or absence of IL-8 antibody. UT represents the untreated group that serves as the control in each respective experiment. Two-way ANOVA is shown in Supplementary Table S1B. WH indicates wound healing.




Blocking of Interleukin-8 and C-X-C Motif Chemokine Ligand 12 Increased Tick Exosome-Mediated Effects of Delayed Cell Migration and Repair Process

In order to understand the importance of tick exosome-mediated IL-8 induction and CXCL12 reduction, we performed wound-healing assays (as described in the section “Materials and Methods”) in HaCaT cell monolayers. We found that HaCaT cell monolayers treated with IL-8 antibody in combination with tick exosome treatment (16 h) showed similar results as noted before (Figures 2A,B) with posttreatment of tick exosomes alone (Figure 5D and Supplementary Figure S8). At 16 h, we observed that wounds were neither closed in IL-8 antibody alone or IL-8 antibody treatment in combination with tick exosomes (Figure 5D and Supplementary Figure S8). However, we found that at 24 h, the group treated with IL-8 antibody alone was capable of closing the wound gap in comparison to the IL-8 antibody and tick exosomes combined groups (Figure 5D and Supplementary Figure S8). Similar observations were noted upon measurement of remaining wound size percentages at different time points (Figure 5E). At 24 h post wound scratch and treatment of exosomes (from Am saliva or salivary glands or Is salivary glands or ISE6 cells), the remaining wound sizes were calculated as 9, 8, 7, or 12.2%, whereas IL-8 antibody alone showed 0% wound remaining size, respectively (Figure 5E). No remaining wound size was seen in UT control group at 24 h, suggesting a complete wound closure in the absence of tick exosomes (Figure 5E). These data suggest that tick exosomes delay wound healing via an exaggerated immune response triggered by IL-8. Inhibition of IL-8 alone (via antibody blocking) showed delayed wound closure (at 16 h) in comparison to the UT control (Figure 5D and Supplementary Figure S8). In order to understand the significant role of IL-8 upon treatment with tick exosomes, we applied a genetic approach by using siRNA studies. Wound healing assays performed with HaCaT cells transfected with IL-8 siRNA for 24 h followed by treatment (24 h) with ISE6 cell-derived exosomes showed that silencing of IL-8 had no differences in comparison to the scrambled siRNA or the UT internal controls (Supplementary Figure S9A). At 24 h, all groups closed the scratch area without any differences (Supplementary Figure S9A). Measurement of remaining wound size percentages at 8 h showed no differences in wound closure with silencing of IL-8 siRNA (17%) when compared to the scrambled (34%) or UT control (30%) groups (Supplementary Figure S9B). Also, at 24 h, no significant differences were observed between IL-8 siRNA group or scrambled/UT controls (Supplementary Figure S9B and Supplementary Table S2A). The DNA agarose gel image shows the lower amounts of IL-8 transcripts in HaCaT cells in comparison to the scrambled or UT control groups (Supplementary Figure S9C). No differences were observed with actin transcript levels that serve as internal control (Supplementary Figure S9C). Densitometry analysis of the DNA agarose gel revealed lower levels of IL-8 transcripts in HaCaT cells transfected with siRNA in comparison to the scrambled/UT control groups (Supplementary Figure S9D).

In contrast to IL-8 antibody treatment, we found that CXCL12 antibody treatment completely failed to close wounds (even at 24 h posttreatment) either alone or when treated in mixture with tick exosomes (Figure 6A and Supplementary Figure S10). Noticeably, wider scratched areas were visualized (at 16 h posttreatment) upon treatment with CXCL12 antibody (alone) or in mixture with exosomes derived from Am saliva or salivary glands, Is salivary glands, or ISE6 cells (Figure 6A and Supplementary Figure S10). Images obtained from before scratch or immediately after tick exosome treatment (as 0 h) or continued until 24 h are shown for comparison (Supplementary Figures S8, S10). One group in each category treated with IL-8 or CXCL12 antibody alone served as an internal control in each respective independent experiment (Supplementary Figures S8, S10). Also, independent UT groups (without any treatments) were considered as internal controls in each antibody experiment (Supplementary Figures S8, S10). For clear appearance of cell monolayers and comparison with before scratch and inclusion of 4 h imaging group, we have shown enlarged images again for IL-8 and CXCL12 antibody alone treatments (Supplementary Figures S8, S10). Quantitative measurement analysis (at 24 h posttreatment) revealed wider areas of remaining wound sizes of about 36% for treatment with CXCL12 antibody alone, whereas CXCL12 antibody in combination with exosomes derived from Am saliva or salivary glands, Is salivary glands, or ISE6 cells showed 13, 14, 6, or 11%, respectively (Figure 6B). UT group showed (at 24-h treatments) 0% remaining wound size as expected (Figure 6B). In addition to IL-8 or CXCL12 antibody alone treatment controls, HaCaT cells were treated with IgG isotype control antibody. No differences in wound healing were observed with IgG antibody-treated group when compared to the UT control group at all tested time points (Supplementary Figure 11A). Also, the remaining wound size percentages showed no significant differences (Supplementary Figure 11B). No significant differences were also noted between the UT and IgG antibody-treated groups (Supplementary Table S2B). These data suggest that CXCL12 plays an important role in wound healing and the repair process and hence it is dramatically inhibited by tick exosomes to delay wound closures in skin.
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FIGURE 6. Blocking of C-X-C motif chemokine ligand 12 (CXCL12) via antibody increased but exogenous CXCL12 protein treatment restored tick exosome-mediated delayed wound healing and the repair process. Wound healing assay performed on monolayers of HaCaT cells treated with CXCL12 antibody (2 μg) for 12 h (A) or with CXCL12 purified protein (2 μg) for 4 h (C), followed by treatments with tick exosomes derived from Am saliva or salivary glands, or Is salivary glands, or ISE6 cells is shown. Phase contrast images collected from different time points (0, 8, 16, and 24 h) of post tick exosome treatments are shown. HaCaT cell wound closure images for CXCL12 antibody alone or CXCL12 purified protein alone or untreated (UT) groups serve as internal controls. Scale bar indicates 400 μm. Quantitative measurement of remaining wound size percentages (obtained from ImageJ) of HaCaT cell monolayers treated with either CXCL12 antibody for 12 h (B) or with purified human CXCL12 protein for 4 h (D) followed by treatment with tick saliva, salivary glands, or ISE6 cell-derived exosomes at different time points (of 0, 8, 16, 24 h) is shown. Am represents Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line. Wounds at 0 h were considered as 100% for all groups, including CXCL12 antibody alone or CXCL12 protein alone or UT controls. Percentages for remaining wound sizes at 16 or 24 h posttreatment of tick exosomes are shown as bar graphs for comparison. The –/+ indicates the presence or absence of CXCL12 antibody or CXCL12 purified protein. Two-way ANOVA is shown in Supplementary Table S1B. Ab indicates antibody, and Exo denotes exosomes in the figure title.




Exogenous Treatment of C-X-C Motif Chemokine Ligand 12 Protein Restored Cell Migration in Injured Areas Impaired by Exosomes From Tick Saliva, Salivary Glands, or ISE6 Cells

It was interesting to note that treatment with CXCL12 antibody alone showed wider remaining wound sizes and delayed wound healing either in the presence or absence of tick exosomes from all four groups. Next, we determined if treatment of HaCaT cells with human CXCL12 or SDF-1α (hBA-68) purified protein (2 μg) alone or in combination with tick in vivo or in vitro exosomes has any effect(s) in tick exosome-mediated delayed wound healing. It was noteworthy to find that treatment with 2 μg of human CXCL12 purified protein enhanced wound closure and the repair process at 16 h and in both cells treated with either CXCL12 protein alone or in combination with tick exosome groups (Figure 6C and Supplementary Figure S12). At 24 h posttreatment, we found that tick exosome (derived from Am saliva or salivary glands, Is salivary glands, or ISE6 cells)-mediated delayed wound closures/healings were completely restored in the presence of CXCL12 purified protein (Figure 6C and Supplementary Figure S12). These restored effects were comparable to the wound closures observed in CXCL12 protein alone-treated group or with the UT control group (Figure 6C and Supplementary Figure S12). The UT group, without any treatments, was considered as an internal control (Figure 6C and Supplementary Figure S12). Images collected before scratch and after immediate treatment (as 0 h) with respective groups of tick exosomes are shown as control groups (Supplementary Figure S12). For clear appearance of cell monolayers and comparison with before scratch and excluded 4-h time point group, enlarged images are shown for all panels in Supplementary Figure S12. Quantitative measurements of remaining wound sizes at 24 h showed 0% for all groups including CXCL12 protein alone or protein in combination with tick exosome treatments (Figure 6D). Measurements at 16 h post tick exosome treatment revealed that the CXCL12 protein restored wound sizes to be 0.68% (Am saliva exosomes), 3.1% (Am salivary gland-derived exosomes), 9.6% (Is salivary gland-derived exosomes), and 6.7% in ISE6 cell-derived exosomes in comparison to the UT group that showed 4.1% remaining wound size (Figure 6D). CXCL12 protein alone control group showed 3.5% wound remaining size (Figure 6D). In the presence of the CXCL12 protein, Am saliva-derived exosomes were considerably inhibited to impair wound closure and the repair process, and at 24 h, all groups closed the wounds (remaining wound size calculated as 0%) that were comparable to that of the UT group (Figure 6D). It is interesting to observe that in comparison to IL-8 or CXCL12 antibody treatment, the CXCL12 protein treatment showed significant (P < 0.05) restoration in wound closure with all four groups of tick exosomes in comparison to their respective mock controls. Significant (P < 0.05) differences between IL-8 and CXCL12 antibody-treated groups or CXCL12 protein-treated groups were noted by the two-way ANOVA (Supplementary Table S1B). In addition, wound healing assays performed with GST purified protein (2 μg) alone (control to the CXCL12-GST-tagged purified protein) or GST protein in combination with ISE6 cell-derived exosomes showed that GST protein alone had no effect, and it was comparable to that of the UT control group (Supplementary Figure S13A). However, GST protein in combination with ISE6 cell-derived exosomes showed delayed wound healing similar to the one noticed in Figure 2 and Supplementary Figure S13A. These data also showed that in contrast to CXCL12 protein, GST protein alone has no role in restoring tick exosome-mediated delays in wound repair (Supplementary Figure S13A). The quantitative measurements (at 24 h) showed 9.6% remaining wound sizes for GST protein in combination with ISE6 cell-derived exosomes, whereas GST protein alone or UT control groups showed 0% remaining wound sizes (Supplementary Figure S13B). At 16 h, no differences were seen for GST protein alone (11%) or UT groups (8.6%) (Supplementary Figure S13B). No significant differences were also noted between the UT and GST protein alone-treated groups (Supplementary Table S2C). Inhibition of both IL-8 and CXCL12 via antibodies in combination showed better delay in wound closures and the repair process (19%) in comparison to the UT control (Supplementary Figure S13B). These data suggest that enhanced expression and secretion of biologically active CXCL12 are very critical to suppress and restore the damaging effects of tick saliva or salivary gland-derived in vivo exosomes that impair wound healing and the repair process at the tick bite site.



DISCUSSION

To complete a successful blood meal, ticks evade the host defense system, including the very first barrier of skin keratinocytes and the responses from recruited immune cells at the bite site (Nuttall and Labuda, 2003, 2004; Leitner et al., 2011; Hanel et al., 2013; Bernard et al., 2014, 2015; Glatz et al., 2017; Zhou et al., 2018; Nuttall, 2019). The biological processes at the tick–host–virus interface have been well studied (Kazimirova et al., 2017). There are several important studies showing that saliva from ticks is enriched in molecules that modulate the host immune attack and tranquil the blood meal intake process (Bowman et al., 1997; Nuttall and Labuda, 2003, 2004; Brossard and Wikel, 2004; Valenzuela, 2004; Leitner et al., 2011; Bernard et al., 2014, 2015; Kotal et al., 2015; Scholl et al., 2016; Glatz et al., 2017; Vora et al., 2017; Wikel, 2018; Nuttall, 2019). In order to understand the transmission modes of tick-borne pathogens to human and other vertebrate hosts, we have previously shown that ISE6 cells secrete exosomes/EVs that mediate pathogen transmission to human skin keratinocytes and blood endothelial cells (Zhou et al., 2018). To our knowledge, this is the first report to implicate the tick saliva and salivary gland-derived in vivo exosomes in modulating the host immune response at the tick bite site to allow, ease, and mediate the blood-feeding process. Our discovery of the presence of exosomes in Am saliva or salivary glands or Is salivary glands suggests a functional role for tick salivary exosomes as extracellular signaling vesicles to coordinate and facilitate the process of tick feeding. Ticks have to elicit a variety of responses to modulate the sensing danger signals at the critical skin barrier (Bowman et al., 1997; Nuttall and Labuda, 2003, 2004; Brossard and Wikel, 2004; Valenzuela, 2004; Leitner et al., 2011; Bernard et al., 2014, 2015; Kotal et al., 2015; Scholl et al., 2016; Glatz et al., 2017; Vora et al., 2017; Wikel, 2018; Zhou et al., 2018; Nuttall, 2019). We assume that saliva molecules contained securely inside tick exosomes would be safe enough to avoid and shield themselves against these sensing dangers. This would allow ticks to win the first battle at the skin barrier that ultimately leads to successful blood feeding. Given that more force is required at this feeding point, salivary glands might continue to release exosomes with required cargo molecules (as shielded warriors) into the saliva pool and at the tick bite site. We have found that both tick saliva and salivary gland-derived exosomes were heterogeneous in the population with sizes from 30 to 200 nm in diameter (Figure 1A and Supplementary Figure S1A), suggesting differential cargo being transported via these EVs. The in vivo tick exosomes showed the presence of lipid bilayer membrane that maintains high stability for securely fusing the luminal cargo content into host keratinocytes. A higher expression of tick CD63 protein further confirmed that arthropod exosome membranes are highly stable with enriched tetraspanin domain containing glycoprotein decorations that perhaps allows interactions with host molecules. Our immunoblot data showing that CD63 is heavily glycosylated in tick cell-derived exosomes in comparison to the whole tick cells or tick salivary glands suggest that this molecule is highly modulated and perhaps transported in its readily functional or active form to maintain exosome membrane integrity and relay extracellular signaling. Also, the presence of three orthologs of CD63-like proteins in Is ticks further suggested the importance of these tetraspanins to play various/redundant roles during tick feeding. Our previous studies have shown abundant amounts of HSP70 as exosomal enriched protein in exosomes derived from cells of tick, mosquito, and mouse cortical neurons (Vora et al., 2018; Zhou et al., 2018, 2019). Detection of HSP70 in tick saliva and salivary gland-derived in vivo exosomes in addition to ISE6 cell-derived in vitro exosomes further confirmed a role for this chaperon at the tick bite site. We believe that the presence of HSP70 in tick exosomes plays a major role in blood feeding. Our independent study showed induction of this chaperon in ticks feeding on immunocompetent mice, whereas ticks feeding on immunodeficient animals had reduced HSP70 loads, perhaps due to less immune interference and disturbance (Vora et al., 2017). The presence and detection of CD63 and HSP70 suggest that cargo contents of tick exosomes derived from saliva and salivary glands are highly similar. Since ISE6 cells are a derivative of a mixture of salivary gland and midgut tissues, we assume that the cargo content from different tissues is perhaps similar or at least maintain important components such as tetraspanin glycoprotein, CD63. Given the pharmacological wonders of tick saliva, its complexity, chemical composition, and numerous functions (Bowman et al., 1997; Valenzuela, 2004; Kotal et al., 2015; Nuttall, 2019), we believe that exosomes are perhaps released with additional secreted proteins from saliva and hence would have more effects that could be synergic in mounting a higher immune response at the site of the tick bite. Also, in this study, we cannot compare the composition of exosomes from unfed or fed ticks and note that these differences could be based on the interspecific, stage-specific, or feeding-induced changes observed in ticks. An important study identified a novel plasminogen activator referred as Longistatin from the ixodid tick, Haemaphysalis longicornis, that was found to be resistant to the endothelial PAI-1 or Serpin E1 (Sugino et al., 2003). Serpins are serine protease inhibitors that mainly inhibit plasminogen activators and functions in fibrinolysis and blood clotting (Imamura et al., 2005; Prevot et al., 2006, 2009; Mulenga et al., 2009; Chalaire et al., 2011; Ibelli et al., 2014; Radulovic and Mulenga, 2017; Bakshi et al., 2018; Pongprayoon et al., 2019). Our current study showed that human Serpin E1 is consistently downregulated upon treatment with tick exosomes. Suppression of Serpin E1 in human keratinocytes upon treatment with tick exosomes suggests a tick response to allow tissue plasminogen activator or PLAT protein induction and breakdown of blood clots to allow continuous blood flow during tick feeding. Our current efforts are completely focused on understanding the detailed role of Serpin E1 during tick exosome-mediated blood feeding.

During tick bite, the saliva dribbles and suppresses blood clotting and the immune responses that reject these arthropod-mediated modulations (Bowman et al., 1997; Brossard and Wikel, 2004; Nuttall and Labuda, 2004; Valenzuela, 2004; Leitner et al., 2011; Kotal et al., 2015; Lewis et al., 2015; Glatz et al., 2017; Vora et al., 2017; Nuttall, 2019). It has been shown that blood plasma EV fibrinogen induces autoimmune-mediated spontaneous relapsing disease in a murine model of multiple sclerosis (Willis et al., 2019). Our previous work with HSP70 has shown that ticks elicit variable levels of fibrinogenolytic activities depending on the host immune background (Vora et al., 2017). Our present study explored the role of tick saliva, salivary glands, and ISE6 cell-derived exosomes in wound healing and the repair process in human keratinocytes. It was highlighting to find that tick exosomes delayed wound closure and the repair process, suggesting their role in mediating inhibition of tissue repair and facilitation of blood feeding at the bite site. Similar effects displayed by both in vivo and in vitro tick exosomes further confirmed their role in contributing to the delayed repair process in order to perhaps ease and facilitate blood feeding. Furthermore, consistent upregulation of IL-8 and repression of CXCL12 in HaCaT monolayers treated (24 and 72 h) with tick exosomes from respective groups suggested an important role for these molecules as regulators in wound healing and the repair process. Both IL-8 and CXCL12 have been suggested to play key roles during wound healing and the skin tissue repair process (Kamata et al., 2011; Ogawa et al., 2011; Jiang et al., 2012; Bollag and Hill, 2013; Scholl et al., 2016). IL-8 (CXCL8), a chemokine and a pro-inflammatory mediator, abundantly expressed in skin keratinocytes allows recruitment of neutrophils at this line of defense (Kamata et al., 2011; Jiang et al., 2012; Scholl et al., 2016). Several host cytokines including IL-8 have been modulated by tick salivary gland extracts (Hajnicka et al., 2005). Also, reduced IL-8 activity in context to several ixodid tick species (Dermacentor reticulatus, Amblyomma variegatum, Rhipicephalus appendiculatus, Haemaphysalis inermis, and Ixodes ricinus) was observed (Hajnicka et al., 2001). IL-8 has been shown to play important roles during the wound healing process. Polymorphonuclear leukocytes (PMNs) in human blisters and skin grafts donor site wounds showed a potential role for IL-8 as a chemoattractant (Rennekampff et al., 2000). In human keratinocyte assays, IL-8 recombinant protein (1 μg/ml) increased migration of these cells, and endogenous IL-8 played sequential functions in all phases of the human wound healing process (Rennekampff et al., 2000). In addition, autocrine/paracrine secretion of IL-8 supported the poly I:C-mediated HaCaT cell migration in scratch assays (Takada et al., 2017). An important study showed that tick saliva enhanced the production of pro-inflammatory mediators including IL-8 and IL-6 in dermal fibroblast cells (Scholl et al., 2016), whereas saliva when incubated on monocytes cocultured with Borrelia burgdorferi showed suppressive effects on the expression of IL-8 (Scholl et al., 2016). Our studies are in agreement with these findings that tick saliva, salivary gland, and ISE6 cell-derived exosomes induce IL-8 production and release from human keratinocytes. IL-8 gene transcripts and secreted protein were both upregulated, suggesting a magnified role for IL-8 in wound healing upon treatment with tick exosomes. We assume that induction of IL-8 is a host-mediated response, as inhibition of IL-8 (via antibody blocking, at 16 h) failed to close wounds in comparison to UT controls. At 24 h, IL-8 blocking showed wound closure in comparison to the IL-8 antibody and tick exosome combination treatment groups. We believe that upon IL-8 inhibition, CXCL12 or other molecules may play enhanced roles to repair the wounds. We did not find any changes with IL-6 upon treatment with tick exosomes at both 24 and 72 h, but we cannot exclude the possibility that in the absence of IL-8, IL-6 may play a compensatory role in the wound healing process. Upregulation of TNF-α levels at 72 h posttreatment but not at 24 h posttreatment with tick exosomes suggests its role in enhanced inflammation and exaggerated necrosis at the tick bite site during later stages of feeding. Upregulation of IL-1β upon treatment with tick exosomes suggests a local immune response to bite and salivary components. Early tick bite skin lesions at 24 h of I. ricinus attachments from 22 biopsy samples have shown elevated mRNA levels of pro-inflammatory cytokine IL-1β from macrophages and chemoattractant IL-8 (CXCL8) from neutrophils (Glatz et al., 2017). It has been assumed that after 24 h of tick attachment period, the primary inflammatory response weakens and an adaptive immune response arises and develops (Wikel, 1996a,b; Hanel et al., 2013; Glatz et al., 2017; Han et al., 2017). We have noted that upon tick exosome (both in vivo and in vitro) treatments, skin keratinocytes had increased levels of both IL-1β and IL-8 at 72 h posttreatment, but much higher levels were observed for both these transcripts at 24 h, an early period with tick exosome treatment. Other than IL-8 and IL-1β, we have observed differences with other cytokines such as TGF-β that show upregulation with treatment of tick saliva or ISE6 cell-derived exosomes. It has also been reported that tick salivary gland extract binds to growth factors such as TGF-β1, platelet-derived growth factor (PDGF), FGF-2, and hepatocyte growth factor (HGF) (Hajnicka et al., 2011). We have noted the reduction of FGF-7 and VEGFA cytokines. The significance for this differential expression will be addressed in our future studies. We assume that tick exosomes may either lyse up to release the luminal content or perhaps fuse with keratinocytes and other recruited immune cells such as neutrophils, macrophages, and dendritic cells. Several studies have examined the role of tick saliva on monocytes, macrophages, dendritic, and several other immune cells (Nuttall and Labuda, 2004; Valenzuela, 2004; Prevot et al., 2006; Kotal et al., 2015; Scholl et al., 2016; Radulovic and Mulenga, 2017; Nuttall, 2019). No or inconsistent differences found in expression levels of IL-1β, CXCL12, and TGF-β from mouse macrophages suggest that tick exosomes modulate these molecules in human skin barrier keratinocytes specifically and perhaps differentially in other immune cells. We cannot rule out the effect of incubation of tick exosomes with macrophages and analyze the expression of cytokines and chemokines at the later time points such as 72 h post infection. We are in the process of exploring the role of tick saliva and salivary gland-derived exosomes on various other immune cells and their responses in the production of cytokines and chemokines.

So far, there are no reports showing a role for CXCL12 in facilitating tick exosome-mediated immune response(s) during tick feeding or aiding the host defense at the tick bite site. CXCL12 has been shown to play sufficient roles during wound healing and the tissue repair process (Gillitzer, 1996; Gillitzer et al., 2000; Restivo et al., 2010; Feng et al., 2014; Kim et al., 2015; Vagesjo et al., 2018). Wound healing is a highly dynamic and regulated process with several subprocesses or phases. We considered the phases that required the integration of both biological and molecular events such as secretion of cytokines, cell migration, and repair of the scratch processes in this study. We believe that induction of IL-8 is a host-mediated independent event. Inhibition of IL-8 delayed wound healing and the repair process. However, in the presence of tick exosomes, skin cells further upregulated (perhaps three folds) this molecule to support healing and the repair process. We also believe that in the presence of IL-8 antibody, the inhibition is much enhanced as the secreted IL-8 protein is blocked efficiently (by the antibody binding), and the effects are stronger in comparison to the genetic approach by siRNA silencing of the IL-8 transcript. Proteomic analysis of whole human saliva-derived exosomes has shown the presence of HSP70, Alix, Tsg101, and CD26. The latter molecule has been shown to metabolically cleave chemokines such as CXCL11 and CXCL12 to regulate the local immune defense against oral microbes (Ogawa et al., 2011). Consistent suppression of CXCL12 upon treatment (at early 24 h or late 72 h) with in vivo- or in vitro-derived tick exosomes suggests a very critical role played by this molecule in host defense at the human skin. Our data clearly suggested that CXCL12 mRNA transcripts and secreted protein were severely inhibited by tick exosomes derived from either in vivo or in vitro group. Downregulation of CXCR4 (a receptor for CXCL12) at early 24 h posttreatment of tick exosomes further suggested the reduced uptake, production, secretion, and binding of CXCL12 ligand to its receptor (CXCR4). Inhibition of CXCL12 by antibody blocking in combination with tick exosome treatments especially from Am saliva or salivary glands showed a dramatic delay in wound closure and repair at both 16 and 24 h posttreatment. Importantly, restoration in wound healing and repair observed after treatment with CXCL12 purified protein clearly suggested a potential role for this molecule in the inhibition of inflammation, damage, and enhancement of wound closure and tissue repair at the tick bite site. It was surprising to note that only 2 μg of CXCL12 protein was sufficient to protect the skin keratinocytes and mediate wound closure and the repair process. Our proposed model (Figure 7) suggests that induction of CXCL12 and perhaps IL-8 in skin keratinocytes would support to ease inflammation, reduce skin damage, and promote cell proliferation, wound healing, and tissue repair at the tick bite site. Also, exogenous use of stable CXCL12 protein as lotion or spray at the bite site may inhibit the exaggerated responses triggered by tick exosomes. We assume that the use of CXCL12 as a potential therapeutic on human skin may affect tick saliva exosomes and/or prevent blood feeding by inducing the host defense to promote rapid wound healing and the repair process. Our future studies will target such applied research in in vivo mouse models. Overall, our study showed a novel role for in vivo/in vitro exosomes in facilitating tick blood feeding by modulating important host molecules such as IL-8 and CXCL12 from skin keratinocytes. This work also suggested the therapeutic potential of CXCL12 in preventing not just tick-related but also other skin inflammation, tissue damage, injury, skin burns, and wound closures. Taken together, this study opens new thoughts on how arthropod exosomes in saliva can take the toll to facilitate and allow tick feeding at the confrontation site and conquest a difficult and dangerous battle for that delicious blood meal.
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FIGURE 7. Tick saliva exosomes modulate human skin interface. Model showing tick bite site or hypostome injected into a damaged skin pit, with saliva deposit or spit from Am or Is ticks. We propose that the release of in vivo exosomes into the saliva at the wound/bite site exaggerates the residential keratinocytes and perhaps residential Langerhans cells to modulate cytokines or chemokines such as interleukin-8 (IL-8) and/or C-X-C motif chemokine ligand 12 (CXCL12) to control tissue damage, injury, wound healing, and repair processes. This may allow, ease, and promote successful completion of tick blood feeding. Am represents Amblyomma maculatum, and Is indicates Ixodes scapularis.
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FIGURE S1 | Cryo-EM imaging and measurement of in vivo exosomes derived from Am saliva and salivary glands. (A) Additional cryo-EM (electron microscopy) images collected from two independent institutions (University of Texas Medical Branch; UTMB and Indiana University; IU) showing exosomes isolated from Am saliva or salivary gland tissues. Scale bar indicates 100 nm (UTMB), or 200 or 500 nm (IU), respectively. For better comparison, scales have been provided close to individual exosomes. For images from IU on right side, insets show detailed structure of exosomes from the field. Measurement of diameters shows heterogeneous population of in vivo exosomes from saliva or salivary glands. Particle diameter measurement (in nm) analysis against the concentration of particles to determine the exosome sizes from Am saliva (indicated as Am-S) (B) or Is salivary gland-derived exosomes (represented as Is-SG) (C) is shown. N represents number of particles determined or counted using the TS-300 filter that measured 50–300 nm particle sizes. Scatter plot graphs on right in both (B) and (C) shows number of particles counted during the transit time (indicated as N) in Spectradyne nCS1 nanoparticle analyzer. Am represents (Amblyomma maculatum) and Is indicates (Ixodes scapularis) ticks.

FIGURE S2 | Detection of CD63 from brain tissue-derived exosomal fractions and estimation of proteins from tick exosomes. (A) Immunoblotting analysis showing detection of exosomal enriched marker CD63 in six different exosomal fractions prepared from C57/BL6 wild type mice brain tissue. Total protein profile is shown from the stain free gel image that serves as loading control. (B,C) BCA measurement assay showing the estimated protein amounts at an optical density of 562 nm (shown in Y-axis) and concentration of tick exosomal proteins (in μg/μl). The R2 value is shown for the standards.

FIGURE S3 | Enhanced CD63 levels in tick cell-derived exosomes and amplification of Is CD63-like molecules. (A) Immunoblotting analysis showing detection of exosomal enriched marker CD63 in Am whole salivary gland lysates, tick cell-derived exosomes, and whole tick cell lysates. Arrowheads indicate the endogenous (lower) and glycosylated (middle and upper) protein in salivary gland and ISE6 cell and exosomal lysates. Total protein profile is shown from the stain free gel image that serves as loading control. M indicate protein ladder and SG denotes salivary glands. (B) PCR amplification of CD63-like genes from Is unfed female ticks or ISE6 cells cDNA is shown. Three different fragments were amplified, and bands of approximately 245, 261 and 241 bp (denoted by arrowheads) were detected on 1% agarose gel for ISE6 cells. Is unfed female ticks showed amplified product for two CD63-like molecules (IsCW014150, and IsCW010731). NTC denotes no template control, and NTC is shown for respective primer pairs. M represents DNA ladder and Is shows Ixodes scapularis. Arrowhead indicates the 200 bp reference bands in DNA ladder.

FIGURE S4 | Alignment, phylogenetic analysis and identity of Is CD63-like proteins. (A) Deduced Is CD63-like amino acid sequence alignments (with other orthologs) using ClustalW program in DNASTAR Lasergene is shown. Residues that match are shaded in black color. GenBank accession numbers for M. musculus and H. sapiens CD63 sequences are shown. VectorBase accession numbers for three of the Is CD63-like proteins, and A. aegypti Tsp29Fb are provided. Total length of the amino acid sequence is provided at left end of each sequence. (B) Phylogenetic analysis was performed in DNASTAR by ClustalW slow/accurate alignment method using Gonnet as default value for protein weight matrix. Scale at the bottom denotes amino acid substitutions per 100 amino acid residues. Bootstrap and seed numbers are provided. (C) Percent identity (horizontally above black boxed diagonal) and divergence (vertically below black boxed diagonal) of Is CD63-like nucleotide sequence in comparison to A. aegypti Tsp29Fb, M. musculus and H. sapiens CD63 sequences is shown.

FIGURE S5 | Exosomes derived from tick saliva, salivary glands, or ISE6 cells delay wound closure and repair in skin keratinocytes. Phase contrast images of HaCaT cells monolayers treated with 20 μl of exosomal-pooled fractions (1–6) from either Am saliva or salivary glands or Is salivary glands or ISE6 cells for 24 h is shown. Images were obtained before any treatments and shown as before scratch. Scratch generated cell images before treatment with tick exosomes are shown as 0 h. Representative images are shown for each time points (of 0, 4, 8, 16, and 24 h) post tick exosome-treatments. Images from time points of 0, 8, 16, and 24 h are previously shown in Figure 2 and are repeated in this figure for better comparison with inclusion of before scratch and 4 h time point group. HaCaT cell monolayers maintained as untreated (UT) group serve as control. Images were obtained using EVOS FL system and 10X magnification. Scale bar indicates 400 μm for each image per group/time point. Am represents (Amblyomma maculatum), Is indicates (Ixodes scapularis) and ISE6 denotes Is-derived cell line. Two-way ANOVA analysis is shown in Supplementary Table S1A.

FIGURE S6 | Human skin cells cytokine analysis revealed differential regulation by tick saliva, salivary gland, or ISE6 cell-derived exosomes. QRT-PCR analysis showing levels of different cytokines/chemokines (CXCL12, CXCR4, IL-8, Serpin E1, TNF-α, IL-1β, TGF-β, IL-6, FGF-7 and VEGFA) from HaCaT cells (A–D) treated (for 72 h) with exosomes derived from Am saliva or salivary glands, Is salivary glands or ISE6 cells. Transcript levels were compared to the levels of the cytokine or chemokine levels in untreated (UT) HaCaT cells. Cytokine levels were normalized to human beta-actin, respectively. Asterisk indicates significance (P < 0.05) in comparison to respective untreated controls. P-value determined by Student’s two-tailed t-test is shown.

FIGURE S7 | Cytokine expression in mouse macrophages, protein array profile layouts and detection of IL-8 upregulation by ELISA. (A) QRT-PCR analysis showing expression of IL-1β, TGF-β and CXCL12 from mouse macrophages (RAW264.7 cell line) treated (for 24 h) with exosomes from Am saliva or salivary glands, or ISE6 cells. Each cytokine load is compared to its respective untreated control group. UT indicates untreated. Transcript levels in RAW 264.7 cells were normalized to mouse beta-actin, respectively. (B) Layout of human cytokine assay coordinates spotted on four of the nitrocellulose membranes purchased from R&D systems is shown. (C) Appendix table for assay coordinates showing the details of cytokines/chemokines spotted in duplicate on the nitrocellulose membrane is provided from the vendor’s website. The Reference proteins as positive control are spotted on membranes at A1, 2; E1, 2 and A19, 20 whereas E19, 20 were negative controls for the assay. (D) Densitometry analysis showing differences in secreted protein levels of IL-8 or CXCL12 in comparison to the untreated (UT) control. Am represents (Amblyomma maculatum), Is indicates (Ixodes scapularis) and ISE6 denotes Is-derived cell line. (E) ELISA assay showing IL-8 expression in cell culture supernatants collected from HaCaT cells treated (24 h) with exosomes from Am saliva or salivary glands, or ISE6 cells. SG indicates salivary glands. Asterisk indicates significance (P < 0.05) in comparison to respective untreated controls. P-value determined by Student’s two-tailed t-test is shown.

FIGURE S8 | Blocking of IL-8 via antibody followed by treatment with exosomes derived from tick saliva, salivary glands, or ISE6 cells further delays wound closure and repair. Phase contrast images of HaCaT cell monolayers treated with IL-8 antibody (2 μg) for 12 h, followed by treatments with 20 μl of exosomal-pooled fractions (1-6) from either Am saliva, or salivary glands or Is salivary glands or ISE6 cells for 24 h is shown. Images of HaCaT cell monolayers collected before any treatments served as before scratch internal control. Scratches were generated and images collected immediately after scratches as 0 h, followed by treatment (for 24 h) of HaCaT cells with tick exosomes is shown. Representative images are shown for each time points (of 0, 4, 8, 16, and 24 h) post tick exosome-treatments. Images from time points of 0, 8, 16, and 24 h are previously shown in Figure 5D, and repeated in this figure for comparison with before scratch and 4 h group. HaCaT cell monolayers that were maintained as untreated (UT) served as control. Images were obtained using EVOS FL system and 10X magnification. Scale bar indicates 400 μm for each image/group/time point. Am represents (Amblyomma maculatum), Is indicates (Ixodes scapularis) and ISE6 denotes Is-derived cell line. Two-way ANOVA analysis is shown in Supplementary Table S1B.

FIGURE S9 | Silencing of IL-8 via siRNA followed by treatment with exosomes derived from tick cells. (A) Phase contrast images of HaCaT cell monolayers treated with IL-8 siRNA (∼1 μg) for 24 h, followed by scratches and treatments with 20 μl of exosomal-pooled fractions (1–6) from ISE6 cells for 24 h is shown. Images were collected immediately after scratches as 0 h. Representative images are shown for each time points (of 0, 4, 8, 16, and 24 h) post tick exosome-treatments. Scrambled (Scr) siRNA group serve as control. HaCaT cell monolayers that were maintained as untreated (UT) served as internal control. Images were obtained using EVOS FL system and 10X magnification. Scale bar indicates 400 μm for each image/group/time point. (B) Quantitative measurement of percentages of remaining wound sizes at different time points of 0, 4, 8, 16, and 24 h are shown for IL-8 siRNA, or scrambled siRNA in combination with ISE6 cell-derived exosomes. Wounds at 0 h were considered as 100% for all groups, including IL-8 siRNA, or scrambled siRNA or untreated (UT) controls. Percentages for remaining wound sizes at 8 or 24 h posttreatment of ISE6 cell-derived exosomes are shown on bar graphs for comparison. Two-way ANOVA analysis is shown in Supplementary Table S2A. (C) PCR amplification and DNA agarose gel electrophoresis (1.2% gel) of HaCaT cells collected from wound healing assay showing transcripts of IL-8 in siRNA treated, scrambled, or untreated groups. The actin transcripts are shown as internal control. M indicate DNA ladder and arrowhead denotes an amplified product of 219 bp. (D) Densitometry analysis showing the reduction in IL-8 amplified product in siRNA treated group in comparison to the scrambled or untreated controls.

FIGURE S10 | Blocking of CXCL12 followed by treatment with exosomes derived from tick saliva, salivary glands, or ISE6 cells further delays wound closure and repair. Phase contrast images of HaCaT cell monolayers treated with CXCL12 antibody (2 μg) for 12 h, followed by treatment with 20 μl of exosomal-pooled fractions (1–6) from either Am saliva, or salivary glands or Is salivary glands or ISE6 cells for 24 h is shown. Images of HaCaT cells before scratch or any treatments served as internal control group. Images collected immediately after scratches are considered as 0 h and shown for comparison. Scratches were generated and tick exosomes were treated for 24 h and representative images are shown for each time points (of 0, 4, 8, 16, and 24 h). Images from time points of 0, 8, 16, and 24 h are previously shown in Figure 6A, and repeated here for comparison with before scratch and 4 h time point groups. HaCaT cell monolayers that were maintained as untreated (UT) served as control group. Images were obtained using EVOS FL system and 10X magnification. Scale bar indicates 400 μm for each image per group/time point. Am represents (Amblyomma maculatum), Is indicates (Ixodes scapularis) and ISE6 denotes Is-derived cell line. Two-way ANOVA analysis is shown in Supplementary Table S1B.

FIGURE S11 | Treatment of isotype control IgG antibody did not interfere with wound healing process. (A) Phase contrast images of HaCaT cell monolayers treated with isotype control IgG antibody (2 μg) for 24 h, followed by scratches and treatments with 20 μl of exosomal-pooled fractions (1–6) from ISE6 cells for 24 h is shown. Images were collected immediately after scratches as 0 h. Representative images are shown for each time points (of 0, 4, 8, 16, and 24 h) post tick exosome treatments. Untreated (UT) group served as internal control. Images were obtained using EVOS FL system and 10X magnification. Scale bar indicates 400 μm for each image/group/time point. (B) Quantitative measurement of percentages of remaining wound sizes at different time points of 0, 4, 8, 16, and 24 h are shown for IgG isotype antibody group treated with ISE6 cell-derived exosomes or untreated control. Wounds at 0 h were considered as 100% for all groups, including IgG isotype antibody group or untreated (UT) control. Percentages for remaining wound sizes at 16 or 24 h posttreatment of ISE6 cell-derived exosomes are shown on bar graphs for comparison. Two-way ANOVA analysis is shown in Supplementary Table S2B.

FIGURE S12 | CXCL12 exogenous protein treatment restored delayed wound closure and repair. Images from purified GST-tagged CXCL12 protein (2 μg) treated on HaCaT cell monolayers for 4 h, then followed by treatments with 20 μl of exosomal-pooled fractions (1–6) from either Am saliva or salivary glands or Is salivary glands or ISE6 cells for 24 h are shown. Images of HaCaT cell monolayers before scratch served as internal control group. Images collected immediately after scratches and before treatment with tick exosomes are shown as 0 h. Representative phase contrast images are shown for each time points (of 0, 4, 8, 16, and 24 h) post tick exosome treatments. Images from time points of 0, 8, 16, and 24 h are previously shown in Figure 6C and repeated in this figure for comparison with before scratch and 4 h time point groups. HaCaT cell monolayers, that were maintained as untreated (UT) serve as control. Images were obtained using EVOS FL system and 10X magnification. Scale bar indicates 400 μm for each image per group/time point. Am represents (Amblyomma maculatum), Is indicates (Ixodes scapularis) and ISE6 denotes Is-derived cells. Two-way ANOVA analysis is shown in Supplementary Table S1B.

FIGURE S13 | Treatment of GST purified protein does not influence tick exosome-mediated delay in wound closure and repair. (A) Purified GST protein alone (2 μg) treated on HaCaT cell monolayers for 4 h, followed by treatments with 20 μl of exosomal-pooled fractions (1–6) from ISE6 cells for 24 h is shown. Images from IL-8 and CXCL12 combination antibodies (2 μg, each) treatment is also shown as control. Images of HaCaT cell monolayers taken before scratch serve as control. Scratches were generated and images were collected immediately after scratches as 0 h. Representative phase contrast images are shown for each time points (of 0, 4, 8, 16, and 24 h) post tick exosome treatments. HaCaT cell monolayers, that were maintained as untreated (UT) serve as control. Images were obtained using EVOS FL system and 10X magnification. Scale bar indicates 400 μm for each image per group/time point. (B) Quantitative measurement of percentages of remaining wound sizes at different time points of 0, 4, 8, 16, and 24 h are shown for GST protein alone, or GST protein in combination with ISE6 cell-derived exosome treatment or treatments with combination of IL-8 and CXCL12 antibodies is shown. Wounds at 0 h were considered as 100% for all groups, including GST protein alone or untreated (UT) controls. Percentages for remaining wound sizes at 16 or 24 h posttreatment of ISE6 cell-derived exosomes are shown on bar graphs for comparison. Two-way ANOVA analysis is shown in Supplementary Table S2C.

TABLE S1 | Two-way ANOVA analysis for HaCaT cells incubated with ISE6 cell-derived exosome treatments and treatments with IL-8/CXCL12 Antibodies or CXCL12 protein. (A) Statistical significance is indicated as Yes or No below black-boxed diagonal and P-value for each comparison is indicated above black boxed diagonal. All significant and marginal significant values are in bold text. (B) Statistical significance was compared to mock-treated group. Time point posttreatment is shown. All significant and marginal significant values are in bold text.

TABLE S2 | Two-way ANOVA for HaCaT cells incubated with ISE6 cell-derived exosome and treatments with IL-8 siRNA and isotype control IgG antibody. In all panels, Source of variations, SS, df, MS, F, P value, and F crit values are shown. P > 0.05 is not considered significant.

TABLE S3 | Oligonucleotides used in this study.
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