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Introduction

Globally, ticks rank second only to mosquitoes as vectors of deadly pathogens affecting humans and first in transmitting animal pathogens, presenting a significant challenge to human wellness and sustainability of livestock-based industries. Traditional tick control via chemical acaricides impacts on the environment and has led to the emergence of multi-acaricide-resistant tick populations. Use of immunoprophylactic, along with other components of integrated tick management, holds the potential to mitigate tick infestations in a sustainable manner. To control multi-species tick infestations, the concept of a cocktail vaccine comprising of more than one antigens has emerged as a viable solution due to the inconsistent efficacy of single antigen-based immunization protocol.





Methods

In this study, a dual antigen cocktail immunization protocol was developed targeting ferritin2 (FER2) and tropomyosin (TPM) proteins, which are associated with ticks’ essential cellular and physiological functions, like blood iron homeostasis and muscle contractions.





Results

Dual gene silencing of FER2 and TPM genes in Hyalomma anatolicum resulted in a 75.3% reduction in infested ticks, a 95.4% decrease in egg masses, and a complete loss of egg hatching when compared to control ticks. Microscopically, an altered ovarian cellular architecture, marked by vacuolation and reduced nucleus-to-cytoplasmic ratio were noted in the gene knocked down ticks. An immunization with cocktails of 300 µg dose of each protein, rHaFER2 and rHaTPM was standardized in a rat model and was used to immunize cross-bred (Bos indicus x B. taurus) male cattle with Montanide ISA 50V2 adjuvant on days 0, 28, and 49. A significant (p < 0.001) IgG and IgG2 antibody response was observed in the immunized animals with high IgG levels sustained until day 119 post-primary immunization, showing a 4.1-fold increase over the pre-immunization period. The animals were challenged with larvae and adults of H. anatolicum and larvae of Rhipicephalus microplus. Immunization with the cocktail antigen resulted an efficacy of 70% and 76% against H. anatolicum larvae and adults, respectively, and 54% against R. microplus infestations. Compared to single-antigen immunization, the immunization with cocktail antigens demonstrated higher protection against R. microplus and H. anatolicum ticks. The results advance the development of cocktail vaccines to control multiple tick species.
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1 Introduction

Ticks are obligate blood-feeding ectoparasites of vertebrate hosts and act as vectors for various viral, bacterial, protozoans, rickettsial, and fungal pathogens impacting human and animal health globally (1). Ticks are second only to mosquitoes as vectors of human diseases and are the primary transmitters of many arthropod-borne diseases to livestock and companion animals (2). In the tropical and subtropical regions of the world, Rhipicephalus microplus and Hyalomma anatolicum ticks are considered as the most economically important species, significantly impacting the growth of the cattle industry by direct damage to animals and by transmitting a number of fatal pathogens viz., Babesia spp., Anaplasma spp., Theileria spp (3, 4). Besides, these tick species are also transmitting fatal zoonotic pathogens causing Indian tick typhus (ITT), Kyasanur Forest Disease (KFD), and Crimean-Congo Hemorrhagic fever (CCHF), which are spreading to different parts of the globe (5–8). Globally, annual economic losses from ticks and tick-borne diseases (TTBDs) are estimated to be between $22-30 billion USD, highlighting their upward negative impact on human and animal health worldwide (9). Nevertheless, various attributing factors, viz, globalization, intensified transboundary trade activities, movement of hosts, climate change, and anthropogenically induced changes in land usage patterns, have significantly contributed to the rise in TTBDs worldwide (4, 10).

Tick management is mainly based on repeated acaricide applications with limited efficacy and cause numerous effects on hosts, the environment, and public health (11, 12). Misuse of different acaricide classes have led to the emergence of resistant tick populations in various parts of the world (12–15). Besides resistance, indiscriminate use of chemical acaricides has increased environmental pollutants and contaminated animal byproducts with chemical residues (16). Among alternative tick control strategies, the immunological approach is considered one of the most promising, being target-specific, eco- friendly, and economically sustainable (17, 18). However, to date, only two vaccines (TickGARD™ and GAVAC™) have been commercialized for reducing R. microplus infestations in cattle, offering limited cross-protection due to the tick genetic diversity (17, 19–21). Since then, numerous new tick protective antigens have been identified and tested against homologous challenges, with efficacy ranging from 47-90%. However, these antigens have shown limited cross-species protective efficacy (18, 22, 23). Dowall et al. (24) suggested that zoonotic tick-borne diseases like CCHF could be managed by developing and using commercially viable, potent cross-protective anti-tick vaccines as emphasized previously by other tick researchers (25–27). Earlier, Willadsen (28) opined that combining two or more antigens in a cocktail form would significantly increase the overall efficacy of immunization compared to immunization by a single antigen. Different multi-antigens immunization strategies such as immunization with cocktail of antigens, co-immunization, and immunization using chimeric antigens were advocated. Among the different strategies, the immunization using a cocktail of antigens of targeted tick species provided better efficacy than other strategies (29–32). However, the identification of suitable antigens for the development of multicomponent vaccines conferring protective efficacy against multiple tick species remains a major challenge. Nonetheless, researchers are striving hard to develop protocol for inducing substantial humoral and/or cell-mediated immune response against multiple tick infestations following immunization. Few studies have shown that host immunoglobulins can cross the tick gut to the hemolymph and cells, leading to antibody-mediated cell lysis (33, 34). These findings have increased the possibility of targeting both intracellular and secretary molecules in vaccine development.

Blood intake is necessary for each tick to complete molting and female ticks to complete egg laying and fertility. Consequently, genes involved in the physiological processes of tick blood-feeding were targeted for anti-tick vaccine development (35). Accordingly, two molecules namely, Ferritin2 (FER2), gut specific secretory protein involved in iron homeostasis and expressed in all the tick stages and Tropomyosin (TPM), an actin associated salivary protein, play vital roles in muscle contraction by modulating the binding of myosin and highly conserved between tick species and other invertebrates were chosen in the current study (36–39). RNAi studies and immunization trials conducted by different tick research groups using these two antigens alone have shown promising anti-tick effects mainly by disrupting blood feeding, oviposition, and fecundity of ticks fed on immunized animals (36, 37, 39, 40). Taking the leads from the previous experiments, the current study is focused on developing a cocktail vaccine formulation for better efficacy against homologous and heterologous challenge infestations.




2 Materials and methods



2.1 Ticks and experimental animals

The acaricide susceptible Hyalomma anatolicum (IVRI-II) and Rhipicephalus microplus (IVRI-I) strains maintained in the Entomology laboratory, Division of Parasitology, Indian Veterinary Research Institute (IVRI) were used as reference material. Cross bred bovine calves (Bos indicus X B. taurus) above six months of age were maintained at the large animal experimental shed of the division. The calves were maintained as per the approved guidelines laid down by the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) [No.F.26-1/2015-16/J.D(R)]. Similarly, healthy 1 to 1.5 kg New Zealand white rabbits and adult male Wistar rats (200–250 g) were maintained in the small animal house of the division. Rabbits were used for rearing of H. anatolicum (41), while rats were used for the standardization of immunization dose. Rats and rabbits were maintained as per the guidelines of Institute Animal Ethics committee (IAEC) [No. F. 26-1/2015/JD (R)].




2.2 Double gene silencing and its impact on biology of ticks

Double gene silencing was carried out in H. anatolicum ticks as per the method of Nijhof et al. (42). Gene-specific primers were designed with consensus T7 promoter at the 5’ end for in vitro transcription and synthesis of Ha-FER2 (KT924235) and Ha-TPM (KU297197) genes of H. anatolicum. The Luc dsRNA was used as RNAi control. Cloned bacterial plasmid containing FER2 and TPM genes of H. anatolicum and luciferase from vector pGEM-luc (Promega, USA) were used as a template for amplification. The amplified products were purified before in vitro transcription and purification of dsRNA using MEGAscript® RNAi kit (Ambion, USA). Furthermore, the number of molecules per microliter was quantified using web based OligoCalc software (version 3.27) based on the molecular weight of dsRNA. Samples were aliquoted, labeled and stored at -20°C for downstream processing. A group of 7–10 days old 100 unfed females (4 replications of 25 each) of IVRI–II strain ticks were inoculated with 0.5–1 μl of dsRNA each (5-10 X 1011 molecules/µl) of FER2 and TPM genes using a 10 µl Hamilton syringe with 34G RN needle as described previously (39, 43). Similarly, an equal number of ticks were inoculated with Luc dsRNA and designated as control groups. After inoculation, each tick was gently removed from the adhesive tape and placed in a 100 mL wide bottom container and the ticks were activated by blowing air in the container. The ticks were then incubated at 85% RH and 28°C temperature for 24 hours and examined for their vigor and only active females were released along with equal number of male ticks on cross bred bovine calves using ear bags (41). Ear bags were examined 48 hours post-release of ticks. The effects of double gene silencing of H. anatolicum were calculated from three test replications based on the percentage of ticks successfully engorged, rejected, unable to engorge (UTE), mean engorgement weight and mean egg masses between the treated and control group as per the method of Kumar et al. (43). Post RNAi, genes were quantified using fully engorged and UTE ticks collected after 72 h and 96 h of release with the control group as well as normal ticks collected at same intervals. Fold change in gene expression between control and inoculated ticks was compared by one-way ANOVA and the Tukey tests against control at p> 0.05 of significance.




2.3 Processing of post RNAi H. anatolicum ticks for histological studies

Post RNAi, one batch (n = 25) of engorged ticks were dissected to collect the ovaries and processed as per the laboratory standardized protocol (44). Briefly, ticks were fixed on the dissection plate filled with paraffin after anesthetizing using thermal shock at 4°C for 10 min. The dorsal cuticle was gently lifted from the anterior end and the attachments from visceral organs were removed under a dissecting microscope (Olympus microscope BX53, Japan). Then ovary was removed and transferred to chilled Phosphate Buffered Saline (PBS), washed twice and then transferred to the fixative solution of 4% paraformaldehyde (Sigma-Aldrich, USA) for 24 hours. Tissues were cut into small pieces of 4-6 mm size and then dehydrated in ascending strength of ethanol (70, 80, 90 and 95%) for 15 minutes each at room temperature. Infiltration and embedding of ovarian tissue were done with JB-4 Embedding Kit (Sigma-Aldrich, USA) and transferred to polyethylene embedding BEEM® (Polysciences, Inc., USA) capsules filled with resin containing a catalyzer. After polymerization, tissues were sectioned (3 μm) using ultra-microtome (Leica EM UC7, Vienna) and stained with hematoxylin and eosin (H & E).




2.4 Expression of rHaFER2 and rHaTPM recombinant proteins

The HaFER2 open reading frame (ORF) devoid of signal peptide and complete HaTPM proteins were expressed in E. cloni® 10 G chemically competent cells (Lucigen, USA) using the pRham-N-His-SUMO-Kan expression vector (Lucigen, USA). Polyhistidine tagged (6× Histag) containing rHaFER2 and rHaTPM proteins were purified under denaturation conditions by metal chelate affinity chromatography (Ni-NTA chromatography). The purified denatured proteins were refolded by dialysis against gradually decreasing concentrations of urea and concentrated using cut-off device (Pall filter, UK) and stored at -20°C in the presence of cocktail protease inhibitor at the rate of 10 μl/ml (Amresco, USA). The reactivity of the rHaFER2 and rHaTPM proteins was determined through western blotting as described previously (39, 45).




2.5 Determination of immunization dose

The dose standardization protocol used for rHaTPM antigen was adopted (45). Briefly, rats (Wistar, adult male, 200–250 g in weight) were divided randomly into six groups of five rats in each. The rHaFER2 and rHaTPM were mixed (1:1 ratio) with Montanide™ ISA 50 V2 ready to use adjuvant (SEPPIC, France) by homogenization. The animals of groups I, II, and III were immunized with 50, 100 and 150 μg of each protein in a cocktail on 0th, 14th and 28th day. At the same time, animals of groups IV, V, and VI received equal volume of adjuvant mixed with PBS and were designated as the control group. Antibody titers were monitored by indirect ELISA and compared between the immunized and control group of animals by ANOVA (p< 0.05). For ELISA, antigen concentration and other variables were optimized through the checkerboard method. The primary antibodies were diluted serially from 1:200 to 1: 25,600 to determine antibody titer in each group of animals. The ELISA plates (F96 Maxisorp, Nunc, Roskide, Denmark) were coated with 100 µl of carbonate buffer (pH 9.6) containing a specific concentration of rHaFER2 and rHaTPM and stored at 4°C overnight. After washing with PBS-0.05% Tween 20 (PBS-T), each well was blocked with 100 μl of 5% skimmed milk in PBS-T at 37°C for 2 h. The plates were incubated with 100 μl/well of rat sera diluted serially starting at 1:200 with blocking buffer and incubated at 37°C for 2 h. The ELISA plates were washed thrice with PBS-T and 100 μl of 1:10000 dilution of HRP-conjugated rabbit anti-rat IgG (Sigma-Aldrich, USA) was loaded in each well and incubated at 37°C for 2 h. After washing thrice, a 100 μl of o-phenylenediamine dihydrochloride (OPD) (Pierce, USA) in citrate buffer, pH 5.0 was loaded in each well and incubated for 15 min at RT. The optical density (OD) was read at 492 nm in an ELISA reader (Tecan Sunrise, Austria).




2.6 Identification of native FER2 and TPM proteins in the developmental stages by western blotting

The presence of FER2 and TPM proteins in different developmental stages of H. anatolicum was determined using specific anti-FER2 and anti-TPM sera raised previously in rats immunized with the respective recombinant proteins and were available in the laboratory. Briefly, egg, larvae, unfed nymph, engorged nymph, unfed adult, partially fed females and fed males of IVRI-II strain were homogenized in cold 0.15 M PBS, 1 mM disodium EDTA, pH 7.2, containing cocktail protease inhibitors, filtered, sonicated and centrifuged at 15,000 rpm for 60 min at 4°C as described earlier (46). The supernatants were designated as antigens of the respective stages. The protein concentration of the antigen was estimated by Bradford assay. The individual extract was resolved in 10% SDS-PAGE and transferred to a Nitrocellulose membrane (NCP). The membranes were processed sequentially by incubating with a primary antibody using rat anti-ferritin and anti-tropomyosin sera (1:500 dilutions) followed by peroxide-conjugated rabbit anti-rat IgG (1:2000 dilution, Sigma) and the chromogenic substance, DAB (diaminobenzidine). The reaction was stopped by washing the membranes thoroughly with distilled water. The image was captured and stored.




2.7 Immunization and challenge study

Eight cross-bred bovine calves aged six to seven months were randomly divided in two groups of four animals in each group. A cocktail of antigens was then prepared by emulsifying both the antigens thoroughly with an equal volume of Montanide ISA 50V2 adjuvant (SEPPIC, France) to prepare a milky-white water-in-oil emulsion with a final concentration of 50 µg of each antigen/ml. The cocktail of antigens was administered via deep intramuscular injection into the gluteal muscles on days 0, 28, and 49 at 2 mL/animal/dose. The control group of animals were immunized with 2 ml of PBS emulsified with the same adjuvant as the placebo. Two weeks after the second booster, all the animals were challenged with 15 pairs (1:1 male and female) of 7-10 days old unfed adults of H. anatolicum to each ear pinna using the ear bag method as described by Ghosh and Azhahianambi (41). Four weeks after the first challenge, each animal was challenged again with 10-12 days old larvae hatched from 50 mg eggs of both H. anatolicum and R. microplus. The ear bags were regularly checked and dropped larvae and adults were kept in BOD incubator, maintained at 28 °C and 85% relative humidity (RH). Engorged larvae were maintained till molting to nymphs and engorged females till the end of egg laying. Immunization efficacy was measured based on the reduction of number of challenged larvae, molting and rejection percentage, engorgement weight and adult fertility rate (20). The immunization efficacy was calculated as per the following formula:

Against larvae

	

	

	

	

where, NTV & NTC: number of larvae dropped from the immunized and control group of animals, respectively. MLI and MLC: number of engorged larvae molted to nymphs from immunized and control group of animals, respectively.

	

CRT: CRT is the reduction in the number of larvae (NTV/NTC).

CRM: CRM is the reduction in number of engorged larvae molted to nymphs (MLI/MLC).

Against adults

	

DT: reduction in females; NTV and NTC: number of females dropped from the immunized and control groups of animals, respectively.

	

DO: reduction in egg masses; PATV and PATC: mean weight of egg masses of females fed on immunized and control group of animals, respectively.

	

DR: reduction in mean weight of adult females; PMTV and PMTC: mean weight of adult females dropped from the immunized and control groups of animals, respectively.

	

RF: reduction in adult fertility; RIV and RIC: mean RI of adult females dropped from the immunized and control groups of animals, respectively.

	

	

E%: Percentage efficacy of antigens. CRT = NTV/NTC, CRW = PMTV/PMTC, and CRI= RIV/RIC is the reduction in tick fertility.




2.8 Monitoring of immune responses

From all the animals, 2 ml of blood was collected aseptically during pre-immunization, immunization and post-immunization periods at different time intervals [pre-immunization, 17th, 27th, 40th 49th, 62nd, 102nd 119th and 139th day]. The serum was separated and stored at -20°C for further analysis as described earlier (39). Briefly, each microwell was coated with 1μg/ml concentration of each of rHaFER2 and rHaTPM, sera dilution 1:800 for IgG and 1:400 for IgG2, and the secondary antibodies was diluted to 1:10,000. Peroxidase mediated color development was measured at 492 nm in an ELISA reader (Tecan, Austria). The mean optical density (OD) was calculated for each time point by grouping control and immunized animals.




2.9 Statistical analysis

The one-way analysis of variance (ANOVA) with post-hoc Tukey HSD (Honestly Significant Difference) was used for analysis of differences at the gene transcript level, comparing the mean variation of entomological data of ticks fed on immunized group in comparison to control group of animals and for the mean antibody responses of calves in experimental and control groups at different time points. Significance at 5% level (p≤ 0.05) was used to define differences in different parameters.





3 Results



3.1 Double gene silencing effect on expression profile of the genes and its impact on feeding, survival and reproductive parameters of H. anatolicum

A statistically significant (p < 0.001) reduction in expression of FER2 and TPM genes in the dsRNA inoculated ticks at 72, 96 hr of feeding, in UTE and in the engorged ticks were noted in comparison to Luc control group and in normal ticks (Figure 1A). A consistent suppression of FER2 and TPM genes was recorded throughout the feeding period.




Figure 1 | Post-double gene silencing effect on Hyalomma anatolicum IVRI-II strain. (A) Relative quantity of FER2 and TPM genes transcript in dsRNA injected ticks vs normal and control (Luc-ds RNA) ticks [data were considered significantly different when p-value ≤0.05, within the treatment group & between treatment and control group (p<0.001), Error bars represent the variability in gene expression across multiple replicates.UTE- Unable to engorge, Eng-engorged tick. A notable decrease in gene expression was observed at both 72 and 96 hours post treatment, indicating a sustained and progressive effect of gene silencing. Luc-dsRNA as a control shows no significant effect on gene expression, confirming the specificity of the gene silencing effect in the FER2 and TPM dsRNA-treated groups] (B) Depicting FER2&TPM dsRNA injected H. anatolicum ticks attached on animal ear pinna. (C) Representative tick samples of Luc- dsRNA injected (No. 1 & 4), FER2&TPM dsRNA injected, ticks (No. 2 & 3) depicting change in tick size, shape and color of ticks.



Physically, silenced ticks were smaller in size, and discolored compared to the control group of ticks (Figures 1B, C). In silenced ticks, a remarkable 75.3 and 49.5% reduction in the number of engorged ticks and engorgement weight, respectively, were recorded. Interestingly, silenced ticks laid comparatively lesser egg masses than the control group of ticks and a 32.7% of the challenged ticks were UTE (Table 1).


Table 1 | Double gene silencing effect on the biology of H. anatolicum.



Sections of the ovary of silenced ticks revealed damaged plasma membrane, along with vacuolations at the periphery and at the oocyte pedicel junction of type I and II oocytes (Figures 2C, D) in comparison to the tissue sections of normal tick ovary (Figures 2A, B). In type III oocytes, the vacuolated areas were prominent near the germinal vesicles (Figure 2E). Most of the yolk granules in type III oocytes were negatively stained with hematoxylin and vacuolations were observed at the periphery (Figure 2E).




Figure 2 | Comparative cellular changes in ovary (H&E stained) of control (Luc dsRNA) and double gene (FER2&TPM) silenced Hyalomma anatolicum ticks [Panels (A, B) are control, (C–E) are double gene silenced ovaries. I, oocyte type-I; II, oocyte type-II; III, oocyte type-III; va, vacuolation; n, nucleus; p, pedicle].






3.2 Protein expression, localization of native proteins

The predicted mature protein coding sequence of FER2 and TPM were expressed in E.cloni® chemically competent cells (Lucigen, USA) as ~35 kDa and 51 kDa fusion proteins, including 6x His tag. The expressed proteins were purified as rHaFER2 and rHaTPM (Figure 3) and used for raising anti-rHaFER2 and rHaTPM sera in rats. The native FER2 and TPM proteins were detected in eggs, larvae, unfed nymphs, engorged nymphs, unfed adults and in engorged ticks (Figure 3).




Figure 3 | Expression and Western blot analysis of FER2 and TPM proteins. (A) SDS-PAGE profile of purified rHaFER2 and rHaTPM proteins of Hyalomma anatolicum; (B) Native FER2 in different developmental stages of H. anatolicum probed by rHaFER2 specific sera from rat. [M- Puregene marker, 1- egg, 2- Larvae, 3- Unfed nymph, 4- Fed nymph, 5- Unfed female, 6- Fed female]; (C) Native TPM in different developmental stages of H. anatolicum probed by rHaTPM specific sera from rat. [M- Puregene marker, 1- Larva, 2- Unfed nymph, 3- Fed nymph, 4- Unfed female, 5- Fed female, 6 & 7-rTPM, 8- Egg. and rHaTPM].






3.3 Immunization dose

The dose was determined based on number of fold rise in total IgG levels at maximum dilution (1: 12,800) of sera among the three groups of rats immunized with different doses of cocktail of proteins and was statistically analyzed. At the highest dilution (1: 12,800), a significant difference (p<0.001) was recorded in group II in comparison to group I and III animals. The antibody response in all the three immunized groups was significantly higher in comparison to the control group (Table 2). Accordingly, the immunization dose for in vivo trial was selected as 300 µg TD of each antigen.


Table 2 | Comparison of mean IgG response in rats following inoculation with a cocktail of rHaFER2 and rHaTPM proteins in comparison to control group.






3.4 Immunization efficacy against challenge infestations

The experimental calves were active, feed and water intake were normal. The body temperatures were within the normal range, and no tick-borne infections were noticed in blood smear examinations throughout the experimental period of 139 days (data not shown).

Against H. anatolicum: Within 48 h of release, ticks started feeding on animals. Most of the engorged larvae dropped within 2 days of initiation of dropping from the control animals, while dropping of engorged larvae from the immunized animals lasted 4–6 days after initiation. Significant (p <0.01) reductions were noted in the dropping (43.16%) and molting (48.48%) percentages of larvae fed on the immunized group of animals in comparison to larvae fed on the control animals. The comparative post-challenge parameters, viz., the percentage reduction in the number of dropped larvae (DT %), the molting percentage (MO %), and the efficacy against larvae (E %) were determined as 43.16%, 48.46%, and 70.7%, respectively (Table 3A). No statistical differences were observed in the mean number of adult ticks dropped from the immunized and control groups of animals. However, a significant (p <0.001) reduction of 43.09% in the mean engorgement weight and egg masses (62.29%) laid by ticks fed on the immunized group of animals in comparison to ticks fed on the control group of animals were observed. The DT%, DR%, DO%, RF%, and E% were determined as 5.4%, 29.9%, 66.8%, 56.2%, and 76.2%, respectively (Table 3B).


Table 3 | Mean± SE efficacy of of calves immunized by the cocktails of rHaFER2 and rHaTPM proteins against challenge infestations of H. anatolicum IVRI-II larvae (A), adults (B) and R. microplus ticks (C).




Against R. microplus: The challenged larvae started feeding within 48 hrs of release. After 18–19 days of feeding, engorged adults started to drop from all the animals. Significant reductions in the mean engorgement weight (p <0.005) and mean egg masses (p <0.05) of ticks collected from immunized group of animals in comparison to the control group of animals were noted. Consequently, due to the significant reduction in egg masses, the reproductive index was significantly (p <0.05) reduced by 43.61%. The DT%, DR%, DO%, RF%, and E% were determined as 18.1%, 24.8.0%, 42.4%, 24.7%, and 53.6%, respectively (Table 3C).




3.5 Antibody responses

The immunization of animals stimulated the production of antibodies as early as 17th day post primary immunization (DPI), and the significant response persisted until the end of the experiment (139th DPI) (Figure 4). The mean optical density (OD) values of the sera collected on 17th and 49th DPI were 0.89 ± 0.04 and 1.90 ± 0.06, for IgG and 0.75 ± 0.02 and 1.57 ± 0.07 for IgG2, respectively, which was nearly 2.4-4.4 times higher than the control group of animals. After 120 DPI, a slight drop in IgG response was observed but the value was still 3.6 times higher than the pre-immunization value (Figure 4). Similarly, the IgG2 level rose from 0.36 ± 0.4 to 1.69± 0.12 in the immunized group of animals, which is almost 5-6 times higher in comparison to pre-immunization response and sustained till 139th DPI (Figure 4). The IgG and IgG2 level titer remain at the base threshold level throughout the experimental period in control group of animals (Figure 4).




Figure 4 | Immune response in cross- bred bovine calves after immunization with cocktail (rHaFER2 &rHaTPM) of proteins. Mean IgG and IgG2 response in calves immunized with cocktail of rHaFER-2 and rHaTPM proteins and control groups. (Syringe depicts time of immunization followed by two booster doses. Tick depicts the time of Ist and 2nd challenge with Hyalomma anatolicum and Rhipicephalus microplus larvae after immunization. [ns, not significant; *p <0.05; **p <0.01; ***p <0.001 in comparison to the control group].







4 Discussion

Globally, TTBDs represent a growing burden with both re-emerging and newly emerging diseases posing threats to human and animal health (18). India, with the world’s largest population of 192.52 million cattle and 109.85 million buffaloes is facing significant challenges in maintaining the dairy industry in a sustainable manner due to the perennial tick infestation problems (47). Since more than four decades, the management of TTBDs has been focused on repeated applications of acaricides and consequently, several reports of multi-acaricide resistance R. microplus have been published globally (12, 48–55). Even though limited information is available on acaricide resistance in H. anatolicum (13, 56, 57), increasing level of resistance in H. anatolicum ticks collected from CCHF outbreak states of India viz., Gujarat and Rajasthan complicating the management of CCHFV infection in humans (54, 57).

Inducing host immunity through vaccines against ticks and tick-borne pathogens is a cost-effective and efficient strategy to reduce the use of chemical pesticides and the risk of establishment and spread of acaricide resistant ticks (12, 23, 35). Immunization strategy, a key component of integrated tick management, was proved effective by the commercialization of TickGARD™ and Gavac™ vaccines in the 1990s for controlling R. microplus (33, 58). Subsequently, new protective antigens were identified and characterized to manage multi-tick infestations and pathogen transmission (22, 23, 35). However, screening for highly effective antigens with cross-protective effects remains the main challenge in anti-tick vaccine research and development. Researchers confirmed that targets identified using in-silico analysis and RNAi technology are suitable for inclusion in multi-antigen vaccines (22, 59).

As an obligatory blood-sucking ectoparasite, ticks have evolved a set of special survival mechanisms, including long duration of blood sucking, preventing blood coagulation in the body, and storing blood meals in the midgut (35). The anti-tick vaccines are targeted to develop strong antibody responses to the targeted antigens and ingesting antibodies by the feeding tick will interact with the target proteins in the tick and disrupt feeding, molting, and reproduction (23, 35, 60). Previously, silencing of FER2 and TPM genes in tick resulted in a reduction of tick infestation (rejection + unable to engorged tick) by 61.3% and 70.2%, respectively, in comparison to LUC-gene control group was recorded (39). In the present study, dual gene silencing resulted in a higher reduction of 75.3% of the injected ticks fed on immunized calves. Only 23% of the gene silenced ticks engorged, and the egg-laying capacity was severely impacted (Table 1). The data clearly shows a synergistic property of the targets, thus, its suitability in cocktail vaccine development. Several studies have demonstrated the synergistic effect of double gene silencing in different tick species. For example, de la Fuente et al. (61) demonstrated that silencing of Subolesin (4D8) and Rs86 genes of R. sanguineus ticks, resulted in 97% reductions in engorgement, 87% in tick weight, 41% survival rate and 100% oviposition. Rahman et al. (62) conducted an RNAi trial using Subolesin and Cystatin genes in Haemaphysalis longicornis and a significant reduction in egg masses and egg conversion ratio were recorded. Further, in the present study, the gene silencing effect on the ovary of the injected ticks were studied to understand the possible reasons for cessions of egg laying/reduction in egg mass production in injected ticks. Ultra-thin sections of the ovary of dsRNA injected ticks revealed damage of plasmic membrane and vacuolations in the different stages of ovaries compared to the ovary of control ticks (Figures 2C–E), as reported in the ovary of the acaricide-treated ticks (44, 63). Since the ovaries of ticks were processed immediately after dropping from the animals, mostly 1st and 2nd stage oocytes were seen and the 3rd stage oocytes were observed occasionally. The presence of native FER-2 and TPM proteins in all the developmental stages of H. anatolicum ticks was confirmed through western blot analysis using specific anti-FER-2 and anti-TPM sera raised in rats immunized with the respective recombinant proteins. The data was consistent with the observation of Galay et al. (64), who demonstrated the presence of FER-2 protein in whole ticks and in the midgut of H. longicornis. The present study also indicated that the recombinant proteins, despite being expressed in a prokaryotic expression system, underwent minimal post-translational modifications and confirmed that, the antigens are expressed in all the developmental stages of the H. anatolicum.

Globally, multiple tick research groups have followed different strategies with varying levels of efficacy against challenge infestations. These include i), up to 70% efficacy using cocktail of antigens (29–32); (ii) up to 90% efficacy by co-immunization with two or more protective antigens (31, 65, 66); and (iii) >60% efficacy using chimeric antigens as vaccines (67). Conversely, a single antigen immunization trial provided 64% protection against R. microplus challenge infestation in cattle following immunization with R. microplus Ferritin2 (RmFER2) (36). Previously, we reported 51.7% and 63.7% protection against challenged larvae while 51.2% and 66.4% protection against challenged adults of H. anatolicum, respectively, following immunization of cross-bred calves with H. anatolicum rHaFER2 and rHaTPM, respectively (39). It was hypothesized that the cocktail vaccine consisting of multiple tick antigens can have better cross-protection potential (28, 30). Subsequently, Schetters et al. (31) recorded 79% efficacy of Bm86 based vaccine against challenge infestation of R. microplus and R. annulatus whereas, in combination with Subolesin recorded an efficacy of 97%. Similarly, Almazan et al. (29) developed a cocktail formulation containing the Ixodes scapularis 4D8, 4F8, and 4E6 antigens and achieved an overall efficacy of 71%, with a 12-50% reduction in infestation and a 22-49% decrease in egg mass production. In an another study, Imamura et al. (68) reported a 61.4% reduction of engorgement of the challenged nymphs and an increase 28% of female and 43% male mortality using a cocktail of antigens containing R. appendiculatus serine protease inhibitors RAS-1 and RAS-2. Parizi et al. (30) formulated a cocktail of antigens comprising of Vitellin-degrading cysteine endopeptidase (VTDCE) and yolk pro-cathepsin (BYC) from R. microplus and Glutathione S- transferase of H. longicornis (GST-Hl). Immunization of animals resulted in a 61.6% reduction in overall tick population (30). Additionally, the cocktail vaccine composed of multiple parasite antigens demonstrated high protection levels against various parasites (68–71).

In the present study, immunized and control animals were challenged with larvae and adults of H. anatolicum and larvae of R. microplus. While larvae and adults of H. anatolicum immediately attached upon release to control animals, a notable delay in the attachment of challenged ticks was observed in the immunized animals, resulted in a mean efficacy of 70.7 and 76.2% against H. anatolicum larvae and adults, respectively. The delayed feeding could be attributed to the localization of TPM antibodies in the salivary glands and muscle fibers of various organs, and presence of ferritin2 antibodies in the gut and other tissues. The results showed a significant 43.09% reduction in the mean engorgement weight of adults followed by 62.29% reduction in mean egg masses laid by ticks fed on the immunized group of animals compared to the control group of animals (Table 3).

The efficacy of an immunogen depends not only on its type and quality of the antigens and adjuvant used but also on external factors, such as environmental conditions. Environmental factors like temperature, humidity, and tick population dynamics can significantly impact the vaccines performance. For instance, high temperatures may stress ticks, altering their feeding behavior and survival rates, while humidity affects tick activity and reproduction. Variations in tick population dynamics, including density and species composition, can also influence vaccine effectiveness. Fluctuations in local tick populations, driven by environmental changes or seasonal shifts, may alter exposure levels, thereby affecting the immune response in vaccinated cattle (17, 22, 33).

The cross-protection against R. microplus was comparatively less (53.6%) in comparison to protection observed against H. anatolicum but the protection data was comparable with the results obtained by different researchers using other antigens against heterologous challenge (19, 20, 72). The variations in cross-protective efficacy may be due to i) the differences in shared epitopes between H. anatolicum and R. microplus that can affect how the immune system recognizes and protects against different tick species, and ii) similar antigens may enhance protection through cross-reactive immune responses, while more distantly related species might elicit weaker immune reactions. To improve the relatively low cross-protection (53.6%) against R. microplus, we proposed some modifications in the experimental design to be taken up in the future research work. For example; i. Identification of better delivery system using engineered adjuvant capable to stimulate both humoral and cellular responses and exploration of alternative delivery routes, including intranasal and transdermal; ii. Identification and incorporation of additional or modified antigens that are conserved between different strains of H. anatolicum and R. microplus through epitope mapping; iii. Optimizing antigen combinations; iv. Implementing a prime-boost strategy to strengthen the immune response; and, v. Conducting longitudinal studies to evaluate the duration of protection.

Immunoglobulin G (IgG) is a key class of antibodies that includes four subclasses: IgG1, IgG2, IgG3, and IgG4. Each subclass has unique properties and functions. Carvalho et al. (73) reported an association between certain haplotypes of IgG2 with phenotypes of R. microplus infestations in cattle. Therefore, level of IgG2 may be indicated as development of tick resistance in host. In the present study, we analyzed both IgG and IgG2 to gain a thorough understanding of the immune response, as each provides important insights into different facets of antibody activity. Numerous immunization studies have established the role of the humoral antibody response in conferring immunity against ticks (30, 58, 65, 72). Accordingly, IgG and IgG2 antibody response was monitored by indirect ELISA. The mean OD values of sera collected after the second booster dose were 1.90 ± 0.06 and 1.54 ± 0.02 for IgG and IgG2, respectively, which were nearly >4.4 times higher than those in the control group of animals. Other researchers also reported a similar trend of high IgG antibody titers against Bm86 and Subolesin cocktail antigens in the immunization trial (31). De la Fuente et al. (33) reported an antibody titer cutoff of more than 1:640, indicating a damaging effect mediated by specific antibodies on ticks. The cocktail immunization successfully produced a higher antibody response against dual antigens (titer of 1: 6400) which impacted on the overall reduction of engorgement percentage, egg masses and reproductive index of ticks fed on immunized ticks. Besides, the damage observed in the ovary has limited the overall production of egg masses of ticks fed on immunized animals. The antibodies against TPM antigen are preferably bound to various muscle tissues in ticks, which impaired the feeding and egg laying capacity, possibly through complement-mediated lysis of the digestive cells of the challenged ticks. Although the current study was conducted with a minimum statistically significant number of cross-bred calves, the results will boost the confidence of researchers in developing a cocktail vaccine for the protection of animals against multi-tick infestations considering personalized vaccinology approaches and international collaborations (74).

In conclusion, the cocktail of HaFER2 and HaTPM antigens, combined with Montanide ISA 50V2 as an adjuvant, exhibited significant efficacy of 76.2% and 53.6% protection against H. anatolicum and R. microplus adult ticks. The protection was significantly correlated with the production of IgG response, highlighting the potential of FER2 and TPM antigens as promising candidates for developing a cocktail vaccine against these tick species. However, validation of the research output in field trials presents numerous challenges, such as environmental variability, animal health differences, and variability in tick-host interactions dynamics due to differences in frequency and intensity of tick bites in different management system. All of which can play role in vaccine efficacy. Additionally, logistical issues such as regulatory compliance and scalability needs to be addressed to achieve the optimum efficacy of immunization protocol in the filed situations in a sustainable manner.
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