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The overall aim of this thesis is to contribute to the understanding of the molecular 

mechanisms important for both tick feeding and Borrelia transmission and to identify possible 

new targets for the development of an anti-tick vaccine. As an introduction to this thesis we 

reviewed and discussed several vaccination approaches and vaccinogens (chapter 1) [1]. Ixodes 

ticks are not ordinary needle and syringes that simply inject Borrelia spirochetes into the host’s 

skin, given that Borrelia utilizes tick proteins to successfully move from the arthropod vector to 

the mammalian host and vice versa. Thus, the way forward in developing an efficient and long 

lasting vaccine in order to prevent Borrelia transmission, would be to target both Borrelia and 

tick antigens leading to a synergistic and optimized clearance of Borrelia at the tick bite site.  

 

We and others [2,3] have shown that selected tick genes are differentially expressed 

when Ixodes ticks acquire and transmit Borrelia spirochetes during their blood meal. One of the 

upregulated genes in Borrelia-infected ticks is salp15, a gene coding for a 15 kDa salivary 

protein. Salp15 has been shown to protect Borrelia from antibody mediated killing in the host by 

binding to the Borrelia outer membrane protein OspC, which is abundantly expressed during 

tick feeding and early mammalian infection [2]. The protective coat of Salp15 does not only 

provide protection against direct antibody killing but also protected both serum sensitive and 

serum resistant Borrelia isolates against complement mediated killing in the absence of Borrelia 

antibodies by inhibiting formation of C5b-9 membrane attack complexes (chapter 2) [4]. The 

complement cascade is a fundamental part of the mammalian innate immune response against 

both ectoparasites, e.g. Ixodes ticks, as well as the pathogens they transmit. Both Salp15 derived 

from I. scapularis (also named Iscap Salp15) and I. ricinus (also named Salp15 Iric-1) protected 

Borrelia against killing by complement. Serum resistant Borrelia isolates partially evade 

complement mediated killing by binding to host complement regulators of the alternative 

complement pathway such as factor H and factor H-like by CRASP and OspE-related proteins 

on their outer membrane [5,6] and by expression a CD59-like complement inhibitory protein 

[7]. We show that in particular serum sensitive strains, which are less able to provide themselves 

protection against complement mediated killing, were protected by Salp15 (chapter 2).  

 

Salp15 Iric-1 bound to OspC on the outer surface of the three major European Lyme 

disease causing Borrelia species, i.e. B. garinii, B. afzelii and B. burgdorferi s.s. (chapter 3). 

Interestingly, this binding only protects B. burgdorferi but not B. garinii and B. afzelii against in 

vitro and in vivo antibody mediated killing [8]. Possibly other Salp15 homologues expressed by 

I. ricinus provide protection of B. garinii and B. afzelii against antibody mediated killing. 
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Alternatively, it is possible that other immunodominant antigens are expressed on the outer 

surface of these strains in the mammalian host, making them susceptible to killing even in the 

presence of Salp15. In line with our results, immunization with both borrelial OspC and tick 

Salp15 was shown to result in a synergistic protective antibody response against Borrelia 

infection [9].  

 

One of the alternative approaches in order to block Borrelia transmission discussed in 

chapter 1 is immunization with tick antigens that result in tick rejection, also referred to as “tick 

immunity”. After several tick infestations some animals develop tick immunity resulting in an 

aggressive immune response at the tick bite site that rapidly kills the feeding tick [10]. 

Interestingly, BALB/C mice do not develop tick immunity after several tick infestations, 

nevertheless the induced immune response towards the tick salivary proteins dramatically 

reduced Borrelia transmission to these mice [11]. Borrelia transmission was also impaired when 

Borrelia-infected nymphs fed on mice that received a passive transfer of tick immune rabbit 

serum, despite that these ticks were able to feed successfully [12]. These data suggest that the 

salivary proteins that play a role in both impaired tick feeding and Borrelia transmission are 

antigenic salivary proteins that could be identified by using serum from tick immune animals. 

Das et al. performed a phage display immunoscreening in order to identify antigenic tick 

proteins using tick immune rabbit serum [13]. However, this prokaryotic expression system has 

the disadvantage that tick proteins are not posttranslationally modified. We therefore utilized a 

eukaryotic expression system, Yeast Surface Display (YSD) technology, to screen a cDNA I. 

scapularis salivary gland expression library using nymph immune rabbit serum (chapter 4) [14]. 

By performing the YSD screening we identified 5 novel antigenic tick salivary proteins, 

designated P8 (in chapter 5 referred to as TLPI, according to its function), P19, P23, P32 and 

P40 according to their molecular weights. In silico analysis of these protein sequences did not 

reveal homologies to known functional domains. In order to study the role of these proteins in 

tick feeding and to perform functional assays, we generated purified recombinant (r) P8, P19 

and P23 by means of a Drosophila expression system. We did not produce recombinant P40 

since this protein did not contain a SignalP 3.0 predicted signal sequence and therefore is most 

likely not a secreted protein. After ligating the p32 construct, the pYD plasmid was toxic in E. 

coli and could therefore not be produced recombinant in Drosophila S2 cells. The Drosophila 

expression system has the advantage over a bacterial expression system that recombinant proteins 

are generated with eukaryotic post-translational modifications and therefore possess a near-

native structure and function [15]. In this thesis (chapter 4) we demonstrated that rP8 has anti-

complement activity and rP23 has anti-coagulant activity which was further investigated and 

described in chapter 5 and chapter 6, respectively. We also showed that I. scapularis feeding was 
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impaired when nymphs fed on rabbits immunized with a cocktail of rP8, rP19 and rP23, which 

partially recapitulates the phenomenon of tick immunity (chapter 4). Intensive additional 

screening using YSD could provide a comprehensive list of antigenic nymph salivary proteins 

that reacts with tick immune serum.  

 

Our findings in chapter 5 demonstrate that besides Salp15, rP8 also protects serum 

sensitive and serum resistant Borrelia isolates against killing by the complement system.  In 

addition, we show that tick salivary protein P8 facilitates survival of Borrelia by specifically 

inhibiting the MBL complement pathway and that the MBL complement pathway is crucially 

important in the clearance of B. burgdorferi s.l. For this reason we named P8 according to its 

function, Tick Lectin Pathway Inhibitor (TLPI). Using standardized complement activity 

assays, we show that Drosophila-expressed recombinant TLPI solely inhibited the human 

Mannose-binding lectin (MBL) complement pathway and not the classical and alternative 

pathways of complement activation. MBL binding to its ligand was blocked by rTLPI in a dose-

dependent manner, while MASP-2 activity was unaffected. Salp15 inhibited the MBL lectin 

pathway in a similar way as rTLPI (unpublished data), which is in line with the data recently 

published by Hovius et al.  which demonstrate that Salp15 inhibits activation of dendritic cells 

by binding to the C-type lectin receptor DC-SIGN expressed on the outer membrane of these 

cells [16]. C-type lectin receptors comprise a large family of receptors, including DC-SIGN and 

MBL that bind to repeating sugar moieties on pathogens via the carbohydrate recognition 

domain [17]. Indeed, both Salp15 and rTLPI were shown to be glycosylated (chapter 3 and 5) 

and removal of N-glycans reduced the MBL pathway inhibiting properties of rTLPI (chapter 5) 

and the ability of Salp15 to bind to DC-SIGN. Additionally, in chapter 2 we demonstrated that 

Salp15 Iric-1 significantly provided more protection against complement killing of Borrelia 

compared to Salp15 Iscap, which could possibly be explained by the fact that Salp15 Iric-1 is 

glycosylated to a greater extent compared to Salp15 Iscap (chapter 3). These data indicate that 

both Salp15 and rTLPI bind to the carbohydrate recognition domain of MBL and subsequently 

block downstream activation of the lectin pathway. Interestingly, rTLPI also inhibited 

complement activation through L-ficolin, indicating that several initiators of the lectin pathway 

are targeted by rTLPI. TLPI was expressed early during tick feeding – where as Salp15 is 

expressed late during tick feeding - and was upregulated in the presence of B. burgdorferi, which 

raises the possibility that TLPI might be used by the pathogen in order to successfully transfer to 

the mammalian host and subsequently survive in the hostile environment at the tick bite site. 

Indeed, TLPI silencing by RNA interference resulted in impaired Borrelia transmission to the 

murine host. Similar results were found with mice that were passively immunized with rTLPI 

antiserum indicating that TLPI has potential to be candidate for a cocktail anti-tick vaccine to 
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prevent Lyme borreliosis. Others have shown that both the classical and alternative pathways of 

complement are involved in complement-dependent killing of Borrelia [18,19]. We now show 

that the lectin and classical pathways of complement are the two major pathways in initiating 

complement activation on Borrelia (chapter 5). Interestingly, approximately 25% of the general 

population may be classified as MBL deficient, defined as a MBL level of 0.5 μg/ml or lower in 

serum [20]. MBL deficiency has been linked to several infectious diseases such as malaria, HIV, 

meningococcal and pneumococcal disease among other diseases [21]. Based on our observations, 

MBL deficient individuals would be more susceptible for Lyme disease. Besides reducing 

complement-mediated killing of B. burgdorferi s.l. by inhibiting formation of C5b-9 membrane 

attack complexes on the outer membrane of Borrelia, rTLPI as well reduced other complement 

effector functions, such as migration of human neutrophils towards Borrelia-induced 

inflammation and phagocytosis of B. burgdorferi s.l. by human neutrophils. Human neutrophils 

did not phagocytose Borrelia in the absence of a functional complement system indicating a 

crucial role for the complement system in phagocytosis by neutrophils. I. ricinus was shown to 

express several TLPI homologues that were 84% similar to I. scapularis TLPI, although further 

research is necessary to prove that I. ricinus TLPI inhibits the MBL lectin pathway and increases 

the infectivity of the several Borrelia isolates.  

 

A different vaccination approach to prevent Borrelia transmission is the neutralization 

of tick proteins that inhibit the host coagulation system. By interfering with the anticoagulant 

activity of ticks, ticks would not be able to feed and successfully transmit Borrelia to the host. 

Since initiation of coagulation results in the activation and amplification of inflammation [22], 

interfering with anticoagulant proteins could also result in a very hostile environment for Borrelia 

at the tick bite site. Ixodes ticks saw and tear their way into the dermis and plug their mouthparts 

into the host’s epidermal layers, where they usually take 4-7 days to feed to repletion. To do so, 

ticks form a small pool of blood and continuously inject saliva containing anticoagulant proteins 

in order to maintain the blood meal in a fluid state. Until now, several anticoagulant tick 

proteins have been identified and characterized which are part of a diverse variety of molecules 

that are, under normal conditions, all together able to overcome the sophisticated host 

coagulation system [23]. In chapter 6 of this thesis, we characterized the in chapter 4 identified 

anticoagulant Ixodes scapularis salivary protein P23 and based on its function P23 was renamed to 

the ‘Tick Inhibitor of factor Xa towards factor V’ (TIX-5). Recombinant TIX-5dose-

dependently postponed thrombin and fibrin generation in pooled normal human plasma after 

coagulation activation through both the contact and the tissue factor pathways of coagulation. In 

silico analysis of TIX-5 did not reveal homologies to other known proteins or functional domains 

indicating that TIX-5 is part of a novel group of anticoagulants. The N-glycosylation part of 
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rTIX-5 was crucial for its function (data not shown), emphasizing the importance of using a 

eukaryotic expression system for the production of these proteins, given that prokaryotic systems 

are not capable of displaying antigens with post-translational modifications. Inhibition of 

thrombin generation in plasma by rTIX-5 was independent of the presence of physiological 

inhibitors such as antithrombin (AT), tissue factor pathway inhibitor (TFPI), protein C, protein 

S and also phospholipids and factor VIII (FVIII). rTIX-5 virtually lost all of its inhibitory 

potency when reactions were initiated in the presence of activated factor V (FV). Interestingly, 

the inhibiting effect of rTIX-5 was intensified in the presence of natural inhibitors of the 

initiation phase like TFPI, protein S and AT. Ticks produce factor Xa (FXa) active site 

inhibitors [24,25], thrombin inhibitors [23], contact activation inhibitors [26] and even platelet 

[23] and tissue factor (TF) inhibitors [27,28], which could boost the anticoagulant effect of 

TIX-5 because of a synergistic effect. Thrombin generation initiated in plasma by activated FXa 

was inhibited by rTIX-5, while thrombin generation initiated in plasma by traces of thrombin 

via the factor XI (FXIa) pathway was not inhibited by rTIX-5. The inhibitory potential of 

rTIX-5 on thrombin generation could be recapitulated in a system with a concentrate of the 

vitamin K dependent clotting factors supplemented with FV, FVIII and TFPI and initiation 

with TF or factor IXa (FIXa). Strikingly, we found that rTIX-5 specifically inhibited FV 

activation by FXa. Since rTIX-5 did not inhibit FXa in converting prothrombin to thrombin 

and did not inhibit FV activation by thrombin we revealed that FXa was crucial in generating 

small amounts of FVa for the formation of prothrombinase complex in order to produce enough 

thrombin for feedback activation loops. Until now the most important player of FV activation 

was thought to be thrombin since it is more than 100 times more efficient in activating FV 

[29,30]. Trace amounts of thrombin that are initially formed after initiation of coagulation are 

bound and captured by fibrinogen and are therefore most likely less able to activate FV [31]. 

Indeed, others have shown that thrombin binding to the ’ chain of fibrinogen resulted in a 

reduction of FVIII activation [32]. In line with this, the inhibiting potential of rTIX-5 was 

drastically reduced in the absence of fibrinogen, supporting the mechanism by which rTIX-5 

inhibits FV activation. This finding does not only provide significant information about the 

coagulation system but also potentially leads to therapeutic strategies in haemostatic 

abnormalities.  

From the tick point of view, by postponing FV activation, other tick anticoagulants 

have more time to efficiently abrogate the host coagulation system. Importantly, immunization 

with rTIX-5 dramatically impairs the ability of adult ticks to feed, thus making rTIX-5 a 

promising candidate for development of an efficient anti-tick vaccine. Additionally, vaccines 

existing from a combination of key anticoagulant proteins, including TIX-5 may greatly enhance 

vaccine efficacy. 
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 An alternative strategy to identify tick proteins that play a possible role in the 

transmission of Borrelia is to study tick genes that are differentially expressed in the presence of 

Borrelia. In chapter 7 we utilized subtractive hybridization as an approach to study gene 

expression in midguts of I. scapularis nymphs that were infected with Borrelia versus Borrelia-free 

ticks. We showed that several genes were upregulated in tick midguts when colonized with 

Borrelia spirochetes, suggesting a close interaction between Borrelia and the tick midgut. We 

speculate that the differentially expressed genes in the presence of Borrelia are possibly 

detrimental or, on the contrary, beneficial to Borrelia. One of the differentially expressed tick 

genes was homologous a gene that encodes for the in the silkmoth Anthereae mylitta identified 

‘Noduler’, which was upregulated in response to a wide range of bacteria and yeasts [33]. The 

authors showed that Noduler is involved in nodulation, an important defense mechanism against 

microbial infections in insects [34]. Noduler binds several pathogens as well as hemocytes and 

was shown to be critical in the formation of nodules and thereupon clearance of several 

pathogens [33]. We named the Noduler-homologue in I. scapularis Noduler-like protein 

(ISNP). In line with the observations of Ghande et. al. [33], recombinant ISNP bound to the 

outer surface of Borrelia. ISNP was feeding-induced in both salivary glands and midguts of I. 

scapularis nymphs, but enhanced upregulation of ISNP was solely found in midguts of Borrelia-

infected nymphs that had a blood meal on mice. Since ISNP expression in midguts was induced 

in Borrelia-infected ticks we determined whether RNAi silencing of ISNP would result in 

increased Borrelia loads in tick midguts after having a bloodmeal on Borrelia-infected mice. 

Unexpectedly, RNAi silencing of ISNP in midguts of Borrelia-free nymphs completely blocked 

Borrelia acquisition by these ticks. In the natural transmission cycle of Borrelia, larval ticks 

acquire the spirochetes and nymphal ticks transmit Borrelia to the mammalian host during their 

subsequent blood meal [35], so we further studied Borrelia acquisition and the role of ISNP in 

larval ticks. Consistent with the silencing studies in nymphs, Borrelia acquisition from mice by 

larval ticks was impaired when mice were immunized with rISNP and fewer ticks were able to 

molt to the nymphal stage when they had a blood meal on these mice. In contrast to other tick 

species, Ixodes ticks are not able to clear Borrelia-infection. These findings suggest that Borrelia is 

not eradicated by the nodulation response of Ixodes ticks but on the contrary takes advantage of 

the presence and upregulation of ISNP. Further research is necessary to investigate the exact 

function of ISNP and mechanism of Borrelia acquisition. It is possible that neutralizing ISNP in 

ticks results in impaired immune responses to infections with tick pathogens detrimental for 

both ticks and Borrelia spirochetes. We are now investigating changes in the tick gut 

microbiome when ISNP is neutralized.    

Proteins that play an important role in the acquisition of Borrelia by ticks could 

potentially be used for vaccination of wildlife in order to block the life cycle of Borrelia, a strategy 
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which previously was described by Tsao et al. [36]. ISNP would be an interesting vaccine 

candidate since antibodies against this protein not only block Borrelia acquisition but also tick 

development. Moreover, ISNP is highly conserved in insects and was found to have homologues 

in blood-sucking insects like mosquitos and lice (chapter 7), which could imply that an ISNP-

based vaccine potentially could lead to cross protection against different blood-sucking 

organisms. 

 

In conclusion, the data described in this thesis contribute to the understanding of the 

role of tick proteins in tick feeding and transmission of Borrelia. Targeting tick proteins that play 

a crucial role in tick feeding and/or Borrelia transmission are interesting candidates for anti-tick 

vaccines to prevent Lyme borreliosis. By interfering with the ticks ability to inhibit innate 

immune responses and activation of coagulation the tick bite site could become a more hostile 

environment for Borrelia when it enters the skin. Future research is necessary to explore the tick 

sialome in order to identify and characterize tick proteins to develop a cocktail vaccine that 

completely blocks pathogen transmission and/or tick feeding. The vaccination approaches 

discussed in this thesis could be applicable to other vector-borne pathogens as well.    
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