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Lyme borreliosis was described in 1975 during an investigation of approximately 50 

cases of  juvenile rheumatoid arthritis in the town of Old Lyme, Connecticut [1]. Most of the 

children lived and played in the woods and 25% of them had had a typical skin rash after a tick 

bite, before arthritis developed. The connection between a tick bite, skin rash (also called 

erythema migrans) followed by arthritis and/or neurological symptoms (facial palsy, 

meningoradiculitis) was recognized and named Lyme disease or Lyme borreliosis. Subsequently, 

the infectious origin of Lyme borreliosis was confirmed by Burgdorfer who in 1981 isolated the 

spirochetal causative agent,  Borrelia burgdorferi, from ticks, skin, blood and cerebrospinal fluid 

from patients with Lyme borreliosis [2].  Currently, at least 16 genospecies belonging to the B. 

burgdorferi sensu lato group have been identified. In the United States, but also in the 

Netherlands, Lyme borreliosis is the most common vector borne disease with incidences peaking 

over 100 cases per 100.000 inhabitants in endemic areas [3,4]. In the US only one genospecies, 

B. burgdorferi sensu stricto (s.s.), is a causative agent of Lyme borreliosis in humans, whereas in 

Europe, at least two additional pathogens, B. garinii, B. afzelii also cause many cases of Lyme 

disease. In addition, B. spielmanii has recently been cultured from a number of patients with 

Lyme borreliosis [5]. Ixodes ticks may also serve as vectors for other pathogens like Babesia 

microti and Anaplasma phagocytophila, which causes human granulocytic ehrlichiosis (HGE) [6]. 

Indeed, in the Netherlands, Anaplasma /Ehrlichia, Rickettsia, Babesia and Bartonella species are 

found in Ixodes ticks [7,8], although a recent study excluded the presence of well-known 

zoonotic Bartonella species in ticks [9]. Selected flaviviruses can also be transmitted by ticks 

which include tick-borne encephalitis transmitted by Ixodes ticks in Europe, US and Asia and 

the related Powassan virus in the north-central US [6]. A co-infection with one or more of these 

pathogens occurs. In some cases, this leads to a more severe and longer-lasting illness than when 

these infections occur separately [10]. Ixodes scapularis (also known as the deer tick) and Ixodes 

pacificus (also known as the Western black-legged tick) are the primary vectors in the eastern and 

western US, respectively, while the primary vector in Europe is Ixodes ricinus (also known as the 

castor bean or sheep tick) and the main vector in Asia is Ixodes persulcatus (also known as the 

taiga tick). These Ixodes species employ three-host life cycles (Fig.1), while the nymphal stage, 

infected during the larval stage after acquiring Borrelia burgdorferi s.l. followed by a blood meal 

from infected reservoir hosts, is the most important stage for B. burgdorferi transmission to 

humans [11]. In Europe, ticks usually acquire B. afzelii, B. burgdorferi s.s., and/or selected B. 

garinii strains from small rodents. Birds are reservoirs for B. garinii [12,13]. In the Northern US, 

rodents and birds are also reservoirs for B. burgdorferi s.s. 
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Figure 1: Life cycle of Ixodes ticks.  The life cycle of Ixodes ticks consists of 4 stages; eggs (1), larvae (2), nymphs (3) and 

adults (4) and takes about two years to complete. Eggs are laid by adult female ticks in the spring and hatch as larvae in 

the summer. Between each life stage the tick needs a blood meal in order to mature. The tick usually acquires Borrelia 

during its larval stage, when it feeds on small animals such as rodents or birds in the summer or early fall. After feeding 

larvae drop off to molt to the nymphal stage. Nymphal ticks will take their second blood meal the following spring and 

are able to transmit Borrelia to its new host if they acquired the spirochetes during their first blood meal. Nymphal ticks 

most often transmit Borrelia to humans and are therefore responsible for the majority of Lyme borreliosis cases. Most 

new cases of Lyme borreliosis occur in late spring and summer when most of the nymphs are active and outdoor 

recreational activity of humans is increased. After their second blood meal, nymphal ticks molt to the adult stage. Female 

adult ticks start the cycle all over again by feeding on large mammals such as deer in order to lay eggs in the spring. 

Adult ticks can lay 2000-3000 eggs and dies 1-2 days after egg laying is complete. 
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Since the different Borrelia genospecies show a preference for certain hosts and are 

associated with different clinical symptoms, it is clear that the ecoepidemiology of Lyme 

borreliosis is highly sophisticated. Lyme borreliosis can be classified as a class III-zoonosis [14], 

where transmission occurs between one tick vector (Ixodes species) and multiple vertebrate 

reservoir hosts, whereas clinical consequences of infection only evidently take place in dead-end 

hosts, such as humans. Animal host species differ in the ability of being reservoir for B. 

burgdorferi s.l., and in their ability to serve as hosts for the life stages of the tick vector. 

Consequently, host population abundance and composition are crucial factors for B. burgdorferi 

s.l. maintenance and magnitude of transmission.  

It is well known that B. burgdorferi alters its gene expression during its life cycle, due to 

changed environmental conditions. These alterations are necessary to escape the host immune 

response and to disseminate and survive in the host. To survive in the tick–host cycle Borrelia 

up- and/or downregulates several genes, including genes that code for outer surface proteins 

(Osp) A-F anchored to the outer membrane via lipid moieties. For example, Borrelia upregulates 

OspA, together with OspB, while entering the tick [15], binding to the tick receptor for OspA 

(TROSPA) in tick midguts [16], making it possible for Borrelia to persist inside ticks in between 

blood meals. Once Borrelia-infected ticks start taking a subsequent blood meal, Borrelia 

downregulates OspA and upregulates other genes, including OspC, while migrating towards the 

tick salivary glands, from where spirochetes are transmitted to the host. Other proteins that bind 

tick or mammalian proteins and are differentially expressed in the vector and the reservoir host 

include DbpA, BBK32 and the gene family that encodes OspE/F-related proteins (Erps), 

among others. Another surface-exposed lipoprotein, VlsE, contributes to immune evasion and 

persistence of Borrelia in infected mammalian hosts through an elaborate antigenic variation 

mechanism. The Vmp-like sequence (vls) locus of B. burgdorferi B31 is located on the linear 

plasmid lp28-1. The vls locus is composed of an expression site (vlsE) encoding the 35 kDa 

lipoprotein VlsE and a contiguous array of 15 unexpressed (silent) vls cassettes. The silent 

cassettes have high homology to the central cassette region of vlsE, and most of the sequence 

differences are concentrated in six variable regions within each cassette. These cassettes 

randomly recombine into the variable regions (VRs) of the vlsE cassette, resulting in a different 

expression of VlsE throughout the course of infection [17,18]. 

Developing a vaccine to prevent Lyme borreliosis and most other tick-borne diseases 

remains a challenge.  In the past a vaccine was developed in the US to prevent infection with B. 

burgdorferi s.s.. Immunization with recombinant OspA was used to induce specific neutralizing 

antibodies and was shown to be protective [19,20]. In 1998 the OspA vaccine was approved by 

the Federal Drug Administration. However, the vaccine was withdrawn from the market 4 years 

later due to low sales. This was mainly caused by negative publicity after a small group of 



 

15 

P
reface an

d
 T

h
esis O

u
tlin

e 
individuals developed rheumatic arthritis after vaccination. This arthritis was suggested to be 

linked to molecular mimicry between a dominant T-cell epitope of OspA and human leukocyte 

function-associated antigen 1. Cross-reactivity between these epitopes has been shown [21] but 

its functional significance remains questionable [22].  

A recent study regarding patients who developed arthritis after vaccination did not 

show an increased frequency of alleles which are frequently found in treatment-resistant Lyme 

arthritis. A relation between OspA titers and the presence of arthritis was not found either, 

suggesting that there was no correlation between vaccination and the development of arthritis 

[23]. Nevertheless, since because of this publicity it is unlikely that OspA will ever be used again 

in a vaccine , there is a pressing demand for a vaccine to prevent Lyme borreliosis.  

‘Tick immunity’ was first described by William Trager in 1939 after guinea pigs 

received multiple Dermacentor andersoni infestations [24]. He described that these ticks were less 

able to feed on animals that were previously exposed to multiple tick infestations and that ticks 

were killed soon after attachment on these hosts. In addition to death of engorging ticks, the 

immune response leading to tick immunity can result in lower engorgement weights,  extended 

periods of time on the host, reduced oviposition and egg mass weights and decreased molting 

success.  An “anti-tick” vaccine might well help in preventing Lyme borreliosis. 

In contrast, tick proteins in tick saliva modulate and dampen host defense mechanisms, 

among which the host coagulation and immune system (Fig.2), in order to try to evade rejection 

and successfully feed on the mammalian host [25].  

 

Anticoagulant tick proteins  

During the first stage of feeding Ixodes ticks attach to the vertebrate host by cutting and 

penetrating the host’s skin with their mouthparts causing damage to skin tissue and capillaries. 

This process triggers activation of the host’s coagulation system, a mechanism to manage and 

prevent excessive blood loss upon injury in mammals. Platelets recognize the injury, adhere to 

the damaged tissue and are activated to form a platelet plug. In order to form a solid blood clot, 

the platelet plug is reinforced by a fibrin clot after activation of a cascade of clotting factors. 

Activation of coagulation is initiated either by the tissue factor (extrinsic) pathway or by the 

contact activation (intrinsic) pathway while these pathways converge at the activation of factor X 

(FX) in the common pathway. The contact pathway starts by activation of factor XII (FXII), 

high-molecular-weight kininogen (HMWK) and kallikrein on a foreign surface [26]. Activated 

FXII (FXIIa) converts factor XI (FXI) into an active enzyme (FXIa), which on its turn converts 

factor IX (FIX) leading to formation of factor Xa (FXa). The tissue factor (TF) pathway is 

initiated when TF becomes exposed on blood cells or in the subendothelium and interacts with 

activated factor VII (FVIIa). 
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Figure 2. Host defenses are counteracted by tick salivary proteins. Ticks introduce tick salivary proteins at the bite site 

in order to suppress host inflammation and coagulation responses. These defense systems are instantly activated in 

response to tissue injury to avoid blood loss and to prevent the body from invasion of pathogens. When ticks penetrate 

the skin with their mouthparts and start to create a ‘pool’ of blood, tissue and vascular damage is induced. To suppress 

the host coagulation system ticks produce proteins that inhibit several pathways of the coagulation system, which is 

necessary to keep the blood in a fluid state. Tick proteins inhibit platelet activation, aggregation and platelet activating 

factors such as adenosine diphosphate (ADP). Several proteins inhibit the contact activation pathway (intrinsic 

pathway), including the kallikrein/bradykinin system, which induces pain reaction. Several tick saliva proteins inhibit the 

tissue factor pathway by binding TF-FVIIa complexes. Initiation of the contact and tissue factor pathways converge at 

the activation of FX in the common pathway. Tick proteins that inhibit the common pathway target clotting factors 

such as FXa and thrombin, are introduced at the tick bite site as well. In the case a blood clot is formed fibrinolysis 

results in degradation of fibrin in soluble fibrin degradation products which is induced and regulated by tick proteins as 

well. Besides tick proteins that inhibit the coagulation system, others inhibit various parts of the immune system. Tick 

proteins inhibit the complement system, CD4+ and CD8+ T-cells, B-cells, macrophages, dendritic cells, neutrophils, 

granulocytes, but also the products of inflammation such as histamine, Reactive Oxygen Species (ROS), chemokines and 

cytokines. During the rapid feeding phase at the end stage of feeding, ticks express a protein that binds basophils to 

stimulate histamine release. Activation of the immune system results in activation of the coagulation system and vice 

versa, indicating an extensive cross-talk between these two defense systems. 
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The TF-FVIIa complex converts FX to its active form, FXa. A small amount of FV is 

activated and makes FXa 300.000 times more efficient in the conversion of prothrombin (factor 

II) to thrombin. In the common pathway FXa forms a complex with its cofactor FVa on 

phospholipids provided by the activated platelets. This complex, the prothrombinase complex, 

very rapidly converts prothrombin in thrombin. As soon as small amounts of thrombin are 

generated, the clotting process accelerates through feedback loops resulting in more and more 

thrombin generation. High concentrations of thrombin quickly convert fibrinogen to fibrin on 

the surface of the platelet aggregate to stabilize the haemostatic plug. Important factors in the 

regulation of coagulation are physiological coagulation inhibitors, i.e. tissue factor pathway 

inhibitor (TFPI), antithrombin (AT) and activated protein C (APC).   

Tick proteins are able to inhibit several pathways and factors of the coagulation system 

[27]. The first step in haemostatic response to injury, platelet aggregation and activation is 

inhibited by tick proteins [28,29], for instance by means of secreting apyrases that hydrolyse 

ADP and ATP or by expressing ADP-binding proteins [29]. The contact activation pathway is 

inhibited by a salivary gland protein of Ixodes ricinus by interacting with FXIIa, FXIa and 

kallikrein [30]. The significance of initiation of coagulation through the contact pathway in vivo 

is questionable [31,32]. Nevertheless, activation of pre-kallikrein to kallikrein results in the 

release of bradykinin that induces pain and therefore plays a role in successful tick feeding. 

Moreover, tick salivary proteins have shown to inhibit the tissue factor pathway as well by 

inhibiting the TF-FVIIa complex [33,34]. Salivary protein Salp14 is an active site inhibitor of 

FXa [35] and RNAi silencing of salp14 resulted in a 60-80% reduction of anti-factor Xa activity 

in ticks [36]. Thrombin is a key player in coagulation and several thrombin inhibitors are 

described in ticks [27]. Once a fibrin clot is generated, the fibrinolytic system will break down 

fibrin when clots are no longer necessary after the underlying tissue is healed. Ticks also produce 

salivary proteins with fibrinolytic activity, which are crucial for successful feeding [37,38]. 

Activation of coagulation subsequently results in activation of inflammation since there is 

extensive cross-talk between these pathways [39].  

 

Anti-inflammatory tick proteins 

The primary goal of the mammalian immune system is to recognize and destroy 

intruders, including ectoparasites (Ixodes ticks) and pathogens (Borrelia). Ticks introduce proteins 

at the bite site that suppress both innate and adaptive immune responses but also modulate 

immune responses of the host. The complement system is an important part of innate immunity 

consisting of the classical, alternative and lectin pathway [40] and is involved in opsonisation of 

pathogens enhancing phagocytosis, chemotaxis and activation of inflammatory cells and direct 

killing of pathogens by formation of the lytic membrane attack complex (MAC). Several tick 



 

18 

proteins, like IRAC I and II [41,42,43] and Salp20 [44] inhibit the alternative complement 

pathway. The alternative pathway previously has shown to play a crucial role in tick immunity 

[45], most likely because of the release of inflammatory anaphylatoxins C5a, C3a and C4a. Ticks 

also produce salivary proteins to neutralize chemotactic factors [46,47]. Chemokines are major 

proinflammatory mediators of several immune cells like neutrophils, basophils, eosinophils and 

mast cells, but also act on cells of the adaptive immune system like T-cells and B-cells and 

therefore play a crucial role in control of inflammation and immune response. Salivary proteins 

directly inhibit immune cells, including B-cells [48], T-cells [49] and dendritic cells [50] and tick 

saliva induces a Th2-response [51] while suppressing a Th-1 response. Neutralizing cytokines is 

also an approach ticks employ to control and regulate host immune responses. For example, IL-2 

induces proliferation and activation of NK-cells and T-cells and is neutralized by a protein in tick 

saliva [52]. Ticks also secrete IgG-binding proteins into tick haemolymph and via saliva [53] to 

protect themselves against the host humeral response.  

Together, the expression profile of genes that code for tick proteins in tick saliva is very 

dynamic and aids in the feeding process by suppressing as well as manipulating host defense 

systems.  

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 of this thesis we 

review and discuss possible vaccination strategies in chapter 1.  

One of these secreted salivary proteins, Salp15, was identified previously by performing 

an immunoscreening of a cDNA phage expression library of I. scapularis salivary glands using 

tick immune rabbit serum [54] and was shown to inhibit proliferation and activation of T cells 

[49] by binding to the CD4 coreceptor [55]. Moreover, Salp15 inhibits dendritic cells through 

binding to the C-type lectin receptor DC-SIGN [50]. Interestingly, Salp15 was also shown to 

bind Borrelia OspC in the salivary glands during tick feeding and consequently protected 

Borrelia against antibody-mediated killing [56]. In addition, also in naïve mice that lack anti-

Borrelia antibodies, higher spirochetal loads were found in organs when Borrelia was inoculated 

in the presence of Salp15 [56]. The higher Borrelia loads in naive mice after inoculating Borrelia 

in the presence of Salp15 demonstrates the possible favorable effect of Salp15 on the host’s 

innate immune system for survival and dissemination of Borrelia. We therefore investigated the 

role of Salp15 on the complement system, an integrated part of the innate immune system, and 

antibody independent complement mediated killing of B. burgdorferi s.l. strains in chapter 2. 

Subsequently, in chapter 3, we investigated whether a Salp15 homologue in I. ricinus was able to 

bind and protect the three major European Lyme borreliosis causing Borrelia species, i.e B. 

garinii, B. afzelii and B. burgdorferi s.s. against antibody-mediated killing.  
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BALB/C mice do not develop tick immunity after several tick infestations but the host 

immune reaction towards the tick salivary proteins reduced Borrelia transmission to these mice 

[57]. Similar results were found when tick immune rabbit serum was transferred to mice [58]. A 

passive transfer of serum from tick immune animals to naive animals results in immune 

resistance in these naïve animals [59,60]. These data demonstrate that salivary proteins are 

crucially important, not only for tick feeding, but also for Borrelia transmission and can be 

identified by studying antigenic tick salivary proteins using serum from the tick immune 

animals. Das et al. performed a prokaryotic phage display immunoscreening in order to identify 

antigenic tick proteins using tick immune rabbit serum [54]. However, a prokaryotic expression 

system has the disadvantage that tick proteins are not posttranslationally modified. Therefore, in 

chapter 4, we study the use of Yeast Surface Display (YSD) technology, a eukaryotic expression 

system, to screen a cDNA I. scapularis salivary gland expression library using tick immune rabbit 

serum. With this technique several novel I. scapularis salivary gland proteins were identified and 

produced in recombinant form. With the purified recombinant salivary proteins we were able to 

study the functional mechanisms of two of the identified salivary proteins.  

In chapter 5 we explored the mechanisms of how one of the newly identified tick 

salivary proteins, Tick Lectin Pathway Inhibitor (TLPI), inhibited the complement system and, 

by RNAi silencing studies in ticks and immunization studies, we described the role of this 

protein for Borrelia transmission and survival in the mammalian host.  

As described above, it is crucially important for ticks to suppress the host coagulation 

system. We studied the inhibiting properties of rP23 on the coagulation system in chapter 6. We 

not only identified and characterize a novel family of anticoagulant proteins but also unraveled 

an important feed-forward pathway of the mammalian coagulation system. 

We and others [16,56] have shown that the presence of Borrelia alters regulation of tick 

genes for its own benefit. In the study of chapter 7 we utilized subtractive hybridization to 

identify tick genes in the midgut that were differentially expressed in the presence of Borrelia. 

We characterize one of the proteins that are more expressed in Borrelia infected midguts and 

show that this protein plays a crucial role in successful acquisition of Borrelia by ticks and for 

ticks to molt to the next stage.  

Finally, in chapter 8 we provide an integrated discussion of the data presented in this 

thesis and their implication for both the understanding of the mechanism of tick feeding and 

Borrelia transmission in order to develop effective vaccination approaches in the future to 

prevent Borrelia transmission. 
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