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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 
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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 
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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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Lyme disease, or Lyme borreliosis, the most prevalent arthropod-borne disease in the 

Western world, is caused by spirochetes belonging to the Borrelia burgdorferi sensu lato group 

and is predominantly transmitted through Ixodes ticks. There is currently no vaccine available to 

prevent Lyme borreliosis in humans. Borrelia outer membrane proteins are reviewed which have 

been investigated as vaccine candidates. In addition, several tick proteins are discussed, on which 

anti-tick vaccines have been based, or are interesting future candidates, to prevent transmission 

of the spirochete from the tick vector to the mammalian host. Finally, novel vaccination 

strategies to prevent Lyme borreliosis are proposed, based on multiple Borrelia antigens, tick 

antigens or a combination of both Borrelia as well as tick antigens. 
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Ixodes ticks and Borrelia burgdorferi 

Lyme borreliosis, caused by spirochetes belonging to the Borrelia burgdorferi sensu lato 

group, and transmitted through Ixodes ticks, is a prevalent zoonosis in the Western world with 

yearly incidences peaking over 100 cases per 100 000 residents in many European countries and 

in endemic areas in the United States [1]. B. burgdorferi mainly survives in a tick-mouse cycle. In 

the US, B. burgdorferi sensu stricto is primarily transmitted by Ixodes scapularis ticks, while the 

three predominant pathogenic Borrelia species in Europe, B. burgdorferi sensu stricto, Borrelia 

garinii and Borrelia afzelii, are transmitted through Ixodes ricinus ticks.  

Ixodes ticks normally take several days to feed, allowing the host to mount an immune 

response against exposed tick antigens. Therefore, tick saliva, introduced into host skin during 

the feeding process, contains a wide range of proteins with immunosuppressive [2], 

anticomplement [3] and antihaemostatic activity [4]. Tick saliva-induced suppression of local 

host immune responses is instrumental for both tick feeding as well as transmission of 

spirochetes from the arthropod vector to the mammalian host [5].  

Tick control using acaricides (e.g. cyfluthrin, carbaryl or deltamethrin) represent one 

strategy to prevent Lyme borreliosis [6]. A downside of using acaricides is that this method is 

not useful in all ecologic settings [7]. In addition, acaricide resistance in ticks, toxicity to humans 

and other animals and environmental pollution are severe drawbacks [8]. 

Because vaccination approaches using Borrelia antigens have proven to be cumbersome 

(see below), interfering with local tick-host-pathogen interactions, using tick saliva proteins as 

vaccine candidates might be the way forward. Novel vaccination strategies to prevent Lyme 

borreliosis and potentially other tick-borne diseases will be discussed. 

  

Variable Borrelia gene expression during the enzootic life cycle 

To identify novel Borrelia and tick proteins that could be used as vaccine candidates, a 

proper understanding of the variable expression of both Ixodes and Borrelia genes encoding 

proteins that are pivotal in the transmission process of the spirochete is mandatory. In order to 

survive in the tick-host cycle Borrelia up- and/or downregulates several genes, including genes 

that code for lipoproteins and non-lipidated proteins on the membrane of Borrelia, so-called 

outer membrane proteins (OMPs). For example, Borrelia upregulates outer surface protein A 

(OspA), together with OspB, while entering the tick [9], binding to the tick receptor for OspA 

(TROSPA) [10]. This enables 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.  In the salivary glands, the feeding-induced tick 

saliva protein Salp15 binds to Borrelia OspC, protecting the spirochete against both innate and 
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adaptive immune responses [11,12]. BB0323, also a membrane associated protein, is essential 

for both borrelial persistence and successful transmission of Borrelia in the tick-mouse cycle, and 

its expression is induced during tick feeding [13]; Borrelia was shown to be well-adapted to the 

hostile environment of the mammalian host, partially due to upregulation of outer membrane 

proteins like decorin-binding proteins A and B (DbpA and B) and BBK32 and RevA/B that 

bind to host decorin and fibronectin, respectively [14,15,16]. In the mammalian host, Borrelia 

also upregulates expression of ErpP, ErpA and ErpC, which enables binding to human 

plasminogen [17]. Borrelia downregulates immunogenic lipoproteins, such as OspC, to evade 

the host immune response [18], and upregulates proteins like the surface exposed lipoprotein 

VlsE, a protein essential for Borrelia survival in mammals. The vls gene consists of the vls 

expression site (vlsE) that encodes the surface-exposed lipoprotein VlsE and 15 silent cassettes 

located upstream of vlsE [19]. Throughout the course of infection in the mammalian host these 

cassettes randomly recombine into the vlsE expression locus, resulting in expression of different 

VlsE variants [19] and altered antigenic properties ensuring protection of the spirochetes from 

killing by anti-VlsE antibodies. Finally, Borrelia expresses several proteins to protect itself 

against the host complement system (Box 1) such as complement regulating-acquiring surface 

proteins (CspA, CspZ), Osp E/F related proteins (Erps) and CD59-like proteins [20,21]. 

 

Box 1. Complement resistance of Borrelia spirochetes 

Serum resistant Borrelia spirochetes express proteins on their outer membrane, named Erps 

and CRASPs or Csp’s, which can bind host complement regulators such as factor H (FH) and 

factor H-like proteins (FHL-1). Factor H regulates the alternative pathway of complement 

activation on the surface of host’s cells, where it enhances breakdown of C3b and C3bBb 

convertase, protecting host cells from complement activity. To date, five CRASP proteins 

have been identified. CRASP-1 and CRASP-2 both bind FH and FHL-1, while CRASP-3, -

4 and -5 bind only FH. By binding these factors and by expressing CD59-like proteins [20], 

Borrelia inhibits formation of C5b-9, also named the membrane attack complex (MAC) [21], 

inferring (partial) resistance to complement-dependent killing by the host. 

 

The former vaccine against Lyme borreliosis: the OspA vaccine 

Previous studies indicated that immunization with OspA induced a long term 

protective immune response in mice [22]. Spirochetes were killed inside the midgut of 

engorging ticks in the presence of anti-OspA antibodies [23]. The OspA vaccine successfully 

completed Phase I, II and III trials and the OspA vaccine was approved by the Federal Drug 

Administration in the US in 1998. Vaccinated individuals showed approximately 80% protection 

against B. burgdorferi infection after receiving three vaccine doses with OspA using aluminum as 
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an adjuvant [24]. One drawback of the OspA vaccine was that protective immunity correlated 

with high titres of OspA antibodies after immunization, and it was shown that ~5% of the 

vaccine recipients developed insufficient antibody responses against OspA.  This was associated 

with decreased cell surface expression of Toll-like receptor (TLR)-1 [25]. Thus, high antibody 

titres did not persist long after vaccination and additional boosters would be necessary to 

maintain protective titers [24] causing the vaccine to be withdrawn from the market four years 

after it’s release. Different adjuvants and/or carriers could be used to enhance presentation of a 

possible second-generation OspA vaccine [26,27]. Nevertheless, since a Lyme vaccine is still 

undoubtedly compulsory, other vaccine candidates and novel vaccination approaches should be 

explored. In contrast to the human OspA vaccine, several canine OspA vaccines are still 

commercially available (Box 2).  

 

Box 2. Canine lyme borreliosis vaccination 

Not only humans, but also dogs can suffer from Lyme borreliosis and other tick borne diseases 

[77]. Dogs frequently contract infection with Borrelia; however, the majority of dogs do not 

become ill after infection. Several commercial canine Lyme vaccines are available in the US 

and commonly used to protect dogs against Lyme borreliosis, especially in endemic areas. 

Several commercial canine OspA based vaccines were compared showing that a three-dose 

vaccination schedule significantly raised higher antibody responses compared to two doses of 

antigen [78]. However, in the setting of pet dogs living in an endemic region (Lyme, 

Connecticut, USA), still 25% of the dogs vaccinated with two doses of the OspA vaccine was 

infected with B. burgdorferi (compared to 63% in placebo vaccinated dogs) [79]. Recently, high 

level of protection was found in dogs immunized with a bivalent bacterin, consisting of a 

conventional B. burgdorferi strain and an ospA- and ospB-negative strain expressing high 

amounts of OspC. This approach resulted in high titres of borreliacidal antibodies directed 

against OspA and OspC [27]. One year after immunization OspC antibody titres vanished 

completely in these dogs and also the OspA titres waned significantly. Still, after Borrelia-

infected tick challenge, 40% of the vaccinated dogs were infected with Borrelia, but infection 

was cleared after 2 months and dissemination to distinct organs did not occur, underscoring 

that vaccination strategies using multiple OMPs is also effective in dogs [80]. 

 

Alternative Borrelia OMP vaccine candidates 

An alternative vaccine could be an OspC-based vaccine based on its protective ability, 

expression profile and antigenicity (Table 1). OspC vaccination has been shown to provide 

protective immune responses [28]. A disadvantage of the OspC vaccine is the heterogeneity of 

OspC proteins among Borrelia strains. Therefore, a multivalent OspC-based chimeric 
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vaccinogen has been developed [29]. Another drawback of the OspC vaccine was that 

approximately half of individuals in a Phase I trial developed erythema and swelling at the 

injection site [30]. Several other OMPs could be used as vaccine candidates (Table 1), such as 

DbpA. Immunization with DbpA elicited a strong protective antibody response against Borrelia 

in mice [31]. Nonetheless, this protective response was only described in mice that were syringe-

inoculated with Borrelia. When spirochetes were transmitted through tick-bite this protective 

response was no longer apparent [32]. OspB plays an important role in colonizing the tick 

gut[33], and several studies have shown that vaccination with OspB elicits a protective response 

against Borrelia [34,35]. Recently it was found that the borreliacidal effect of an antibody 

specific for OspB was complement-independent [36]. 

 

Table 1. Borrelia antigens that can be used for future vaccine development 

 

This antibody was able to disrupt the outer membrane of Borrelia resulting in osmotic 

lysis of the spirochetes. Borrelia antigens that can elicit complement-independent bactericidal 

antibody responses are interesting vaccine candidates since Ixodes ticks have several proteins with 

complement inhibiting properties [3,11,37]. Complement-independent bactericidal antibodies 

could kill Borrelia inside the tick vector, even in the absence of functional complement. Another 

potential vaccine candidate could be BBK32. In the presence of BBK32, anti-serum mice were 

partially protected against Borrelia infection. In addition, BBK32 anti-serum also reduced 

spirochetal loads in the tick vector during feeding and after molting [38]. BB0323 and RevA are 

also upregulated during tick feeding and are therefore possible interesting vaccinogens, but until 

now no vaccination studies have been reported with these proteins.  

 

Vaccine 

candidate 

Function Mechanism of action Ref. 

OspA Binds tick midgut Borrelicidal effect inside tick [10,23] 

OspC Tick-host transmission Borrelicidal effect outside tick [28] 

DbpA Bind host decorin Protects only after needle inoculation, 

not after tick transmission 

[31,32] 

OspB Binds tick midgut Borrelicidal effect inside tick [33,35,36] 

BBK32 Binds fibronectin Borreliacidal effect in- and outside tick [16,38] 

BB0323 Tick-host transmission Not determined [13] 

RevA Binds fibronectin Not determined [14] 

ACGal Unknown Not determined [42,43] 



 

31 

1 
L

ym
e b

o
rrelio

sis vaccin
atio

n
: th

e facts, th
e ch

allen
g

e, th
e fu

tu
re 

A mixture of multiple Borrelia antigens could be used to enhance the protective effect of 

the vaccine (Fig.1A). A synergistic protective effect was found when mice were vaccinated with 

OspA and DpbA together, compared to a single antigen [39]. Likewise, a combination vaccine 

of OspC, BBK32 and DbpA was shown to be more effective than a single or double antigen 

vaccine in mice [40]. It might be possible to generate long-term immunity by an appropriate 

immunization with a cocktail of Borrelia proteins in humans too, since re-infection in 

successfully treated Lyme borreliosis patients with late manifestations, such as arthritis, appears 

to be extremely rare. In contrast, re-infection in successfully treated patients with early 

symptoms like erythema migrans is common [41]. This difference might be due to an immune 

response directed against multiple spirochetal proteins generated throughout the course of 

infection.  

Besides Borrelia proteins, glycolipids could also be promising vaccine candidates. Over 

80% of patients in late stages of Lyme borreliosis developed antibody titers against the glycolipid 

ACGal, the most abundant glycolopid comprising 45% of Borrelia’s glycolipids [42]. Moreover, 

ACGal was abundant among B. burgdorferi, B. afzelii and B. garinii, and antibodies reacted with 

ACGal from all three strains. A combination of chemical synthesis and enzymatic 

transformation steps were used to make synthetic ACGal, which was reactive with patient sera 

[43]. Immunization studies with ACGal will have to be performed to investigate whether 

ACGal can elicit a protective response. 

 

Prevention of tick engorgement and/or Borrelia transmission  

 ‘Tick immunity’ refers to the phenomenon in which ticks are unable to feed successfully 

after several tick infestations and was first described by William Trager in 1939 [44]. He 

observed that Dermacentor variabilis ticks were killed while feeding on guinea pigs after two to 

four tick infestations. Other parameters to measure tick immunity are reduction in tick weight, 

the inability to molt after feeding, the number of ticks feeding on a host, and the time of 

attachment and egg mass. Interestingly, salivary proteins produced during the first 24 hours of 

tick feeding are able to induce tick immunity in the vertebrate host [45]. Tick immunity not 

only affects tick feeding but can also interfere with transmission of pathogens, such as Babesia, 

Francisella and Borrelia [46,47,48]. In addition, humans were found to develop immediate and 

delayed cutaneous hypersensitivity reactions after repeated tick-bites, and were less likely to 

develop Lyme borreliosis [49]. Strikingly, BALB/C mice do not become tick immune after tick 

infestations, but the host immune reaction directed against tick proteins is still able to decrease 

transmission of Borrelia from infected ticks to these mice [50]. Similar results were found when 

serum from tick immune rabbits was transferred to mice [45]. 
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Figure 1. Novel vaccination strategies, which could lead towards the development of a future Lyme borreliosis vaccine. 

When Ixodes ticks take a blood meal, Borrelia up- and down regulate several OMPs in order to successfully migrate from 

the tick midgut to the mammalian host by travelling through the tick hemolymph and salivary glands. During the 

feeding process, ticks introduce saliva into the host skin including soluble factors with immunosuppressive and 

antiheamostatic activity. These factors play an important role in successful tick feeding and Borrelia transmission and 

therefore can be used to prevent Lyme borreliosis, as is depicted in the figure. A) Immunization with a cocktail of several 

Borrelia OMPs or other borrelial membrane components such as glycolipids, that are expressed when Borrelia is 

transmitted from Ixodes ticks to the host. Antigens that elicit a bactericidal effect in a complement-independent way are 

preferred, since this enables spirochete killing as soon as blood enters the tick midgut. B) Immunization with Borrelia-

binding proteins, together with Borrelia antigens could have a synergistically protecting effect. Borrelia is more exposed 

to borreliacidal antibodies when Borrelia-binding proteins are neutralized. In addition, an antibody response against 

Borrelia-binding proteins can result in opsonisation and subsequently increased uptake of Borrelia by phagocytic cells.  
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C) Immunization with tick proteins inducing an immune response leading to impaired feeding and tick rejection. As an 

example an antibody response directed against digest cells of the tick midgut, resulting in lysis of tick gut cells and 

disruption of the gut is illustrated. D) Immunization with a tick salivary protein that leads to modulation of a local host 

immune response unfavourable for Borrelia, e.g. induction of Th-1 responses, facilitating clearance of the spirochetes. E) 

Immunization with tick proteins indirectly important for survival of Borrelia could result in a more efficient immune 

response against Borrelia. As an example, neutralization of tick proteins with anti-complement properties, resulting in 

complement opsonisation of Borrelia and the formation of the terminal membrane attack complex (MAC), subsequently 

leading to increased uptake by phagocytic cells and lysis of Borrelia spirochetes, respectively. F) Immunization with tick 

proteins, which interfere with other host defense responses e.g. the host coagulation system, resulting in increased 

coagulation and inflammation. For more details, see the text. Abbreviations: OMP, outer membrane protein; APC, 

antigen presenting cell; IFN-g, interferon-gamma; IL-12, interleukin 12. 

 

These observations further underscore that tick proteins could be used as vaccinogens to prevent 

Borrelia transmission (Fig.1E, Table 2). Different approaches, as discussed below, could lead to 

impaired Borrelia transmission (Fig.1).   

 

Impairment of tick feeding 

Several proteins have been shown to impair tick feeding when used as a vaccinogen (Fig.1C). 

One of the studied proteins is 64P, a secreted tick cement protein of Rhipicephalus 

appendiculatus. Immunization with recombinant truncated 64TRP protein resulted in a humoral, 

a cellular and a delayed type hypersensitivity (DTH) response at the tick bite site of guinea pigs, 

rabbits, hamsters and cattle [51]. Anti-64TRP antibodies reacted with epitopes in the tick 

midgut, followed by rupture of  the midgut [51]. 64TRP-immunized mice were protected 

against tick-borne encephalitis (TBE) virus transmitted by Ixodes ricinus [52]. Vaccination with 

Bm86 and Bm95, both glycoproteins located on Boophilus microplus midgut epithelium, has been 

studied extensively for the control of these ticks in cattle and is commercially sold as 

TickGARDTM and GavacTM. Immunized cattle were partially protected against tick bites, with 

an efficacy ranging from 85.2% to 99.6% depending on the Boophilus species [53]. Moreover, 

vaccination lowered the incidence (from 53 to 1.9 per 1000 animals) and mortality (from 6 to 

0,18 per 1000 animals) caused by Babesia infection [48].Until now, cross-protection with Ixodes 

ticks has not been studied using Bm86 and Bm95 as a vaccine.  

Furthermore, it has been shown that immunization with either the tick or mosquito 

protein subolesin, a regulatory protein important in several cellular pathways, provides similar 

protection against I. scapularis infestation [54]. Subolesin could be a potent vaccine candidate 

since it could give cross-protection against several vectors, among which are mosquitos, sandflies 

and ticks, such as Anopheles atroparvus, Aedes caspius, Culex pipiens, Phlebotomus perniciosus and I. 

scapularis [54].
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Interestingly, I. scapularis ticks feeding on mice immunized with subolesin displayed 

impaired acquisition of Anaplasma phagocytophylum , an obligate intracellular bacterium causing 

human granulocytic anaplasmosis [55]. To date, impaired transmission of tick-borne pathogens 

to subolesin-immunized hosts has not been reported.  

The recently described FER2, an I. ricinus protein secreted in the tick hemolymph, was 

shown to be important in supplying peripheral tissues, such as tick ovaries and tick salivary 

glands with iron, by transporting blood meal-derived iron. After silencing of FER2 in I. ricinus 

nymphs, tick feeding was dramatically impaired [56]. When immunization studies were 

performed with recombinant I. ricinus and Rhipicephalus microplus FER2, tick feeding was not 

only impaired when adult I. ricinus ticks fed on rabbits immunized with I. ricinus FER2 but also 

when adult R. microplus  and Rhipicephalus annulatus ticks fed on R. microplus FER2 vaccinated 

cattle [57]. 

Proteins with anti-inflammatory characteristics represent a group of interesting vaccine 

candidates. Immunization with sialostatin L2, a protein with anti-inflammatory characteristics 

[2], was shown to impair I. scapularis feeding on guinea pigs [58]. Likewise, when vaccination 

studies were performed with Iris, a salivary protein identified in female nymphal and adult stages 

of I. ricinus and that interferes with both the haemostasis and immune response of the host 

[59,60], nymphal tick feeding on vaccinated rabbits was impaired [61]. Since Iris inhibits 

production of inflammatory cytokines, such as tumor necrosis factor (TNF)- , by host 

leukocytes [59], it could also be that vaccination with Iris results in more effective immune 

responses against Borrelia by neutralizing the effect of Iris (Fig.1D). 

 

Modulation of protective immune responses 

As indicated above, a different approach to prevent Borrelia transmission would be to 

induce an immune response unfavourable for Borrelia, an approach that has already been shown 

effective in the case of Leishmania transmission by sand flies [62]. Mice vaccinated with the 

sandfly salivary protein SP-15 were protected from Leishmania parasites transmitted through 

sandflies due to strong Th-1 responses directed to SP-15 at the bite site [62]. Comparable 

approaches might be effective for Borrelia, since systemic administration of interferon (IFN)-  (a 

Th1 cytokine), alone or in combination with interleukin (IL)-2 and TNF- , in BALB/C mice 

during feeding of Borrelia-infected ticks resulted in a reduction of Borrelia infection rates in 

these mice [63].  Thus, a tick salivary protein capable of inducing strong immune responses, e.g. 

Th1 responses, during tick feeding when used as a vaccinogen, could potentially enhance anti-

Borrelia immune responses facilitating clearance of the spirochete. 
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Neutralization of proteins that inhibit host coagulation 

Another possible approach would be to target a group of salivary proteins that inhibit 

another host defense mechanism, e.g. the coagulation cascade (Fig.1F). Since blood coagulation 

is a complicated system organized in different pathways, ticks interfere with several steps of the 

coagulation system by producing a variety of proteins with various anti-haemostatic activities. 

Activation of coagulation also results in induced inflammation since there is extensive cross-talk 

between these two systems [64].  Until now several Ixodes proteins with anticoagulant properties 

have been described [4,60,65,66,67,68], though neutralizing antibodies against these proteins 

have not yet been developed. 

 

Targeting proteins that (in)directly interact with Borrelia 

Tick proteins that interact with Borrelia are potential targets. The Ixodes salivary protein 

Salp15 specifically binds to Borrelia’s OspC and thereby protects the spirochetes against 

borreliacidal antibodies [12]. As we postulated before, by using Salp15 as a vaccine candidate 

specific antibodies could not only neutralize the immunosuppressive effects of Salp15 

[11,69,70], but could also bind Borrelia surface coated Salp15, enhancing clearance by host 

phagocytic immune cells [5,71]. Indeed, very recently it was shown that the presence of Salp15 

antibodies in mice provided partial protection against tick-transmitted Borrelia infection [72]. 

Interestingly, the presence of anti-Salp15 antibodies also enhanced the protective capacity of 

both OspA and OspC antibodies, indicating that immunization with a tick antigen can be used 

to complement the protective effect of vaccination with a Borrelia antigen (Fig.1B).   

Salp25D, an antioxidant I. scapularis salivary protein, was shown to be important for 

Borrelia survival in the tick-mouse cycle by protecting Borrelia from reactive oxygen species 

produced by neutrophils [73]. Unlike Salp15, this protein does not play a role in transmission 

from the tick to the host, but is important in the migration from the murine host to the tick; 

both Salp25D-silenced ticks and ticks feeding on Salp25D-immunized mice were less able to 

acquire Borrelia while engorging on Borrelia-infected mice. Another example of a tick salivary 

protein indirectly interacting with a tick-borne pathogen to ensure acquisition from the host to 

the tick is Salp16 [74]. A. phagocytophilum, but not B. burgdorferi, failed to enter and survive in 

the tick vector in the absence of Salp16. Although Salp25D and Salp16 were originally described 

as salivary proteins, they are also expressed in the tick midgut. TROSPA, also expressed in I. 

scapularis midguts, is required for successful midgut colonization of Borrelia by directly 

interacting with OspA [10]. Blocking TROSPA within I. scapularis with TROSPA antisera 

showed impaired colonization of Borrelia, and subsequently less spirochetes transmission to the 

host during a subsequent blood meal. For obvious reasons these are not useful as vaccine 

candidates for humans. By contrast, wildlife vaccination, resulting in impaired function of these 
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proteins and thereby impaired pathogen acquisition, could lead to decreased infection rates in 

the tick population lowering the risk of pathogen transmission to humans.  

Human subjects have yet to be immunized with tick proteins, and cross-reactive 

immune responses against human proteins remain an issue that needs to be addressed. Another 

potential concern regarding vaccination against tick-borne diseases is the fact that several tick 

species including Ixodes ticks have mechanisms to eliminate host antibodies ingested by the 

blood meal [75]. IgG binding proteins (IGBPs) are able to bind, transport and excrete 

immunoglobulin back into the host.  I. scapularis has been shown to eradicate ingested host IgG 

[76]. Both Borrelia antigens and tick proteins used as vaccine candidates acting inside the tick 

vector could be more effective if we would be able to target and disable IGBPs, especially for 

antibodies that exert their function inside the tick, such as the OspA vaccine. 

 

Concluding remarks 

 Developing a vaccine to prevent Lyme borreliosis remains a challenge. It is important 

to keep in mind that B. burgdorferi is transmitted through ticks and that spirochetes exploit tick 

proteins to establish an infection. Several novel approaches were discussed that could be pursued 

to develop an effective Borrelia vaccine: (i) immunization with a cocktail of several Borrelia 

OMPs (including those that elicit a bactericidal effect in a complement-independent way); (ii) 

immunization with tick proteins inducing an immune response at the site of the tick bite and/or 

inside the tick, resulting in impaired feeding and tick rejection; (iii) immunization with tick 

proteins, which interfere with other host defense responses (e.g. the host coagulation system); 

(iv) immunization with tick proteins that (in)directly interact with Borrelia;  (v) immunization 

with a tick salivary protein that leads to modulation of local host immune responses, e.g. 

induction of Th-1 responses; or (vi) a combination of a tick salivary protein and a Borrelia 

antigen, as has been shown for the Ixodes tick salivary protein Salp15. Thus, the way forward in 

the development of an effective Borrelia vaccine could be combining different vaccinogens, 

whether these are multiple Borrelia antigens, tick antigens or a combination, eliciting synergistic 

anti-Borrelia and anti-tick immune responses. These approaches might not only be applicable 

for the prevention of transmission of B. burgdorferi from the tick to the host, but could also prove 

to be instrumental for the prevention of transmission of arthropod-borne pathogens in general. 
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Borrelia burgdorferi, the agent of Lyme disease, is transmitted by ticks. During transmission from 

the tick to the host, spirochetes are delivered with tick saliva, which contains the salivary protein 

Salp15.  Salp15 has been shown to protect spirochetes against B. burgdorferi-specific antibodies.  

We now show that Salp15 from both Ixodes ricinus and Ixodes scapularis protect serum sensitive 

isolates of Borrelia burgdorferi sensu lato against complement-mediated killing. I. ricinus Salp15 

showed strong protective effects compared to I. scapularis Salp15. Deposition of terminal C5b to 

C9 (one molecule each of C5b, C6, C7, and C8 and one or more molecules of C9) complement 

complexes, part of the membrane attack complex, on the surface of B. burgdorferi was inhibited 

in the presence of Salp15. In the presence of normal human serum, serum-sensitive Borrelia 

burgdorferi require protection against complement-mediated killing, which is provided, at least 

in part, by the binding to the tick salivary protein Salp15. 
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The Lyme disease agent Borrelia burgdorferi survives in a tick-mouse cycle. In the 

United States, B. burgdorferi sensu stricto is maintained primarily in Ixodes scapularis ticks, while 

the European vector of B. burgdorferi sensu stricto, B. garinii, and B. afzelii strains are generally 

Ixodes ricinus ticks. Feeding of ixodid ticks normally takes several days [2], which gives the host 

immune system time to react to the arthropod. The ticks have developed several mechanisms to 

evade both the innate and adaptive host responses, which enable them to take an effective blood 

meal. Tick saliva possesses proteins with immunosuppressive [14, 18], anticomplement [5, 19, 

27], and antihemostatic [21, 22] activity.  

Salp15, a feeding-induced tick salivary protein, is known to inhibit CD4+ T-cell 

activation and proliferation by specifically binding to the CD4 coreceptor of the T cells [1, 6, 

13]. Also, Salp15 appeared to enhance the survival of B. burgdorferi in the host after transmission 

by the tick by specifically interacting with B. burgdorferi outer surface protein C (OspC) and 

providing protection against borreliacidal antibodies [25]. Recently we found three Salp15 

homologues in I. ricinus ticks [12], and one of these homologues, Salp15 Iric-1, showed 80% 

similarity to I. scapularis Salp15 (Iscap Salp15) at the DNA level.  

The innate response, the complement system in particular, plays a crucial role in the 

eradication of invading pathogens. The complement system is important in the initiation of 

attack against B. burgdorferi. The spirochetes are opsonized and also directly killed by the 

formation of the lytic pore-forming membrane attack complex (MAC) [3, 23]. B. burgdorferi 

sensu stricto, B. garinii, and B. afzelii isolates are able to activate complement both by the 

classical pathway and by the alternative pathway in nonimmune human serum (NHS) in the 

absence of specific antibodies, but they differ in susceptibility to complement-mediated killing 

[28]. Serum-resistant Borrelia strains are able to evade complement-mediated killing by binding 

to complement regulators of the alternative complement pathway, i.e., binding factor H and 

factor H-like protein-1 (FHL-1) to CRASP-1Bb [15], CRASP-2Bb [9], OspE [10], and/or 

CRASP-3Bb [16] proteins, or by expressing a CD59-like complement inhibitory molecule [24]. 

The split products after complement activation are also important because of chemotaxis and the 

infiltration of immune cells in the Borrelia-infected tissue. Altogether, there are several reasons 

for the spirochetes to protect themselves against complement activation.  

In this study, we show that the tick salivary protein Salp15 plays a role in the protection 

of serum-sensitive B. garinii strains and intermediately resistant B. burgdorferi strains against 

direct killing by the complement system. 
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Salp15 protects serum-sensitive B. burgdorferi sensu lato isolates against complement-mediated 

killing. As expected, B. burgdorferi sensu lato isolates differed in their sensitivities to NHS. No 

motile B. garinii A87S or B. garinii VSBP organisms were seen when incubated for 24 h in 

12.5% NHS (Fig. 1). In contrast, other spirochetes required greater amounts of NHS to induce 

partial killing: B. burgdorferi B31 was killed at 24 h by 50% NHS (Fig.1) and B. burgdorferi 

VS215 was killed by 75% NHS at 24 h (data not shown). All these Borrelia isolates survived 

incubation for 1.5, 4.5, or 24 h with heat-inactivated NHS, demonstrating the importance of 

complement in serum sensitivity. Since Salp15 has previously been shown to enhance the 

capacity of spirochetes to survive in naive mice [25], we determined whether Salp15 could alter 

the serum sensitivity of these B. burgdorferi isolates. Indeed, Salp15 from I. scapularis ticks, Iscap 

Salp15, altered the serum sensitivity of Borrelia (Fig.1). 

 

 

Figure 1. Spirochetes are protected against complement-mediated killing in the presence of Salp15 Iric-1 or Iscap 

Salp15. Serum-sensitive B. garinii strains VSBP (A) and A87S (B) were incubated with 12.5% NHS, while 

intermediately resistant B. burgdorferi strains VS215 (C) and B31 (D) were incubated with 50% NHS, after they had 

been preincubated for 30 min with BSA, Iscap Salp15, or Salp15 Iric-1. As a control, spirochetes were also incubated 

with heat-inactivated NHS. After 1.5 h, 4.5 h, and 24 h of incubation with serum, the percentages of immotile 

spirochetes were determined. Two hundred spirochetes were counted. 
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Table 1. Protective effect of Salp15 Iric-1 or Iscap Salp15 compared to that of BSA. 

 
aSpirochetes were incubated for 1.5, 4.5 or 24 hours with 12.5% NHS in the case of B.garinii VSBP and B.garinii A87S 

or 50% NHS in the case of B.burgdorferi B31 and VS215.  

bSpirochetes were pre-incubated with I.ricinus (Iric-1), I.scapularis Salp15 (Iscap) or BSA for 30 minutes before 

incubation with NHS. 

cPercentage dead spirochetes. One hundred spirochetes were counted and the experiment was performed two times. 

Non-italic values show the percentage of dead spirochetes treated with Iric-1 Salp15 while italic values indicate the 

percentage of dead spirochetes treated with Iscap Salp15. 

dProtective effect of Salp15 compared to BSA calculated using the chi-square test. Non-italic values represent 

experiments with 200 spirochetes, while italic values indicate experiments with 1000 spirochetes. 

 

The percentage of dead spirochetes significantly decreased when Borrelia isolates were 

preincubated with Iscap Salp15 (Table 1). The strongest protective effect was seen with B. 

garinii VSBP. We had previously cloned Salp15 from I. scapularis ticks, but since the serum-

sensitive Borrelia are transmitted predominantly by I. ricinus ticks, we wanted to determine 

whether Salp15 from these ticks was as potent as or more potent than Salp15 from I. scapularis 

for selected Borrelia isolates. We therefore cloned, expressed, and purified Salp15 from I. ricinus, 

Salp15 Iric-1, as described in Materials and Methods. Salp15 Iric-1 afforded protection against 

complement-mediated killing (Fig.1; Table 1). The protective effect of Salp15 Iric-1 for all four 

Borrelia isolates was also greater than that of Iscap Salp15 (Table 1) and the difference in 

protection of serum-sensitive B. garinii spirochetes by Salp15 Iric-1 compared to that by Iscap 
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Salp15 was most apparent (Table 2). A titration of Salp15 showed that both Iscap Salp15 and 

Salp15 Iric-1 had a dose-dependent protective effect (data not shown). 

 

Salp15 Iric-1 binds to the surface of B. garinii VSBP. B. garinii VSBP was preincubated with 

biotinylated Salp15 Iric-1 and membrane-bound Salp15 Iric-1 was detected using streptavidin-

Cy3 in the immunofluorescence assay. It has previously been shown that Iscap Salp15 binds on 

the surface of B. burgdorferi 297 [25] and we now show that Salp15 Iric-1 also specifically binds 

to the surface of B. garinii VSBP (Fig.2A) by immunofluorescence assay. By solid-phase overlay, 

we demonstrated that both Iscap Salp15 and Salp15 Iric-1 are able to bind to OspC of B. garinii 

VSBP and B. burgdorferi N40 (Fig.2C). All spirochetes were found to bind Salp15 Iric-1 on 

their surfaces. 

Figure 2. Salp15 Iric-1 binds to the surfaces of B. garinii VSBP spirochetes. Spirochetes were preincubated with 

biotinylated Salp15 Iric-1 (A) or biotinylated BSA (B). Spirochetes were detected with bisbenzimide (left panel) and 

bound Salp15 or BSA was detected using streptavidin-Cy3 (right panel). (C) Both Iscap Salp15 and Salp15 Iric-1 bind 

B. burgdorferi N40 (1) and B. garinii VSBP (2) in the overlay binding assay. The arrow indicates Salp15 bound to OspC. 

M, molecular mass. 

 

Surface-bound Salp15 protects spirochetes against complement-mediated killing. To study 

whether bound Salp15 protects spirochetes against complement-mediated killing, B. garinii was 

preincubated with Salp15 Iric-1, after which unbound Salp15 was washed away. BSA was used 

as a control. Spirochetes to which Salp15 had been bound were still protected against 

complement-mediated killing (Fig.3), and there was a significant difference between the 

survivals of spirochetes after incubation with either BSA or Salp15 and subsequent washing. 
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Table 2. Protective effect of Salp15 Iric-1 compared to that of Iscap Salp15  

 
a Spirochetes were incubated for 1.5, 4.5 or 24 hours with 12.5% NHS.  

bPercentage dead spirochetes. One hundred spirochetes were counted and the experiment was performed two times. 

Non-italic values show the percentage of dead spirochetes treated with Iric-1 Salp15 while italic values indicate the 

percentage of dead spirochetes treated with Iscap Salp15. 

cProtecting effect of Salp15 Iric-1 versus Iscap Salp15 against complement-mediated killing was calculated using the chi-

square test. 

 

Notably fewer spirochetes were initially killed in the control group after washing. This could be 

caused by the loss of less viable spirochetes in the washing procedure. The fact that this 

difference is not observed among spirochetes preincubated with Salp15 suggests that all 

spirochetes, independently of initial viability, are potentially protected by Salp15. 

 

Spirochetes that survive in the presence of Salp15 do not have an increased capacity to bind 

Salp15. In the presence of Salp15 Iric-1, 2% of the B. garinii VSBP spirochetes survived 

incubation with 50% NHS for 24 h. The surviving spirochetes were reisolated to determine 

whether the "survival" phenotype could be enriched via selection. After repeating the selection 

assay two times, the survival rate of the VSBP subculture was compared to that of the original 

VSBP isolate after incubation with Salp15 and exposure to 12.5% NHS. The B. garinii VSBP 

subculture was not more protected by Salp15 Iric-1 than the original B. garinii VSBP culture.  

 

C5b-9 deposition is inhibited by Salp15 Iric-1 or Iscap Salp15. To examine the influence of 

Salp15 against complement-mediated killing, we investigated, by use of an immunofluorescence 

assay, the differences in deposition of C5b-9 terminal complement complexes between 

spirochetes that had been incubated with Salp15 Iric-1, Iscap Salp15, or BSA (control) and then 

exposed to NHS. When B. garinii VSBP was first incubated with Salp15 Iric-1 or Iscap Salp15, 

significantly fewer (P < 0.0001) C5b-9 complement complexes were found on the membranes of 

the spirochetes (Fig.4A-C). Of the spirochetes that had been incubated with BSA and 12.5% 

NHS, 90% had C5b-9 complement complexes on their membrane, while 52% and 15% of the 

spirochetes showed C5b-9 deposition after incubation with Iscap Salp15 and Salp15 Iric-1, 

respectively (Fig.4D).  
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Figure 3. Membrane-bound Salp15 Iric-1 

protects B. garinii VSBP against complement-

mediated killing. Spirochetes were preincubated 

with BSA or Salp15 for 60 min. Subsequently, 

BSA or Salp15 was removed by washing as 

indicated in Materials and Methods, and 

spirochetes were exposed to 12.5% NHS. 

Percentages of immotile spirochetes were 

determined for samples and for controls in which 

Salp15 was still present. Standard deviations, 

based on duplicate countings of two independent 

experiments, are included. The asterisks indicate a 

statistically significant difference between the 

groups (P < 0.0001). 

 

 

 

 

 

In the present study, we investigated the role of the tick salivary protein Salp15 in the protection 

of B. burgdorferi sensu lato strains against the complement system. Previously, we have shown 

that there is a great diversity in serum sensitivity among B. burgdorferi sensu lato strains [28]. 

Many B. garinii strains are serum sensitive, while B. burgdorferi and B. afzelii are commonly 

resistant or intermediately resistant to serum. We found that both serum-sensitive B. garinii and 

intermediately resistant B. burgdorferi strains were protected against complement-mediated 

killing when coincubated with sera and Salp15 from either I. scapularis or I. ricinus (Fig.1; Table 

1). Both Salp15 Iric-1 and Iscap Salp15 appeared to be protective, although Salp15 Iric-1 gave 

significantly more protection against complement-mediated killing than Iscap Salp15 (Table 2). 

We were not able to select for a more resistant subpopulation by subculturing spirochetes 

surviving incubation with 50% NHS and Salp15. When a lysate of the original spirochetes was 

compared to a lysate of the subcultured spirochetes on a Coomassie-stained sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis gel, no differences in the expression of OspC, which is 

the natural ligand of Salp15, or of other proteins were found (data not shown). Serum-resistant 

strains use CRASPs and Erps to bind plasma proteins factor H and FHL-1, which enables the 

spirochetes to inactivate the C3 convertase complex [9, 15, 16]. Because serum-sensitive strains 

do not have their own mechanism to protect themselves against complement-mediated killing, 

they might benefit from binding proteins from their environment that protect them against this 

part of the innate immune system, which explains why serum-sensitive B. garinii strains are 

protected to a great extent in comparison to intermediately resistant B. burgdorferi strains (Fig.1; 

Table 1).   
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Figure 4. Inhibition of C5b-9 deposition by Salp15.  B. garinii VSBP was preincubated with BSA (A), Iscap Salp15 (B), 

or Salp15 Iric-1 (C) before being subjected to 12.5% NHS. Spirochetes were double labeled with antibodies specific for 

Borrelia spirochetes (left panel) and specific for C5b-9 complement complexes (right panel). (D) Deposition of C5b-9 

complexes was strongly inhibited in the presence of Iscap Salp15 and even more by Salp15 Iric-1. Bars indicate standard 

deviations, based on duplicate countings of two independent experiments. One hundred spirochetes were counted, and 

the experiment was performed two times. The asterisk indicates a statistically significant difference (P < 0.0001) between 

the BSA- and Salp15 Iric-1-treated groups, the double asterisk shows a significant difference (P < 0.0001) between the 

BSA- and Iscap Salp15-treated groups, and the triple asterisk indicates a significant difference (P < 0.0001) between the 

Iscap Salp15- and Salp15 Iric-1-treated groups. 

 

During the blood meal of ticks, Salp15 is secreted into the tick salivary glands, and it was shown 

that Salp15 mRNA levels were 13-fold higher and Salp15 protein levels in the salivary glands 

were 1.6-fold higher in engorged ticks when they were infected with B. burgdorferi [25]. Not 

only for spirochetes, but also for ticks it is extremely important that the immune system of the 

host is suppressed. When complement is activated, anaphylatoxins and other proinflammatory 

mediators are able to trigger degranulation of mast cells and attract phagocytes. Additionally, this 

may explain why the ticks infected with spirochetes upregulate salp15.  
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Ticks have a cocktail of salivary proteins which are necessary to take an effective blood meal. It 

has already been shown that they use Salp15 to inhibit the activation and proliferation of CD4+ 

T cells by binding to its CD4 receptor [1, 6, 13]. In addition, tick salivary proteins have been 

found to inhibit B cells [8], dendritic cells [4, 11], NK cells [17], neutrophils [20], and 

macrophages [7]. Isac [5, 27] and Salp20 [26] are two salivary proteins that were shown to 

inhibit the alternative pathway of the complement system. This is the first description of a 

microorganism binding from the vector a protein that protects the pathogen against the 

complement system (Fig.3). Since surface-bound Salp15 was able to protect Borrelia even in the 

absence of free unbound Salp15, it appeared that the protective effect was not caused by the 

neutralization of C5b-9 formation, at least not completely. When spirochetes were preincubated 

with Salp15, they were all found to bind Salp15 Iric-1 (Fig.2) and Iscap Salp15 on their surfaces. 

For spirochetes, this protection is crucial for survival, since activation of the complement system 

also initiates the membrane attack pathway, which results in the MAC consisting of one 

molecule each of C5b, C6, C7, and C8 and one or more molecules of C9 (Fig.4). We also 

demonstrated that Salp15 protects the spirochetes against the formation of the MAC complex. 

When spirochetes were incubated with Iscap, Salp15 deposition of the terminal C5b-9 

complement complexes was reduced by 38% compared to what was seen for spirochetes that were 

incubated with BSA. The effect of Salp15 Iric-1 was even more evident and reduced deposition 

of C5b-9 by 75% (Fig.4D). These findings show that Salp15 gives protection not only against 

bactericidal antibodies but also against the complement system, a very important part of the 

innate immune system. These results can also explain why higher spirochetal loads in organs of 

naive mice were found when the inoculated spirochetes were preincubated with Salp15 [25].  

In summary, both I. ricinus Salp15 and Iscap Salp15 are able to give protection against 

complement-mediated killing when bound on the membranes of Borrelia spirochetes. The 

spirochetal protecting effect against the complement system is possibly crucial in the initial 

infection of the vertebrate host. These findings make it even more interesting to target Salp15 

for a vaccine, especially for the prevention of transmission of serum-sensitive strains. 

 

 

Borrelia isolates and growth conditions. Serum-sensitive strains B. garinii A87S and VSBP and intermediately resistant 

strains B. burgdorferi VS215 and B31 were used in this study. Both B. garinii strains are human isolates, while both B. 

burgdorferi strains are tick isolates. Spirochetes were cultivated at 33°C in Barbour-Stoenner-Kelley medium plus sodium 

bicarbonate (BSK-H medium) supplemented with 6% rabbit serum (Sigma).  

 

Purification of recombinant I. scapularis and I. ricinus Salp15. For the purification of Iscap Salp15 (GenBank accession 

number AAK97817), salp15 was cloned in frame in Drosophila melanogaster cells in conjunction with a His tag, a V5 
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epitope, and a resistance gene for hygromycin as described previously [1]. Salp15 Iric-1 (GenBank accession number 

ABU93613) was purified using Drosophila cells expressing salp15 together with a resistance gene for blastomycin (J. W. 

Hovius, T. J. Schuijt, K. A. de Groot, J. T. T. H. Roelofs, A. Oei, J. A. Marquart, C. van 't Veer, T. van der Poll, N. 

Ramamoorthi, E. Fikrig, and A. P. van Dam, submitted for publication). The Schneider Drosophila cells expressing the 

salp15 gene from I. scapularis or I. ricinus were selected with hygromycin (500 μg ml–1) or blastomycin (25 μg ml–1), 

respectively, and were grown in large spinner flasks together with penicillin and streptomycin (Invitrogen) for 3 days. 

The Drosophila cells were subsequently induced with copper sulfate with a final concentration of 500 μM for 4 days and 

centrifuged at 1,000 x g for 15 min. The supernatant was filtered using a 0.22-μm filter (Millipore). Both Salp15 Iric-1 

and Iscap Salp15 were purified from the supernatant by use of the HisTrap Ni2+ column (GE Healthcare) and eluted 

with 100 μM imidazole. The eluted fractions were filtered through a 0.22-μm filter and concentrated with a 5-kDa 

concentrator (Vivascience) through centrifugal concentration. The purity of the purified Salp15 was checked by silver 

staining (Bio-Rad) according to the manufacturer's recommendations, and the concentration was determined with the 

Bradford assay.  

 

NHS. Serum samples used were derived from one donor and were checked for the absence of antibodies against B. 

burgdorferi by Western blot analysis. Heat inactivation of NHS was achieved by incubation of the serum samples at 56°C 

for 30 min.  

 

Assays for detection of complement-mediated killing of spirochetes and Salp15 protection. Two serum-sensitive B. 

garinii strains, the A87S and the VSBP strains, and two intermediately resistant B. burgdorferi sensu stricto strains, 

VS215 and B31, were used (107 spirochetes ml–1). Spirochetes (2.5 x 105) were preincubated with bovine serum albumin 

(BSA), Salp15 Iric-1, or Iscap Salp15 (80 μg/ml) for 30 min at 33°C. They were then incubated with NHS or heat-

inactivated NHS and examined after 1.5 h, 4.5 h, and 24 h. The two parameters of borreliacidal effect that were recorded 

are immobilization and bleb formation of the spirochetes. Immotile spirochetes were considered dead [28]. The 

percentages of immotile spirochetes for 200 spirochetes per well were assessed. In a separate titration experiment, 

different Salp15 concentrations, ranging from 5 μg/ml to 160 μg/ml, were also tested in the same way. To find out if 

membrane-bound Salp15 protects the spirochetes against antibody-independent complement-mediated killing, the 

spirochetes were washed twice with BSK-H medium (4,000 x g, 10 min) after incubation with Salp15 Iric-1. After 

removal of unbound Salp15 by washing, the spirochetes were subjected to 12.5% NHS and examined for borreliacidal 

effect after 1.5 h, 4.5 h, and 24 h of incubation.  

 

Subculture of B. garinii VSBP after incubation with I. ricinus Salp15. The serum-sensitive B. garinii VSBP strain was 

preincubated with Salp15 Iric-1 for 60 min at 33°C. Then, spirochetes were exposed to 50% NHS for 24 h. As described 

above, the surviving spirochetes were subcultured in BSK-H medium for 7 days. This selection process was repeated 

twice.  

Binding of I. ricinus Salp15 to B. garinii VSBP in overlay assay. B. garinii VSBP lysates were obtained from 100-ml 

cultures that were grown to a density of 1 x 108 spirochetes/ml. Lysates were separated by 12.5% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and blotted onto an Immobilon-P membrane (Millipore) to have approximately 

similar amounts of OspC, as determined by Coomassie staining. After the membrane was incubated overnight in 

blocking buffer (1% BSA, 3% milk in TBS-0.05% Tween), it was incubated with 1 μg/ml purified Salp15 Iric-1 in 

blocking buffer for 1.5 h at room temperature, washed, and consequently incubated with a 1:5,000 dilution of horseradish 

peroxidase-conjugated V5 antibody (Invitrogen) in blocking buffer. Blots were developed by enhanced 

chemiluminescence.  
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Binding assay of Salp15 Iric-1 to B. garinii VSBP by immunofluorescence. Purified Salp15 Iric-1 was biotinylated by 

incubating 1 mg/ml Salp15 with 0.25 mg/ml sulfo-NHS-biotin (Pierce) for 45 min at 4°C. Unbound sulfo-NHS-biotin 

was removed by dialysis against 25 mM lysine in phosphate-buffered saline (PBS) overnight and four times against PBS 

for 15 min at 4°C.  

Biotinylated purified Salp15 Iric-1 was incubated with B. garinii VSBP spirochetes for 30 min at 33°C. The spirochetes 

were washed twice with PBS-1% BSA and were resuspended in PBS-1% BSA, air dried on microscope slides overnight, 

and fixed in 100% methanol. Slides were incubated with bisbenzimide and streptavidine-Cy3 (Sigma) and examined with 

a fluorescence microscope (Axioscop 2 mot plus; Carl Zeiss).  

 

Detection of terminal C5b-9 complement complexes. B. garinii strain VSBP was preincubated with either BSA, Iscap 

Salp15, or Salp15 Iric-1 for 30 min at 33°C. Then, the spirochetes were incubated in BSK-H medium containing 12.5% 

NHS for 30 min. The spirochetes were washed twice with PBS-1% BSA. They were resuspended in PBS-1% BSA, air 

dried on microscope slides overnight, and fixed in 100% methanol. Spirochetes were detected by incubation with human 

serum containing antibodies against B. burgdorferi, and the C5b to C9 (C5b-9; one molecule each of C5b, C6, C7, and 

C8 and one or more molecules of C9) complement complexes were indicated with monoclonal mouse C5b-9 antibodies 

(Dako). Slides were washed with PBS-1% BSA and incubated with an anti-human immunoglobulin G-fluorescein 

isothiocyanate-labeled antibody (BioMerieux) and an anti-mouse Cy3 antibody (Jackson). After slides were washed and 

were mounted with Mowiol, they were visualized by confocal microscopy using a fluorescence microscope (Axioscop 2 

mot plus; Carl Zeiss). At least 100 spirochetes were counted, and the experiment was performed two times.  

 

Statistical analysis. The protection of spirochetes against complement-mediated killing by Salp15 Iric-1 or Iscap Salp15 

was compared to the protection by the control protein BSA. The chi-square test was used for the analysis of proportions, 

where absolute numbers of spirochetes were used in cross tabulations. Crude relative risks for surviving different 

circumstances were estimated as odds ratios (OR) and presented with both 95% confidence intervals (95% CI) and P 

values. Tests were performed using SPSS 14 software. Calculated P values of <0.05 were considered significant.  
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Background.  Ixodes ticks are the main vectors for Borrelia burgdorferi sensu lato. In the United 

States, B. burgdorferi is the sole causative agent of Lyme borreliosis and is transmitted by Ixodes 

scapularis. In Europe, 3 Borrelia species - B. burgdorferi, B. garinii, and B. afzelii -are prevalent, 

which are transmitted by Ixodes ricinus. The I. scapularis salivary protein Salp15 has been shown 

to bind to B. burgdorferi outer surface protein (Osp) C, protecting the spirochete from antibody-

mediated killing. 

 

Methods and results.  We recently identified a Salp15 homologue in I. ricinus, Salp15 Iric-1. 

Here, we have demonstrated, by solid-phase overlays, enzyme-linked immunosorbent assay, and 

surface plasmon resonance, that Salp15 Iric-1 binds to B. burgdorferi OspC. Importantly, this 

binding protected the spirochete from antibody-mediated killing in vitro and in vivo; immune 

mice rechallenged with B. burgdorferi preincubated with Salp15 Iric-1 displayed significantly 

higher Borrelia numbers and more severe carditis, compared with control mice. Furthermore, 

Salp15 Iric-1 was capable of binding to OspC from B. garinii and B. afzelii, but these Borrelia 

species were not protected from antibody-mediated killing. 

 

Conclusions.  Salp15 Iric-1 interacts with all European Borrelia species but differentially protects 

B. burgdorferi from antibody-mediated killing, putatively giving this Borrelia species a survival 

advantage in nature. 
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Ticks are ectoparasites that, while taking a blood meal, can transmit a variety of human 

pathogens. Lyme borreliosis is a common tickborne disease in the United States and Europe, 

where Ixodes scapularis and Ixodes ricinus are the most important vectors, respectively. In the 

United States, Borrelia burgdorferi sensu stricto (B. burgdorferi) is the only prevalent Borrelia 

species and is transmitted by I. scapularis, whereas in Europe 3 Borrelia species -B. burgdorferi, B. 

garinii, and B. afzelii - can cause Lyme borreliosis and are transmitted by I. ricinus. In humans, 

all 3 species frequently cause an erythematous cutaneous lesion, erythema migrans. In later stages 

of infection, spirochetes can disseminate and cause disease that affects the joints, cardiac 

conduction system, central nervous system, and skin [1, 2]. It has been demonstrated previously 

that each Borrelia species is associated with distinct clinical entities [1, 3, 4]. 

During its enzootic life cycle, B. burgdorferi exploits tick salivary proteins [5]. These 

vector molecules are important for B. burgdorferi survival within the tick (e.g., TROSPA [6]), for 

transmission from the host to the tick (e.g., Salp25D [7]), and for transmission from the tick to 

the host (e.g., Salp15 [8]). Salp15 is a 15-kDa I. scapularis feeding-induced salivary protein [9] 

and has been shown to bind to B. burgdorferi outer surface protein (Osp) C [8]. B. burgdorferi 

expresses OspC in the tick salivary glands and during the early stages of mammalian infection 

[10]. Binding of Salp15 to OspC protects the spirochete from antibody-mediated killing by the 

host. In nature, the ability of B. burgdorferi, assisted by I. scapularis Salp15, to reinfect immune 

reservoir hosts could be an important factor in the continuation of the complex enzootic life 

cycle of the spirochete.  

In addition to B. burgdorferi, I. ricinus is also able to transmit 2 other Borrelia species 

that cause Lyme borreliosis, B. garinii and B. afzelii. Recently, we identified 3 Salp15 

homologues in I. ricinus, Salp15 Iric-1, -2, and -3, of which Salp15 Iric-1 is most similar to I. 

scapularis Salp15 [11]. In the present article, we describe the interaction of Salp15 Iric-1 with its 

presumed natural ligand, OspC from Borrelia burgdorferi sensu lato strains representing the 3 

pathogenic Borrelia species in Europe.  

 

 

Identification and cloning of Salp15 Iric-1.  Recently we identified 3 homologues of I. scapularis 

Salp15 in salivary glands from fed adult I. ricinus ticks [11]. One of these homologues shared 

82% homology with I. scapularis Salp15 at the DNA level and was designated Salp15 Iric-1.  
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Figure 1. Characterization of (recombinant) Salp15 Iric-1. (A) Quantitative reverse-transcription polymerase chain 

reaction (PCR) performed on RNA obtained from salivary glands (SG) from semi-engorged adult female Ixodes ricinus 

ticks with primers specific for Salp15 Iric-1, -2, and -3. The no. of Salp15 Iric-1, -2, and -3 copies was determined from 

the same cDNA sample in a single PCR run. Bars represent means ± SEs for 3 independent experiments. The no. of 

copies is normalized to the amount of input RNA. (B) Salp15 Iric-1 cloned into the pMT/BiP/V5–His C expression 

vector and stably transfected into S2 Drosophila cells. Recombinant protein with a C-terminal His tag and V5 epitope 

was purified using nickel-charged columns. Recombinant Ixodes scapularis Salp15 was purified similarly to Salp15 Iric-1. 

Recombinant proteins were separated by SDS-PAGE, and the gel was subjected to Coomassie brilliant blue staining; 

lane 1, molecular weight (MW) marker; lane 2, I. scapularis Salp15; lane 3, Salp15 Iric-1. (C) Investigation of the 

difference in apparent molecular weight. We determined whether the 2 proteins were differentially modified at the 

posttranslational level by assessing potential N-glycosylation sites using the Web-based software available at 

http://www.cbs.dtu.dk/services/NetNGlyc. The N-glycosylation potential threshold was set at 0.5. D, I. scapularis Salp15 

and Salp15 Iric-1 deglycosylated by N-glycosidase F (New England Biolabs) in accordance with the manufacturer's 

instructions under denaturing conditions, subjected to SDS-PAGE, and blotted onto an Immobilon-P membrane. 

Proteins were visualized with anti-V5–horseradish peroxidase antibody; lanes 1 and 2, I. scapularis Salp15; lanes 3 and 4, 

Salp15 Iric-1. Arrows indicate that samples were treated with N-glycosidase F. 

 

To assess the role played by the Salp15 homologues in I. ricinus in the pathogenesis of Lyme 

borreliosis, we first defined their relative expression in salivary glands 3 days after engorgement 

(Fig.1A). Both Salp-15 Iric-1 and Iric-2 were shown to be highly expressed.  
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Figure 2. Interaction of Salp15 Iric-1 with Borrelia burgdorferi strain N40. (A) Solid-phase overlays with B. burgdorferi 

strain N40 and B. burgdorferi strain 297 deficient for ospC for Ixodes scapularis Salp15 and Salp15 Iric-1. The left panel 

shows Coomassie blue staining of lysates from B. burgdorferi strain N40 (7.2 g) and strain 297 deficient for ospC (5.1 

g), separated by SDS-PAGE and blotted onto an Immobilon-P membrane. The molecular weight (MW) was 

determined using a molecular weight marker. Western blot analysis using a monoclonal antibody, L22 1F8, recognizing 

outer surface protein (Osp) C from B. burgdorferi sensu lato confirmed that the 22-kDa band was indeed OspC. Binding 

of recombinant I. scapularis Salp15 or Salp15 Iric-1 to native OspC was assessed by a solid-phase overlay with 1 g/mL 

I. scapularis Salp15, 1 g/mL Salp15 Iric-1, or vehicle control as a negative control, and binding was visualized using 

mouse anti-V5 and rabbit anti–mouse IgG–horseradish peroxidase (HRP) antibodies. (B) Purified Escherichia coli–

expressed recombinant OspC from B. burgdorferi strain N40, separated by SDS-PAGE and visualized by Coomassie 

blue staining. Lane 1, Molecular weight marker; lane 2, N40-OspC. (C) OspC-Salp15 ELISA. N40-OspC (400 

ng/well) was coated onto ELISA plates and incubated with different concentrations of I. scapularis Salp15 (black line) 

and Salp15 Iric-1 (gray line). Binding was visualized by incubation with a secondary and tertiary antibody, anti-V5-HRP 

and anti–mouse IgG–HRP antibodies, respectively. After addition of the substrate, absorbance was read at 450 nm. As a 

control, bovine serum albumin (BSA) was coated, and background signals did not exceed the indicated dashed line. This 

graph is representative of 5 independent experiments. Error bars represent SEs of triplicates from a single experiment. 

(D) Surface plasmon resonance N40-OspC and I. scapularis Salp15 and Salp15 Iric-1. N40-OspC was bound to a CM5 

sensor chip and different molar concentrations (ranging from 0 to 4500 nmol/L, represented by individual lines, with the 

highest line representing 4500 and the lowest line representing 0 nmol/L) of I. scapularis Salp-15 or Salp15 Iric-1 were 

injected for 300 s. Resonance units (RUs) depicted are after subtraction of the RUs from the BSA reference channel. 

Binding constants were calculated by 1:1 Langmuir fitting and confirmed by steady-state affinity plotting (see Table 2). 
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In addition, E. coli–expressed tumor necrosis factor–  with a C-terminal His tag and vehicle control did not show any 

binding (data not shown). (E) In vitro protection assay in which spirochetes were preincubated with I. scapularis Salp15, 

Salp15 Iric-1 (final concentration, 40 g/mL), or BSA as a control and then subjected to serum (diluted 1:200) from an 

N40-immunized rabbit ( -N40) for 16 h. Viable spirochetes were visualized by dark-field microscopy. Bars represent 

means ± SEs for 3 independent experiments. NRS, normal rabbit serum. (F) In vivo experiment showing N40 burden in 

mice immune to N40 that were reinfected with Barbour-Stoenner-Kelly medium (SHAM) (2 mice), N40 preincubated 

with BSA (N40 plus BSA) (8 mice), or Salp15 Iric-1 (N40 plus Iric-1) (7 mice) and killed 2 weeks after reinfection. 

N40 burden was determined by quantitative polymerase chain reaction and was corrected for the amount of -actin. Bars 

represent means ± SEs. As a positive control, naive mice (n=3) were infected with N40. The N40 burdens in different 

tissues in these mice were comparable to those in immune mice rechallenged with N40 preincubated with Salp15 Iric-1 

(data not shown). (G) Carditis severity scores in hematoxylin-eosin–stained sagittal sections of mouse hearts. In 

comparison, 3 naive mice infected with N40 and killed 2 weeks after infection had an average carditis score of 2.7 ± 

0.5(data not shown). A 2-sided Mann-Whitney U test was performed to determine statistical differences between the 

groups. *P<.05 and **P<.01, not significant. 

 

Because Salp15 Iric-1 was most similar to I. scapularis Salp15, we expressed this protein in a 

Drosophila expression system (Fig.1B). Salp15 Iric-1 and I. scapularis Salp15 consist of 134 and 

135 aa, respectively. However, the apparent molecular weight of Salp15 Iric-1 is 5 kDa greater 

than that of I. scapularis Salp15. Analysis of the amino acid sequences of the 2 proteins 

(http://www.cbs.dtu.dk/services/NetNGlyc) revealed that Salp15 Iric-1 has 4 and that I. 

scapularis Salp15 has 2 predicted N-glycosylation sites (Fig.1C). Indeed, deglycosylation of I. 

ricinus and I. scapularis Salp15 by N-glycosidase F (PGNaseF) resulted in proteins of 

comparable molecular weight (Fig.1D).  

 

Interaction of Salp15 Iric-1 with B. burgdorferi sensu stricto.  We first demonstrated that, 

similar to I. scapularis Salp15, Salp15 Iric-1 binds to OspC in lysates from B. burgdorferi strain 

N40 in a solid-phase overlay (Fig.2A). Salp15 Iric-1 also bound to OspC from B. burgdorferi 

strain B31 (Fig.S2) but did not bind to a mutant strain lacking OspC (Fig.2A). In addition, 

when overlays were performed with vehicle control instead of Salp15 proteins, similar 

background signals were observed compared with the overlays performed with the Salp15 

proteins, further indicating that the binding was specific to OspC (Fig.2A). To characterize 

further the binding of Salp15 Iric-1 to B. burgdorferi OspC, we generated soluble recombinant 

OspC derived from B. burgdorferi strain N40 (N40-OspC) (Fig.2B) and performed an OspC-

Salp15 ELISA. Like I. scapularis Salp15, Salp15 Iric-1 bound to plate-bound N40-OspC 

(Fig.3C). To determine more specifically the affinity of the 2 proteins for N40-OspC, we 

performed SPR and demonstrated that the binding constant for Salp15 Iric-1 and N40-OspC 

was 2,23 x 10-6 ± 0,15 x 10-6 mol/L; for I. scapularis Salp15 and N40-OspC it was 0,78 x 10-6 ± 

0,14 x 10-6 mol/L (Fig.2D, Table 2). Control runs with vehicle control or equimolar amount of 
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recombinant TNF-  with a C-terminal His tag did not show any binding (data not shown). To 

investigate whether the subtle difference in affinity had implications for the extent of protection 

from antibody-mediated killing, we performed in vitro protection assays with rabbit N40-

immune serum. N40 spirochetes preincubated with either I. scapularis Salp15 or Salp15 Iric-1 

appeared to be equally protected from N40-specific antibodies (Fig.2E), including when lower 

concentrations of the Salp15 proteins were used (Fig.S3). I. scapularis Salp15 has also been 

shown to protect B. burgdorferi strain N40 from antibody-mediated killing in vivo; N40 by itself 

could not reinfect N40-immune mice, but N40 preincubated with I. scapularis Salp15 could [8]. 

We performed a similar experiment with Salp15 Iric-1 and N40. N40-immune mice 

rechallenged with 1 x 105 N40 preincubated with 30 g of I. ricinus were more readily reinfected 

(Table 3) and were found to have significantly higher spirochete loads in several tissues 2 weeks 

after infection than N40-immune mice rechallenged with N40 preincubated with 30 g of BSA 

(Fig.2F), resulting in more severe carditis (Fig.2G). 

  

 
Note. Binding curves of different molar concentrations of I. scapularis Salp15 and Salp15 Iric-1 to OspC from the 

different Borrelia species are shown in Figure 2 and 3 D. These data were analyzed with the BIA evaluation software 

(version 3.2) using 1:1 Langmuir fitting to calculate the KD. Results were confirmed by steady state affinity plotting (data 

not shown). Ka: association constant, Kd: dissociation constant, KD: binding constant, data represent the mean of three 

independent experiments ± SE. 

 

Interaction of Salp15 Iric-1 with B. garinii and B. afzelii.  In Europe, Lyme borreliosis is caused 

by 3 Borrelia species, B. burgdorferi, B. garinii, and B. afzelii. Therefore, we investigated the 

interaction of B. garinii strain PBi and B. afzelii strain pKo with Salp15 Iric-1. By solid-phase 

overlay, we demonstrated that Salp15 Iric-1 was able to bind to OspC from all 3 Borrelia species 

(Fig.3A). To investigate the interaction further, we also produced soluble recombinant OspC 

derived from B. garinii strain PBi (PBi-OspC) and B. afzelii (pKo-OspC) (Fig.3B). In both 

Salp15 Iric-1–OspC ELISA (Fig.3C) and SPR (Fig.3D,Table 2), we showed that the affinity 

of Salp15 Iric-1 for OspC from PBi and pKo was comparable to the affinity of Salp15 Iric-1 for 

N40-OspC. 

Table 2. Binding kinetics of I. scapularis Salp15 and Salp15 Iric-1 for OspC from the different 

B. burgdorferi sensu lato strains. 

Salp15 protein OspC Ka (1/MS) Kd (1/s) KD (M) 

I. scapularis Salp15 N40-OspC 4,9E+03 ± 5 3,8E-03 ± 0,7E-03 0,78E-06 ± 0,14E-06 

Salp15 Iric-1 N40-OspC 4,6E+03 ± 896 10,2E-03 ± 2,5E-03 2,23E-06 ± 0,15E-06 

Salp15 Iric-1 PBi-OspC 3,7E+03 ± 412 8,4E-03 ± 1,0E-03 2,27E-06 ± 0,25E-06 

Salp15 Iric-1 pKo-OspC 4,0E+03 ± 1,0E+03 9,7E-03 ± 2,5E-03 2,50E-06 ± 0,4E-06 
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Figure 3. Interaction of Salp15 Iric-1 with Borrelia garinii strain PBi and Borrelia afzelii strain pKo. (A) Solid-phase 

overlay with the different Borrelia species. Lane 0, molecular weight (MW) marker; lane 1, Borrelia burgdorferi strain 

N40; lane 2, B. garinii strain PBi; lane 3, B. afzelii strain pKo; lane 4, ospC-deficient strain 297. The amounts loaded on 

SDS-PAGE gel for B. burgdorferi strain N40, B. garinii strain PBi, B. afzelii strain pKo, and the outer surface protein 

(Osp) C mutant B. burgdorferi strain 297 were 7.2, 8.14, 8.62, and 5.1 g, respectively. After transfer to an Immobiolon-

P membrane, Coomassie blue staining, Western blot, and solid-phase overlay using 1 g/mL Salp15 Iric-1 were 

performed. (B) Coomassie blue staining of recombinant N40-OspC (lane 2), PBi-OspC (lane 3), and pKo-OspC (lane 

4). Lane 1, molecular weight marker. Western blot analysis using monoclonal antibody L22 1F8, recognizing OspC 

from B. burgdorferi sensu lato, confirmed that the 22-kDa recombinant proteins were indeed OspC (data not shown). 

The affinity of Salp15 Iric-1 for the different OspCs was assessed by OspC ELISA (C) and by surface plasmon 

resonance (D). (E) In vitro protection assay in which N40, PBi, or pKo spirochetes were preincubated with Salp15 Iric-1 

(final concentration, 40 g/mL) or with bovine serum albumin (BSA) as a control and then subjected to serum from a 

rabbit immunized with the indicated Borrelia species for 16 h (anti-N40, diluted 1:200; anti-PBi and anti-pKo, diluted 

1:300). Bars represent means ± SEs for 3 independent experiments. The average amount of viable spirochetes per dark-

field microscope field in the well incubated with normal rabbit serum (NRS) was set at 100%. (F) Borrelia burden 

determined by quantitative polymerase chain reaction in tissues from an in vivo experiment with B. afzelii strain pKo as 

described for N40 in the legend to figure 3. Eight to 9 mice per group were used. As a positive control, naive mice (n=3) 

were infected with pKo. These mice had high spirochete numbers in skin (688 ± 491) spirochetes/1 x 106 -actin DNA 

copies), bladder (288 ± 100 spirochetes/1 x 106 -actin DNA copies), and ankle tissue (1210 ± 813 spirochetes/1 x 106 -
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actin DNA copies). These data are not depicted in the graphs, but the Y-axis of the graphs is based on these values. Both 

immune and naive mice were killed 2 weeks after (re)infection. (G) Carditis severity scores in hematoxylin-eosin–stained 

sagittal sections of mouse hearts. In comparison, 3 naive mice infected with pKo and killed 2 weeks after infection had 

an average carditis score of 3 ± 0 (data not shown). A 2-sided Mann-Whitney U test was performed to determine 

statistical differences between the groups. * p≤ 0,05  , ** p≤ 0,01, and *** p≤ 0,001 . NS, not significant. 

 

Notably, Salp15 Iric-1 did not protect PBi and pKo from killing by specific antibodies in vitro 

(Fig.3E), not even when higher amounts (i.e., 8 g/well Salp15 Iric-1) were used (data not 

shown). In concordance with this finding, we demonstrated that the presence of Salp15 Iric-1 

did not enhance the ability of pKo to reinfect pKo-immune mice (Fig.3F, Table 3), and there 

was no difference in carditis scores between pKo-immune mice rechallenged with strain pKo 

preincubated with Salp15 Iric-1 and those rechallenged with strain pKo preincubated with BSA 

(Fig.3G). It proved not to be possible to reinfect PBi-immune mice with strain PBi, regardless 

of the presence or absence of Salp15 Iric-1, although the strain was clearly infectious in naive 

mice (Table 3).  

 

 

The I. scapularis 15-kDa salivary protein Salp15 binds to OspC from B. burgdorferi, protecting 

the spirochete from antibody-mediated killing by the host [8]. Because we recently identified a 

Salp15 homologue, Salp15 Iric-1, in the European vector for Lyme borreliosis, I. ricinus, we 

hypothesized that this protein would also bind to OspC [11]. To test our hypothesis, we 

investigated whether Salp15 Iric-1 interacts with OspC from Borrelia strains representing the 3 

major pathogenic Borrelia species in Europe. Therefore, we expressed Salp15 Iric-1 in a 

Drosophila expression system, similar to other tick proteins [19]; with SDS-PAGE, Salp15 Iric-

1 appeared larger than the predicted molecular mass but also larger than I. scapularis Salp15. We 

demonstrated that these differences are due to differences in glycosylation. Although the OspC 

sequences from the different Borrelia strains are only 70% homologous, Salp15 Iric-1 bound 

equally well to OspC from B. burgdorferi strain N40, B. garinii strain PBi, and B. afzelii strain 

pKo, as determined by ELISA and SPR. This suggests that the binding site of OspC for Salp15 

Iric-1 is conserved between the 3 different Borrelia species. For ELISA and SPR we used 

truncated OspC, that is, mature OspC lacking the 20-aa leader sequence, because of 

unpublished observations indicating that I. scapularis Salp15 was unable to bind to full-length B. 

burgdorferi OspC. By SPR, we showed that I. scapularis Salp15 has a higher affinity for B. 

burgdorferi OspC than Salp15 Iric-1. 
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Table 3. PCR positivity of tissues from naive or immune mice  

Mice Inoculum 

Ear 

(pos/total) 

 Skin 

(pos/total) 

 Ankle  

(pos/total) 

Bladder 

(pos/total) 

 Any organ 

(pos/total) and (%) 

Naive N40 ND 3/3 3/3 3/3 (9/9) 100% 

Naive pKo ND 3/3 3/3 3/3 (9/9) 100% 

Naive Pbi 6/9 2/3 ND 2/3 (10/15) 66% 

Immune SHAM * 0/2 0/2 0/2 0/2 (0/8) 0% 

Immune N40 + BSA ND 4/8 3/8 4/8 (11/24) 46% a 

 N40 + Iric-1 ND 7/7 6/7 6/7 (19/21) 90% b 

Immune pKo + BSA ND 0/9 2/9 2/9 (4/27) 15%  

 pKo + Iric-1 ND 1/9 3/9 4/9 (8/27) 30% c 

Immune PBi + BSA ND 0/8 0/8 0/8 (0/24) 0% d 

 PBi + Iric-1 ND 0/8 0/8 0/8 (0/24) 0% 

Note. PCR positivity of tissues from naive or immune mice inoculated with 1 x 105 spirochetes. Tissue were analyzed two 

weeks post (re-)infection. * This was demonstrated for N40-, PBi, and pKo-immune mice.  a In addition, in these mice 

low spirochetal numbers were detected by q-PCR (Fig 2). b Statistically more tissues from N40-immune mice were re-

infected with B. burgdorferi strain N40 in the presence of Salp15 Iric-1 compared to BSA, p=0, 0018 (Two-sided chi-

square test). c This difference was not statistically significant for B. afzelii strain pKo. d PBi-immune mice could not be 

re-infected with B. garinii strain PBi regardless of the presence or absence of Salp15 Iric-1, not even when a higher 

inoculum, 1 x 107 spirochetes was used (data not shown). 

 

The difference in affinity between the 2 proteins did not result in a difference in 

protection in the in vitro protection assays with B. burgdorferi. However, the amounts of Salp15 

in both in vitro and in vivo experiments were based on previous research [8] and are estimated to 

be a surplus. We did not report the interaction between I. scapularis Salp15 and B. garinii or B. 

afzelii OspC because these spirochetes are not transmitted by I. scapularis in nature. Notably, the 

OspC sequence from B. burgdorferi strain N40 is 84% similar to the sequence of OspC from the 

B. burgdorferi reference strain B31, which is 100% identical to several European clinical isolates 

(PTa, Pho, Pboe, and PAIi). 

Strikingly, Salp15 Iric-1 protected only B. burgdorferi strain N40 from antibody-

mediated killing, resulting in significantly higher B. burgdorferi numbers and more severe 

carditis, compared with controls, in the in vivo experiments. Neither the B. garinii strain PBi nor 

the B. afzelii strain pKo was protected in the in vitro assays or the in vivo experiments with 

immune mice. This differential protection of B. burgdorferi by Salp15 Iric-1 could give B. 

burgdorferi a survival advantage over the 2 other Borrelia species in nature. Previously, we also 

demonstrated that B. burgdorferi outcompetes B. garinii in mice simultaneously inoculated with 

both Borrelia species through syringe inoculation [13]. 
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The reason for the differential protection of B. burgdorferi, despite the ability of Salp15 

Iric-1 to bind to OspC from all 3 pathogenic Borrelia species, can be explained in various ways. 

It could be that B. burgdorferi strain N40 expresses more OspC that the 2 European Borrelia 

strains. However, we have previously shown that B. afzelii strain pKo expresses high amounts of 

OspC under in vitro conditions [20]. A different explanation would be that OspC, or the I. 

scapularis Salp15 or Salp15 Iric-1 binding site on OspC, is more exposed in B. burgdorferi than 

in B. afzelii and B. garinii. Whether this would be due to structural differences in the OspC 

proteins or to surrounding surface proteins remains an interesting topic for future research. 

Alternatively, the OspC surface consists of alternating positively and negatively charged areas 

that are important in the formation of OspC multimers or lattices on the surface of the 

spirochete [21]. Therefore, Salp15 binding to OspC could form a coating, which would explain 

the fact that the spirochete is protected not only from killing induced by anti-OspC antibodies 

but also from killing induced by B. burgdorferi antiserum [8]. Differences in OspC structure for 

B. burgdorferi compared with B. garinii and B. afzelii could affect the ability of the OspC dimers 

to form multimers or lattices and thereby expose other surface proteins, making the spirochete 

more susceptible to antibody-mediated killing. Last, it could be that other protein targets for 

bactericidal antibodies are more readily available in B. garinii or B. afzelii. 

Interestingly, the OspC surface interface consists of a highly negatively charged cavity, 

suggested to be involved in protein-protein interactions [21, 22]. It is tempting to speculate that 

this site might be the binding site not only for Salp15 and Salp15 Iric-1 but also for the Salp15 

paralogues in I. ricinus, Salp15 Iric-2 and -3. Therefore, if in vivo protection is dependent on the 

accessibility of this binding pocket, it seems unlikely that these Salp15 paralogues would protect 

B. garinii or B. afzelii against antibody-mediated killing. Another function of I. scapularis Salp15 

is inhibition of CD4+ T cells by binding to CD4 [23–25]. It will be interesting to see whether 

the recently identified variants of Salp15 in I. ricinus, which share high sequence homology with 

I. scapularis Salp15 at the C-terminus, are able to inhibit T cell activation. 

Currently, no vaccine is available to prevent B. burgdorferi sensu lato infection. Antitick 

vaccination strategies have been shown to prevent transmission of tick-borne pathogens [5]. 

Applying similar strategies to prevent Lyme borreliosis in Europe as well as in the United States 

is challenging because of the different Ixodes species that are the vectors for Lyme borreliosis. 

We have hypothesized elsewhere that Salp15 could serve as a candidate target [5, 11]. However, 

our present findings show that a Salp15 vaccine (targeting I. scapularis Salp15 as well as Salp15 

Iric-1) would not be effective in Europe, because although it might prevent transmission of B. 

burgdorferi from the tick to the host, it probably would not prevent transmission of B. afzelii and 

B. garinii. 
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In summary, we have shown that a newly identified I. ricinus salivary protein, Salp15 

Iric-1, binds to B. burgdorferi OspC, protecting the spirochete from antibody-mediated killing. 

In addition, we have demonstrated that Salp15 Iric-1 binds equally well to OspC from B. garinii 

and B. afzelii but that these Borrelia species are not protected. Our findings underscore the great 

complexity of tick-host-pathogen interactions in Lyme borreliosis in Europe.  

 

 
 

I. ricinus Salp15 homologue–specific reverse-transcription polymerase chain reaction (RT-PCR).  Adult female I. 

ricinus ticks were fed on rabbits. After 3 days, semiengorged ticks were removed, salivary glands were dissected, and 

RNA was isolated and cDNA generated as described elsewhere [11]. Quantitative RT-PCR on I. ricinus salivary gland 

cDNA was performed using different sets of primers specific for the 3 Salp15 variants (Table 1). Amplification of 

cDNA- and gene-specific standards was visualized and quantified using LightCycler software (Roche Diagnostics). 

  

Cloning and expression of Salp15 Iric-1.  Salp15 Iric-1 (GenBank accession number EU128526) was amplified from a 

recombinant pGEM-T Easy vector (Promega) (Table 1), inserted into the pMT/BiP/V5–His C vector (Invitrogen), 

transformed into DH5-  cells that were subjected to plasmid isolation (Miniprep Kit; Qiagen), and sequenced as 

described elsewhere [11]. Drosophila S2 cells (Invitrogen) were cotransfected with a blasticidin selection vector, 

pCOBlast (Invitrogen). Stably transfected cells were grown and induced and recombinant protein was purified as 

described elsewhere [8]. I. scapularis Salp15 (GenBank accession number AF209914) was generated in a similar fashion. 

Protein concentrations were determined using a standard Bradford assay, Coomassie staining, and Western blot analysis 

with anti-V5–horseradish peroxidase (HRP) antibody. Mock-transfected Drosophila S2 cells were grown and induced, 

and the supernatant was run over a purification column to generate a “vehicle control” to control for impurities (i.e., 

Drosophila background proteins) in the recombinant protein fractions. Where indicated, deglycosylation was performed 

by use of N-glycosidase F (New England Biolabs) under denaturing conditions. 

 

Borrelia burgdorferi sensu lato.  B. burgdorferi sensu lato strains representing the 3 pathogenic Borrelia species that exist in 

Europe - B. burgdorferi strains N40 and B31 clone 5A11 [12], B. garinii strain PBi, and B. afzelii strain pKo - were 

cultured in Barbour-Stoenner-Kelly (BSK)-H medium (Sigma-Aldrich). Low-passage spirochetes were grown to 5 x 107 

organisms/mL (enumerated by use of a Petroff-Hausser counting chamber, as described elsewhere [13]) and diluted to 

the indicated concentrations. 

 

Solid-phase overlay.  Borrelia lysates were separated by 12.5% SDS-PAGE and blotted onto an Immobilon-P membrane 

(Millipore) to have approximately similar amounts of OspC. As a negative control, we used lysate from ospC-deficient 

B. burgdorferi strain 297 [14]. Solid-phase overlays were performed as described elsewhere [8]. In addition, Western blot 

analysis was performed using a monoclonal antibody, L22 1F8, recognizing OspC from B. burgdorferi sensu lato [15]. 

 

Cloning and expression of recombinant B. burgdorferi sensu lato OspC.  OspC was amplified from genomic DNA from 

Borrelia strains N40, PBi, and pKo (Table 1) and inserted into the pGEX-6p-2 vector (Amersham Biosciences). 

Recombinant plasmids were cloned into DH5-  cells, and inserts were sequenced as described elsewhere [11]. Large 

cultures were induced by use of isopropyl -D-1-thiogalactopyranoside (final concentration, 1 mmol/L). Recombinant 

glutathione S-transferase (GST)–fused OspC proteins were harvested, purified, and cleaved from GST in accordance 
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with the manufacturers' recommendations. Purity was checked using SDS-PAGE, and protein concentrations were 

measured using a Bradford assay. 

 

Table 1. Primers (and probe) used 

 

Target 

 

Forward 

 

Reverse 

 

Probe 

Iric-1 specific TAACAAATCTCGTAACTCCCTTC ATCCAGGAATGTGCCCAA - 

Iric-2 specific ATGAAAATTGTTGATAGCCGA CGGAACGCATTGGTCTTT - 

Iric-3 specific TGCGAGCAAGGTATATATGG TACCCCACACACTCGTCTTT - 

Iric-1 cloning AAAAAAAACCATGGAATGAAA

-GCGCCACAAGCGAA 

AAAAAAAAGCGGCCGCACA-

TCCAGGAATGTGCCC 

- 

N40-ospC cloning AAAAAAAAGGATCCGGAAAAG-

ATGGGAATGC 

AAAAAAAACTCGAGCTAAG-

GTTTTTTTGGACTTTCTGC 

- 

PBi-ospC cloning AAAAAAAAGGATCCGGTGGGG-

ATTCTGCATC 

AAAAAAAACTCGAGCTAAG-

GTTTTTTTGGAGTTTCTGC 

- 

pKo-ospC cloning AAAAAAAAGGATCCGGGAAAG-

GTGGGGATTC 

AAAAAAAACTCGAGCTAAG-

GTTTTTTTGGACTTTCTGC 

- 

Borrelia flaB GCTTCTGATGATGCTGCTG TCGTCTGTAAGTTGCTCT- 

ATTTC 

GAATTRG

CAGTAAC

GG 

Mouse -actin GGGACCTGACAGACTACCTC AAGAAGGAAGGCTGGAAAAG - 

 

OspC-Salp15 ELISA.  Microlon ELISA plates (Greiner) were coated with recombinant OspC from the 3 Borrelia 

strains (400 ng/well) or with bovine serum albumin (BSA) as a control in 100 L/well coating buffer (0.1 mol/L 

Na2CO3 [pH 9.6]) overnight at 4°C. Subsequently, wells were washed (wash buffer, PBS plus 0.05% Tween) and 

incubated with 200 L of blocking buffer (10% fetal bovine serum in PBS) for 2 h. Subsequently, 50 L of blocking 

buffer with I. scapularis Salp15 or Salp15 Iric-1 (0–2000 ng/well) was added, incubated for 90 min, and washed, 

followed by incubation with anti-V5 antibody (Invitrogen) in 50 L of blocking buffer for 45 min and 6 washes. Anti-

IgG-HRP antibodies were incubated in 50 L of blocking buffer for 45 min followed by 8 washes. Finally, 

tetramethylbenzidine substrate was added, the reaction was stopped, and absorbance was measured at 450 nm. 

 

Surface plasmon resonance (SPR).  The 3 OspCs were coupled to a CM5 sensor chip. A control channel on each sensor 

chip was coated with BSA or treated with ethanolamine, to determine the background binding signal. Specific binding 

of I. scapularis Salp15 and Salp15 Iric-1 to the different OspCs was corrected for nonspecific binding to the control 

channel. Different molar concentrations (range, 0–4500 nmol/L) of I. scapularis Salp15 and Salp15 Iric-1 in PBS–

Tween 0.005% were injected for 300 s at a flow rate of 5 L/min, and binding was monitored in real time. Regeneration 

of the sensor chip was achieved by a 30-min wash with a buffer containing 0.08 mol/L NaSCN, 0.31 mol/L MgCl2, 

0.15 mol/L urea, and 0.31 mol/L guanidine-HCl, followed by equilibration with PBS-Tween. Binding kinetics were 

analyzed with BIAevaluation software (version 3.2). Control experiments with recombinant Escherichia coli-expressed 

human tumor necrosis factor (TNF)–  with a C-terminal His tag and a vehicle control were also performed. 

 

In vitro protection assays.  To each well (Greiner Bio 96 U-well plate), 50 L of BSK-H medium containing 1 x 108 

spirochetes/mL and 4 g of Salp15 (1 g/ l or a corresponding volume of PBS) were added. After 1 h, 46 L of serum or 

antiserum (diluted in PBS) was added and incubated for 16 h at 33°C. Antiserum was derived from rabbits immunized 

with the indicated Borrelia species, and normal rabbit serum was derived from preimmune (naive) rabbits. Antisera 
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recognized comparable antigen patterns (Supplemental figure 1), and titration experiments showed that the dilution of 

the antisera to reduce the numbers of viable spirochetes to approximately 30% was 1:200 for anti-N40 and 1:300 for 

anti-PBi and anti-pKo (data not shown). Normal rabbit serum was diluted accordingly. Experiments were performed in 

duplicate, a 25- L aliquot from each well was diluted 5 times, and the number of live (i.e., motile) spirochetes was 

counted using dark-field microscopy (magnification, × 250; 10 random fields per well).  

 

In vivo experiments.  The generation of immune mice has been described elsewhere [8]. Briefly, pathogen-free 

C3H/HeN mice (8 mice/group) were infected with Borrelia (1 x 105  spirochetes/mouse) by needle inoculation, tested 

for antibodies against B. burgdorferi by ELISA 2 weeks after infection, and treated with intraperitoneal ceftriaxone. 

Absence of spirochetal DNA was confirmed by PCR on tissue derived from ear biopsies. Mice were reinfected with the 

indicated Borrelia species (1 x 105 spirochetes/mouse) preincubated with Salp15 Iric-1 (30 g/1 x 105 spirochetes) or 

BSA. Tissue samples were collected 14 days after (re-)infection. 

 

Quantitative PCR and histopathology.  DNA from murine tissues was obtained with the DNeasy Kit (Qiagen). 

Quantitative PCR detecting Borrelia flaB and the gene for mouse -actin (Actb) was performed as described elsewhere 

[8, 13]. Standards consisted of dilutions of genomic DNA from the indicated Borrelia species or mouse Actb (252 bp) 

cloned into the PCR2.1-TOPO vector (Invitrogen) as described elsewhere [13]. Histopathological changes in tibiotarsi 

and heart tissue were assessed as described elsewhere [13, 16, 17]. Infection appeared to be too short to induce arthritis, 

since no arthritis was observed (data not shown). Also, 4- m-thick paraffin-embedded sections of sagittally dissected 

hearts were processed and stained with hematoxylin-eosin by routine histological techniques. Carditis was scored by an 

independent pathologist blinded to the experimental design on a scale from 0 to 3 (0, no inflammation; 1, mild 

inflammation with <2 foci; 2, moderate inflammation with ≥ 2 foci; 3, severe inflammation with focal as well as diffuse 

inflammation covering a large area) [16, 17]. As described elsewhere, inflammatory infiltrates were localized almost 

exclusively at the basis of the aorta and the adjacent ventricular walls [18]. 

 

Statistical analysis.  Differences between the groups were analyzed using 2-sided nonparametric tests, and, whenever 

appropriate, multiple-comparison correction was applied (version 4.0; GraphPad Prism Software). Data are presented as 

means ± SEs. 
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Figure S1.   Borrelia antigens recognized by rabbit antisera. Shown are Western blot 

results for different antisera from rabbits immunized with a specific Borrelia burgdorferi 

sensu lato strain. Lane 1, B. burgdorferi strain N40 lysate probed with anti-N40 rabbit 

serum; lane 2, Borrelia garinii strain PBi lysate probed with anti-PBi rabbit serum; lane 3, 

Borrelia afzelii strain pKo lysate probed with anti-pKo rabbit serum. The dilution of 

antiserum was 1:200, and the dilution of the secondary antibody (goat anti–rabbit–

horseradish peroxidase) was 1:1000. 

 

Figure S2.   Binding of Salp15 Iric-1 to outer surface protein (Osp) C from 

Borrelia burgdorferi strain B31. Shown is a solid-phase overlay of B. burgdorferi 

sensu stricto strain B31 and Salp15 Iric-1. Lane 1, Coomassie staining of B. 

burgdorferi sensu stricto strain B31 lysate; lane 2, B. burgdorferi sensu stricto strain 

B31 lysate probed with 1 g/mL Salp15 Iric-1. Binding of the tick protein to the 

Borrelia lysate was visualized using mouse anti-V5 antibodies and rabbit anti–

mouse IgG–horseradish peroxidase antibodies, as described in figures 3 and 6. 

Figure S3.   Protection of Borrelia strains by Salp15 proteins at lower concentrations, as shown by protection assays using 

the different Borrelia strains. Spirochetes were incubated overnight with normal rabbit serum (NRS) or specific rabbit 

anti-Borrelia serum in the absence or presence of 20 g/mL Salp15 Iric-1, Ixodes scapularis Salp15, or bovine serum 

albumin as a control in a total volume of 100 L. Anti-N40 antiserum was diluted 1:200, whereas anti-PBi and anti-pKo 

were diluted 1:300. NRS was diluted accordingly. Viable spirochetes were enumerated by dark-field microscopy, as 

described in figures 3 and 6. A 2-sided Mann-Whitney U test was performed to determine statistical differences between 

the groups. *P<.05. 
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Repeated exposure of rabbits and other animals to ticks results in acquired resistance or 

immunity to subsequent tick bites and is partially elicited by antibodies directed against tick 

antigens. In this study we demonstrate the utility of a yeast surface display approach to identify 

tick salivary antigens that react with tick-immune serum.  We constructed an Ixodes scapularis 

nymphal salivary gland yeast surface display library and screened the library with nymph-

immune rabbit sera and identified five salivary antigens. Four of these proteins, designated P8, 

P19, P23 and P32, had a predicted signal sequence. We generated recombinant (r) P8, P19 and 

P23 in a Drosophila expression system for functional and immunization studies. rP8 showed 

anti-complement activity and rP23 demonstrated anti-coagulant activity. Ixodes scapularis 

feeding was significantly impaired when nymphs were fed on rabbits immunized with a cocktail 

of rP8, rP19 and rP23, a hall mark of tick-immunity. These studies also suggest that these 

antigens may serve as potential vaccine candidates to thwart tick feeding. 
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Ixodes scapularis and Ixodes ricinus ticks transmit pathogens such as Borrelia, Babesia, 

Anaplasma and selected flaviviruses [1]. In order to acquire a successful blood meal, these ticks 

engorge for several days on a mammalian host and counter the haemostatic system and immune 

responses of the host by spitting tick saliva into the skin [2]. Tick saliva contains proteins that 

inhibit T-cells [3], B-cells [4], the complement system [5,6,7,8], dendritic cells [9] and the 

coagulation system [10,11,12,13].  Even though ticks modulate and dampen host immune 

responses to ensure successful feeding, upon repeated tick infestations some animals develop an 

immune response resulting in tick rejection. This phenomenon, referred to as ‘tick immunity’, 

was first described by William Trager in 1939, when he observed that Dermacentor variabilis 

ticks were not able to efficiently engorge on guinea pigs that had previously been exposed to 

several tick infestations [14]. Parameters of tick-immunity include decreased numbers of ticks 

feeding on the host, delayed time of engorgement, a reduction in tick weight, the inability to 

molt and decreased fecundity. Mast cells, basophils, eosinophils [15], and antibodies [16] 

against exposed and concealed [17] tick proteins play a role in tick-immunity.  

In contrast to animals such as guinea pigs and rabbits, mice, do not develop the hall 

marks of tick-immunity upon repeated infestations with Ixodes scapularis ticks [18].  The 

mechanism underlying this difference remains to be understood.  However, immune responses 

directed against tick proteins was shown to reduce Borrelia transmission when infected ticks fed 

on mice that were repeatedly infested with ticks [18]. Borrelia transmission in mice passively 

administered serum from tick-immune rabbits was also reduced when challenged with Borrelia 

burgdorferi-infected I. scapularis nymphs [19]. These observations uncouple tick feeding from 

pathogen transmission and suggest that while the tick-immune serum is unable to thwart tick 

feeding in mice, tick-immune serum contains antibodies directed against tick salivary proteins 

critical for Borrelia transmission to mice.  Repeated exposure to tick bites is also associated with 

fewer episodes of Lyme disease in residents living in areas where B. burgdorferi infection is 

endemic [20].  Therefore, identification of tick salivary antigens that react with tick-immune 

serum would provide the preamble for a molecular understanding of tick feeding as well as 

pathogen transmission and also provide novel vaccine targets both to block tick feeding and 

pathogen transmission [21].  

Immunoscreening of cDNA expression libraries using a phage display approach has 

identified several tick salivary proteins that react with tick-immune serum [22,23]. A limitation 

with phage-displayed proteins is that they lack eukaryotic post-translational modifications that 

might contribute to critical epitopes, and preclude the identification of such antigens by phage 

display screening.  Therefore, additional screening efforts that exploit novel high-throughput 
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approaches would be essential to generate a comprehensive array of salivary antigens that react 

with tick-immune sera.  Such a detailed catalog would help develop and distill a critical subset of 

tick salivary antigens that might serve as vaccines to block tick feeding and impair pathogen 

transmission.  Towards this goal, we adapted the Yeast Surface Display (YSD) approach [24], 

that allows eukaryotic proteins to be displayed in a near-native form [25].  While YSD has been 

traditionally applied to study protein-protein interactions, we have in this report utilized the 

YSD approach to identify a subset of salivary proteins from I. scapularis nymphal stage that react 

with nymph-immune rabbit sera.  

 

 

Identification of antigenic I. scapularis salivary proteins from the nymphal stage.  A YSD 

expression library of I. scapularis salivary gland cDNAs was probed with purified IgG from 

pooled sera from nymph-immune rabbits. After 4 rounds of magnetic-activated cell sorting 

(MACS) screen, a ~110-fold enrichment of yeast cells expressing salivary proteins recognized by 

rabbit nymph-immune serum (Fig.1A,B) was obtained.  The library sorted with IgG purified 

from non-immune serum did not show binding and did not provide enrichment of yeast cells 

(Fig. 1A). Two hundred fifty colonies from the 4th sort were individually tested for their ability 

to bind to rabbit nymph-immune antiserum by fluorescence-activated cell sorting (FACS) 

analysis. Recombinant plasmids were isolated from 98 positive colonies and insert sizes 

compared by restriction digestion analysis. Clones with similar insert sizes were grouped and 

representative clones sequenced. Five unique clones encoding tick salivary proteins were 

identified and provided a unique identifier based on their putative molecular mass as shown in 

Table 1. YSD was also useful in comparing the specificity and avidity of the antigen-antibody 

interaction between different clones using varying amounts of IgG from immune rabbits 

(Fig.1C).  In silico analysis of P23 and P32 protein sequences revealed homology with putative 

secreted salivary gland proteins of I. scapularis, P19 was found to share homology with proteins 

from Rhipicephalus annulatus and Heamaphysalis qinghaiensis [26,27]. P8 showed similarities with 

the I. scapularis anticoagulant protein, Salp14, and the putative anticoagulant Salp9pac.  P40 was 

identical to I. scapularis Transducing (beta)-like 2 protein (Table 1). With the exception of P40, 

all other antigens identified contained a canonical secretory signal sequence.   
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Figure 1. Enrichment and selection of yeast cells expressing immunogenic I. scapularis salivary proteins. FACS analysis 

of yeast cells using nymph-immune rabbit IgG (red) and IgG derived from normal rabbit serum (blue) of transformed 

yeast cells (sort 0); autoMACS sort (AutoMACS); MidiMACS sort 1, 2 and 3 (MidiMACS1, 2 and 3). (B) Selection 

for IgG binding clones using 50 μg/ml Alexa-488 conjugated nymph immune rabbit IgG. Sort 0 was used as a negative 

control and MACS sort 4 as a positive control. Upper panel: mouse anti-Xpress antibody binding to induced yeast cells 

(PE). Lower panel: Cells binding nymph immune rabbit IgG (IR IgG) shown within the pink gate (Alexa-488). (C) 

Titration of binding of each unique using 50 μg/ml (green bars), 10 μg/ml (red bars) or 1 μg/ml (blue bars) of immune 

rabbit IgG. The percentage IgG binding yeast cells were determined by FACS analysis as was shown in the right lower 

panel of Fig.1B. 
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Table 1. Antigenic Ixodes scapularis salivary proteins identified by immunoscreening a nymphal Ixodes scapularis yeast 

display library using nymph-immune rabbit serum.  

 

#Homology search performed using BLAST (www.ncbi.nlm.nih.gov/BLAST). *Theoretical molecular weight (MW) 

and isoelectric point (pI) using ExPASy proteomics server (http://www.expasy.ch/tools/pi_tool.html). †Proteins  ≤ 40% 

identity using the database of VectorBASE (http://iscapularis.vectorbase.org/) and the GenBank database 

(www.ncbi.nlm.nih.gov/blast/Blast.cgi). ‡Secretory signal sequence as assessed by the SignalP 3.0 signal prediction server 

(www.cbs.dtu.dk/services/SignalP/). 

 

With an initial focus on secreted salivary proteins, we chose to exclude P40 in this study. P8, 

P19 and P23 were produced as recombinant proteins in a Drosophila expression system and 

purified using Ni-NTA Superflow chromatography (Fig.2A). Escherichia coli DH5  cells 

transformed with the pMT/Bip/V5-HisA plasmid containing p32 were not viable, which 

precluded plasmid generation for transfection of S2 cells and rP32 protein production. The three 

recombinant salivary proteins were recognized avidly by antibodies in nymph-immune rabbit 

serum (Fig.2B, panel 1), and did not react with normal rabbit serum (Fig.2B, panel 2). Analysis 

of the amino acid sequences of the proteins (www.cbs.dtu.dk/services/NetNGlyc/) revealed that 

P8 and P19 have 1 predicted N-glycosylation site and P23 has 3 predicted N-glycosylation sites. 

Indeed, consistent with the in silico glycosylation predictions, glycoprotein staining with periodic 

acid-Schiff (PAS) indicated that rP8 and rP19 were glycosylated, albeit to a lesser extent 

compared to rP23 (Fig.2C).  

Positive 

colonies 

Genbank 

Accession Number 

Match to NR protein database# ORF MW* 

(kDa) 

pI* Domains Paralogues† Signal 

sequence‡ 

P8 HQ605983 I. scapularis, Salp14 

GenBank: AAK97824.1 

E value 2e-43 

 

I. scapularis, Salp9pac 

GenBank: AAN03859.1 

E value 5e-48 

276-bp 7.9 4.3 NO YES YES 

P19 XM_002399589.1 Rhipicephalus annulatus, Ba05 

GenBank: ABV53333.1 

E value 6e-78 

 

Haemaphysalis qinghaiensis,Hq05 

GenBank AAX37829.1 

E value 1e-69 

564-bp 18.7 5.8 NO NO YES 

P23 HQ605984 I .scapularis,  putative secreted SG peptide, 

GenBank:  XP_002405271.1 

E value 4e-37 

669-bp 22.7 9.5 NO YES YES 

P32 HM802761.1 

 

I .scapularis,  putative secreted SG peptide,  

GenBank:  AAV80775.1 

E value 3e-40 

912-bp 31.7 5.6 NO NO YES 

P40 HM802762.1 I. scapularis Transducing (beta)-like 2 

(Tbl2) protein, 

GenBank: XM_002416416.1 

E value 9e-140 

1089-bp 40.1 7.2 WD40 

(NCBI 

CDD:cl02567) 

NO NO 
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Figure 2. Purified recombinant Ixodes scapularis salivary proteins. (A) Coomassie blue staining of purified recombinant 

I. scapularis salivary proteins rP8, rP19 and rP23 electrophoresed on SDS 12% polyacrylamide gel. (B) Western blot 

analysis of the recombinant proteins probed with nymph-immune rabbit serum (IRS) and normal rabbit serum (NRS). 

(C) PAS staining of rP8, rP19, rP23 and Salp15 electrophoresed on SDS 12% polyacrylamide gel. 

 

Expression of the p19, p23, p32 and p8 genes in different I. scapularis stages. p19 and p23 were 

expressed in larval, nymphal and adult ticks, while p32 and p8 were primarily expressed in 

nymphs (Fig.3). As expected all 4 genes were expressed in tick salivary glands and significantly 

induced upon feeding. In addition, p19 and p23 showed additional expression in the tick gut in 

selected developmental stages and p8 and p32 were preferentially expressed in the nymphal 

salivary glands.  

 

rP8 protects Borrelia from complement-mediated killing. Since no functional domains were 

found by in silico analysis, we examined each of the three recombinant proteins in assays to test 

for predominant biochemical activities represented in tick saliva, i.e. anticomplement [6,8,28] 

and anticoagulant activity [10,11,12,13,29,30].  Unlike, B. burgdorferi sensu stricto,  B. garinii is 

a human complement sensitive strain [31].  Therefore, we utilized a B. garinii killing assay [8] to 

investigate whether rP8, rP19 and rP23 were able to protect spirochetes from or inhibit the 

human complement system. rP8 significantly reduced complement-mediated killing of B. garinii 

A87S (Fig.4) after 1.5 hours (Fig.4A; 90 ± 0.9% for BSA versus 31 ± 1.2% for rP8, p<0.0001) 

and 4.5 hours (Fig.4B; 97 ± 0.6% for BSA versus 25 ± 0.9% for rP8, p<0.0001), in a dose 

dependent manner. B. garinii spirochetes incubated with heat-inactivated NHS remained viable 

at all time points examined (Fig.4). None of the other recombinant proteins provided protection 

against complement-mediated killing (Fig.4). The I. scapularis salivary protein Salp15 was used 

as a positive control [8].  
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Figure 3. Expression of the genes coding for the four salivary proteins during several life stages of I. scapularis. 

Quantitative reverse-transcription polymerase chain reaction performed on RNA isolated from whole larvae, and from 

salivary glands and midguts I. scapularis from nymphs and adults. Expression profile of: A. p8; B. p19; C. p23; and D. 

p32 in unfed (grey bars) and fed ticks (black bars). SG; salivary glands, MG; midguts. 

 

rP23 inhibits coagulation of human plasma. Calibrated automated thrombography (CAT) was 

used to assess the effect of the recombinant I. scapularis salivary proteins on tissue factor initiated 

thrombin generation. In normal human pooled plasma, recombinant rP23 delayed thrombin 

generation (Fig.5A), with significant prolongation of lag time and time to peak (Fig.5B,C) in a 

dose dependent manner, suggesting that rP23 may influence the initiation phase of coagulation. 

In addition, determination of the total amount of thrombin formed (Endogenous Thrombin 

Potential, ETP) showed that rP23 significantly reduced thrombin generation by 18% compared 

to ETP in the absence of rP23 (Fig.5D). rP8 and rP19 at similar concentrations did not affect 

thrombin generation (Fig.5). 
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Figure 4. Influence of recombinant salivary proteins on human complement system. Serum sensitive strain Borrelia 

garinii A87S was incubated with 12.5% NHS in the presence of BSA, Salp15, rP19, rP23 or rP8 for (A) 1.5 hours; or 

(B) 4.5 hours and the percentage of immotile spirochetes were determined. Control spirochetes were incubated with 

heat-inactivated NHS (HI). Two hundred spirochetes were counted.  Results represent mean  ± SEM of values from a 

representative of 3 replicate experiments.  

 

Immunization with recombinant P8, P19 and P23 impairs nymphal tick feeding on rabbits. 

Three rabbits were immunized with a cocktail of rP8, rP19 and rP23. Nymphal salivary gland 

extract (SGE) probed with immune sera from each of the rabbits recognized the native proteins 

(Fig.6A, panel 1). A 45 kDa band appeared in all blots most likely due to binding of anti-rabbit 

IgG to host globulins present in the fed SGE [32]. Immune sera from 3 control rabbits 

immunized with OVA did not react with proteins in the nymphal SGE (Fig.6A, panel 1). Upon 

challenge of the immunized rabbits with I. scapularis nymphs, comparable numbers of nymphs 

fed to repletion on the control and experimental animals (127 nymphs on the immunized group 

versus 137 on the control group). Nymphs feeding on rabbits immunized with the cocktail of 

rP8, rP19 and rP23 were significantly lighter than nymphs feeding on the OVA control rabbits 

(Fig.6B; 3.7 ± 0.1 mg and 4.0 ± 0.1 mg, respectively, p=0.03). An independent control 

experiment showed that, after feeding on normal rabbits, nymphs with a weight of 3.3 mg and 

below consistently molted into males, while the heavy group of nymphs (3.4 mg and above) 

molted into female adult ticks (Table 2).  

 

Table 2. Relationship between post-engorgement weights and resultant sexes in Ixodes scapularis nymphs  

Nymphal Engorgement Weights Males Females 

2.0-3.3 mg 92 0 

3.4-6.2 mg 0 110 
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Figure 5. Influence of recombinant salivary proteins on human coagulation system. (A) Thrombin generation was 

initiated in human pooled normal plasma with 1 pM tissue factor (TF) in the presence of rP8 (dark grey), rP19 (light 

grey) or rP23 (dotted line) and thrombin generation was measured using a fluorogenic substrate. (B) Lagtime, (C) time 

to peak (ttpeak) and (D) Endogenous Thrombin Potential (ETP) were measured. Unpaired t-test was used to determine 

statistical significance. Representatives of three experiments are shown. Results described represent the mean ± SEM. 

 

Therefore, engorged ticks were also divided into subgroups (light and heavy) (Fig.6C-D), 

Analysis of the subgroups showed a significant reduction in engorgement weights in the heavy 

group of nymphs fed on the rP8, rP19 and rP23 cocktail immunized rabbits compared to the 

heavy group of nymphs fed on control rabbits (4.7 ± 0.1 mg and 4.9 ± 0.1 mg, p=0.01) (Fig.6C). 

There was no significant difference between the light group of nymphs feeding on immunized 

rabbits versus controls (Fig.6D). Finally, when three rabbits per group were immunized with 

single proteins, nymphal SGE probed with immune sera from each of the rabbits recognized the 

native proteins (Fig.6A, panel 2), but there was no difference in nymph weights, compared to 

the control OVA-immunized animals in both heavy (Fig. 6E) and light groups (Fig.6F).  
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Figure 6. Nymph feeding after rabbit immunization with recombinant salivary proteins. (A) Nymph salivary gland 

extract probed with rP8/rP19/rP23 immune rabbit serum (panel 1), rP8 or rP19 or rP23 immune rabbit serum (panel 2), 

and with serum from the control (OVA) rabbit. (B) Nymph weights recovered from the control and the rP8/rP19/rP23 

immunized rabbits. Tick weights of the heavy group of nymphs (C) and light group of nymphs (D) fed on 

rP8/rP19/rP23 immunized rabbits compared to the control rabbits. Weights of the heavy group of nymphs (E) and light 

group (F) of nymphs fed on rabbits immunized singly with OVA, rP19, rP8 or rP23 respectively. The horizontal bars 

represent the means of the respective groups. Unpaired t-test was used to determine statistical significance. 
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Ixodes ticks transmit numerous pathogens, including bacteria, protozoa and selected flaviviruses 

[33]. Anti-tick vaccines could potentially prevent transmission of Borrelia, as well as other 

pathogens, from the tick to the host.  Acquired resistance to tick feeding can also impair 

pathogen transmission [34,35]. Several studies have shown a critical role for the humoral 

response in tick immunity [16,36] and provided the impetus to identify antigens that elicit tick-

immunity by exploiting approaches including immunoscreening of cDNA expression libraries 

generated in routine prokaryotic expression systems [22,23].  However, the prokaryotic systems 

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

When these modifications are critical determinants of antigenic epitopes, prokaryotic expression 

systems preclude identification of such antigens. It is therefore critical to exploit additional 

strategies to circumvent these limitations.  It is also important to note that the proteome of the 

developmental stages of ticks are likely different [37] and antigens critical for one stage might 

not necessarily be critical for all stages. Therefore, it is important to develop viable and high-

throughput strategies to screen for salivary antigens that react with stage-specific immune sera.  

This would help build a comprehensive catalog of salivary antigens that react with tick-immune 

serum against different developmental stages of Ixodes scapularis, and facilitate the development 

of functional vaccines targeting critical developmental stages. Since, I. scapularis nymphs are 

critical for disease transmission to humans [38], in this study we advance our understanding of 

nymphal salivary proteins that react with nymph-immune rabbit sera. It is expected that these 

antigens might play a role in tick feeding and immunity against these antigens might impair tick 

feeding. Such a phenotype would therefore also affect the success of nymphal molting to adults 

and would be conductive to control tick populations.  Decreased feeding might also lead to 

decreased pathogen transmission.  Additionally, these antigens might provide functions critical 

for pathogen transmission [6,8,39]. Therefore, we used the YSD approach, to identify salivary 

antigens that react with nymph-immune serum and examine their role in the context of nymphal 

feeding success.  

We demonstrate that YSD technology is a robust tool for the identification of antigenic 

salivary gland proteins. The major advantage of YSD over other expression systems such as 

phage display, is that yeast cells have eukaryotic machinery allowing the display of eukaryotic 

proteins with post-translational modifications like glycosylation, phosphorylation and correct 

disulphide bond formation [40] and hence, utilized for several applications including protein 

affinity maturation, epitope mapping, and cell adhesion molecule engineering [25,41]. To date, 

there are only a few reports describing the utility of YSD for cDNA library screening and have 

addressed human cDNA libraries [42,43]. This study extends the utility of YSD to perform high 
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throughput immunoscreening of a YSD library of nymphal I. scapularis salivary gland cDNAs to 

enrich for yeast cells expressing antigenic tick proteins (Fig.1). 

The YSD library of I. scapularis salivary gland cDNA was prepared from RNA isolated 

from replete nymphs.  We are cognizant that the salivary gland proteome is dynamic, and the 

protein profiles change during feeding. The current screening effort is therefore not likely to 

identify antigens expressed specifically at early time points of feeding.  Five novel antigenic tick 

salivary proteins were identified using the YSD approach (Table 1). While P23 and P32 only 

showed homology with putative secreted salivary gland proteins, with no known functions.  P8 

showed homology with the putative anticoagulant Salp9pac and anticoagulant Salp14 family of 

proteins. Salp14 was identified earlier by Das et al [22] by immunoscreening a phage expression 

library of I.scapularis nymphal cDNAs using tick-immune sera [10].  P19 was homologous to a 

larval immunogenic protein, Ba05 from Rhipicephalus annulatus [27] and the protein Hq05 from 

Haemaphysalis qinghaiensis [26] (93 and 82% identity respectively). Expression analysis of Hq05 

showed expression specifically in salivary glands of nymphs and adults, but not in eggs and larvae 

of H. qinghaiensis [26]. P40 showed similarities with a putative G-protein from I. scapularis 

(XP_002416461.1) and with Transducin beta-like 2 proteins (NP_001008084) from several 

species including mammals. P40 contains 7 copies of the WD40 domain, which is found in 

several eukaryotic proteins that are involved in diverse functions including pre-mRNA 

processing, signal transduction, cytoskeleton assembly and cell cycle control [44,45,46]. P40 

lacked a canonical secretory signal sequence and possibly not secreted in tick saliva.  However, 

based on the reactivity of P40 with tick-immune sera (Table 1), we speculate that P40 might be 

secreted in tick saliva by other/novel secretory mechanisms and warrants detailed verification and 

therefore not included in this study.  Four of the five identified proteins, i.e. P8, P19, P23 and 

P32, had a predicted secretory signal sequence as assessed by the SignalP 3.0 signal prediction 

server (www.cbs.dtu.dk/services/SignalP/) and were therefore selected for further analysis. As 

expected, the identified genes p8, p19, p23 and p32 encoding for the antigenic tick proteins were 

all induced upon nymphal feeding (Fig.3). While p19 and p23 were expressed both during larval 

and adult stages, p8 and p32 were preferentially expressed in the nymphal stage, indicating that 

some salivary proteins might play a stage-specific role. Next, recombinant P8, P19 and P23 were 

made in S2 cells using a Drosophila expression system (Fig.2).  Attempts to generate stable S2 

cell lines expressing rP32 were unsuccessful. All three recombinant proteins showed 

glycosylations as seen by a positive reaction using the Periodic Acid Schiff method (Fig.2C), 

suggesting that these proteins might also be glycosylated in I. scapularis in vivo and might 

account for the slightly increased molecular masses of the native P8 and P23 (Fig.6A). In silico 

analysis of the proteins for potential glycosylation sites using the NetNGlyc server 
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(www.cbs.dtu.dk/services/NetNGlyc/) also suggested one and 3 potential N-glycosylation sites 

on P8 and P23, respectively.  

Despite the homology between P8 and the anticoagulant Salp14 [10,47], rP8 did not 

have any effect on thrombin formation in human plasma. We have previously shown that 

Salp9pac, also homologous to Salp14, did not have anticoagulant properties [10]. The 

anticoagulant Salp14 has a positively charged stretch of 20 amino acids at the C-terminal tail 

compared to rP8 and Salp9pac, which is most likely important for interaction with the coagulant 

proteins [10]. rP23 demonstrated anticoagulant activity and significantly delayed thrombin 

generation in human plasma (Fig.5). Interestingly, P23 does not contain any known anti-

coagulant domains and might represent a novel type of anticoagulant. The mechanism of 

anticoagulation by rP23 remains to be determined.  

To investigate the three proteins for anti-complement activity we used a B. garinii 

killing assay, since B. garinii is a serum sensitive strain compared to B. burgdorferi sensu stricto 

[8,31]. We have previously demonstrated that the serum-sensitive B. garinii A87S strain is killed 

by the human complement system after formation of the C5b-9 membrane attack complex and 

that Ixodes Salp15 provided protection against this complement-mediated killing [8]. When 

Borrelia was incubated with normal human serum, rP8 was also able to protect Borrelia against 

complement-mediated killing (Fig.4).  Whether, rP8 provides this protection by virtue of an 

anticomplement activity or by physically binding to spirochetes and shielding the spirochetes 

from complement attack remains to be examined.   

We next examined if immunity against these recombinant salivary proteins would 

recapitulate tick immunity in rabbits. When rabbits were immunized with a cocktail of rP8, 

rP19 and rP23 and challenged with pathogen-free nymphs, feeding efficiency was modestly, but 

significantly, decreased compared to nymphs that fed on OVA-immunized rabbits, as 

determined by engorgement weights (Fig.6B). Previous experiments in our laboratory, 

consistent with observations by Hu et al [48], have shown that the heavy group of nymphs (3.4 

mg and higher) consistently molted into adult females, while the light group of nymphs (3.3 mg 

and lighter) molted into adult males (Table 2). The impaired feeding phenotype was significant 

in the to-be-female group (Fig.6C), since when fed nymphs were separated into heavy (to-be-

female) and light (to-be-male) groups of nymphs, no difference in post-engorgement weights 

was found in the to-be male group of nymphs fed on the rP8, rP19, rP23 immunized rabbits 

compared to controls (Fig.6D). In addition, two weight populations were seen in the to-be male 

group of nymphs fed on the immunized animals (Fig.6D), possibly due to to-be female ticks 

that showed impaired feeding due to immunization with the recombinant tick proteins controls.  

It is possible that the to-be male group of ticks differentially express salivary proteins while 

feeding on the host compared to the to-be female group of nymphs. P8, P19 and/or P23 might 
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play a redundant role in feeding in the to-be male nymphs. Future studies will determine 

whether the cocktail vaccine (rP8, rP19 and rP23) might also impair pathogen transmission 

from the tick to the host.  

In conclusion, these data show that cocktail immunization targeting multiple 

(functional) salivary proteins resulted in impaired tick feeding, while immunizations with 

individual proteins did not have an effect. It is conceivable that targeting 3 antigens 

simultaneously provided neutralization of antigens important for suppressing several arms of the 

host defense (in this case, host coagulation and complement) and resulted in impaired tick 

feeding.  Further, the past decade has demonstrated that the tick transcriptome elaborates an 

array of functional paralogs [49]. Several anticomplement [6,8,28] and anticoagulant proteins 

[10,11,12,13,29,30] have been described and characterized in Ixodes ticks. This functional 

redundancy is central to the tick’s ability to feed successfully. To efficiently block tick feeding, it 

might be important to immunize animals with cocktails of several anticomplement or 

anticoagulant proteins to circumvent fall-back strategies of the tick.  Since tick-immunity 

effectively disables the ability of the tick to feed, presumably, tick-immune serum targets the 

critical subsets of functional paralogs.  Thus, intensive screening using the YSD approach would 

provide a comprehensive list of antigens that react with tick-immune serum.  This would enable 

us to group subsets of functional paralogs critical for feeding and facilitate the development of an 

effective cocktail vaccine to block tick feeding. 

 

Ticks and animals. I. scapularis adults, nymphs and larvae were obtained from a tick colony at the Connecticut 

Agricultural Experiment Station in New Haven CT, USA. Ticks were maintained at 23°C and 85% relative humidity 

under a 14 hour light, 10 hour dark photoperiod. For the immunization studies, 6 week old inbred New Zealand white 

rabbits (Charles River Laboratories) were used. The work reported in this study is fully compliant with and approved by 

institutional policies pertinent to biosafety and animal care protocols. The protocol for the use of mice and rabbits was 

reviewed and approved by the Yale Animal Care and Use Committee (protocol number 2008-07941, approval date is 

03/31/10 to 3/31/11). 

 

Construction of an I. scapularis salivary gland cDNA library. RNA was purified from the salivary glands from 1000 I. 

scapularis nymphs fed to repletion (repletion achieved between 72 and 96 h), and cDNAs directionally cloned into the 

EcoRI and NotI sites of the yeast expression vector pYD1 (Invitrogen, CA) to generate a salivary gland expression library 

wherein that tick salivary proteins were expressed as Aga2 fusion proteins on the yeast surface (Invitrogen, CA). PstI 

digestion of plasmids purified from 24 clones of the pYD1-salivary gland library, showed an average insert size of 2.1 kb 

and 100 % of the clones contained inserts.  The unamplified library titre was 0.5 x106 cfu/ml. Growth of transformant 

yeast cells and induction of recombinant protein production was done essentially as detailed by Chao et al. [50]. Briefly, 

fresh Saccharomyces cerevisiae EBY100 cells (Invitrogen, CA) with 5μg of DNA were electroporated and subsequently 

grown in SDCAA medium (2% dextrose, 0.67% yeast nitrogen base, 0.5% bacto amino acids, 30mM NaHPO4, 62mM 

NaH2PO4). Induction of surface protein expression was done as described below. 
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Purification and conjugation of IgG from tick-immune rabbit sera. Two I. scapularis nymph-immune rabbits were 

generated as described earlier [19] and sera tested by western blot analysis to confirm reactivity with nymph SGE. IgG 

was purified from the nymph-immune rabbit sera using the Melon Gel IgG purification kit (Thermo Fisher Scientific 

inc, Rockford, IL). IgG concentration was measured using the BCA protein assay kit (Thermo Fisher Scientific inc., 

Rockford, IL). Rabbit IgG was labeled with Alexa-488 using the Alexa Fluor® 488 Protein Labeling Kit (Invitrogen, 

CA) according to the manufacturer’s protocol.  

 

Selection of yeast cells expressing immunogenic I. scapularis nymph salivary proteins. To induce surface protein 

expression, approximately, 1x1010 transformed yeast cells were grown for 24 hours at 280C and induced with galactose 

and selected by 4 rounds of MACS sorting, as described earlier [50]. To induce surface protein expression, 

approximately, 1x1010 transformed yeast cells were grown for 24 hours at 280C in 100 ml of SGCAA medium (2% 

galactose, 0.67% yeast nitrogen base, 0.5% bacto amino acids, 30 mM NaHPO4, 62 mM NaH2PO4). After induction 

with galactose, surface expression was demonstrated by indirect immunostaining with an antibody against the Xpress-

epitope located on the N-terminal part of the expressed salivary protein on the yeast cell surface [50]. Ten thousand cells 

were examined on a FACSCalibur flow cytometer (Beckton Dickinson, Franklin Lakes, NJ) and data analyzed using the 

FlowJo software (Tree Star, Ashland, OR). The first round of selection was done using AutoMACSTM (Miltenyi Biotec, 

Auburn,CA). 2x1010 transformed yeast cells were washed 3 times with cold MACS (0.5% BSA, 2 mM EDTA) buffer 

and pelleted at 600xg for 10 minutes. Next, cells were resuspended in cold MACS buffer and incubated with 30 μg/ml of 

purified nymph-immune rabbit IgG and incubated with gentle rotation for 30 minutes at 40C. Subsequently, cells were 

washed 2 times and resuspended in 15 ml MACS buffer. 1 ml of goat-anti rabbit microbeads (Miltenyi Biotec, Auburn, 

CA) was added and incubated for 15 minutes at 40C. Cells were washed 3 times, resuspended in 150 ml of MACS 

buffer and subjected to magnetic separation. The sorted cells were grown in SDCAA medium with Pen/Strep for 24 

hours at 300C. Subsequently, the cells were further selected by 3 rounds of MidiMACS sorting under the same 

conditions as described above. For screening of individual clones, 1 x107 induced yeast cells were incubated on a shaking 

incubator with 33 μg/μl Alexa-488 conjugated nymph-immune rabbit IgG in MACS buffer for 45 minutes at room 

temperature. The cells were washed and resuspended in MACS buffer and analyzed on a FACSCalibur flow cytometer 

as described above. Plasmid DNA was isolated from individual positive clones using the ZymoprepTM II Yeast Plasmid 

Miniprep kit (Zymo research, Orange, CA), transformed into E. coli DH5  (Invitrogen, CA) and plated on LB plates 

containing 100 μg/ml ampicillin. Plasmid DNA was then isolated from bacterial colonies using the Plasmid Miniprep 

kit (Qiagen, CA), digested with XhoI and BamHI (New England Biolabs, MA) to assess insert sizes and unique clones 

sent for sequencing (Keck Facility, Yale University). 

 

Production of recombinant salivary proteins. p8, p19 and p23 cDNAs were cloned in frame into the pMT/Bip/V5-HisA 

plasmid containing a His tag, V5 epitope, and a blasticidin resistance gene (Invitrogen, CA), and validated by 

sequencing. Drosophila melanogaster S2 cells were transfected with the plasmids containing p8, p19 or p23 and the 

blasticidin selection vector pCOBlast using the Calcium Phosphate Transfection Kit (Invitrogen, CA) to generate stable 

transfectants and protein expression induced in 500 ml cultures with copper sulfate as described by the manufacturer 

(Invitrogen, CA). The supernatant was filtered using a 0.22-μm filter (Millipore, MA). rP8, rP19 and rP23 were 

purified from the supernatant by means of the Ni-NTA Superflow column chromatography (Qiagen, CA) and eluted 

with 250 mM imidazole. The eluted fractions were filtered through a 0.22-μm filter and concentrated with a 5-kDa 

concentrator (Sigma-Aldrich, MO) by centrifugation at 4°C, washed and dialyzed against PBS. The purity of rP8, rP19 

and rP23 was checked by Coomassie blue staining after electrophoreses on SDS 12% polyacrylamide gel and the 

concentration was determined by BCA protein assay kit (Thermo Fisher Scientific inc., IL). 
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Serological analysis by immunoblotting. Equal amounts of purified recombinant salivary proteins (100 ng), were 

electrophoresed on a SDS 12% polyacrylamide gel and transferred to nitrocellulose membranes. The membranes were 

blocked with PBS containing 5% milk powder and the immunoblots were probed with a 1:250 dilution of serum. To 

demonstrate that sera from immunized rabbits recognize tick salivary proteins, nymphal SGE (2 g) prepared as 

described earlier [19] was electrophoresed and blotted as positive control. Immunoreactive bands were visualized using 

horseradish peroxidase conjugated goat anti-rabbit secondary antibodies (Sigma-Aldrich, MO) and the enhanced 

chemiluminescence Western Blotting Detection System (GE Healthcare, NJ).  

 

Detection of glycosylation modifications on recombinant proteins by Periodic acid-Schiffs (PAS) staining. Periodic 

acid-Schiff  (PAS) staining of glycoproteins after electrophoreses of the 3 proteins (25 μg) on SDS 12% polyacrylamide 

gel [32] was performed with Salp15 as a positive control [51] and BSA as a negative control according to the 

manufacturer’s specifications (Sigma-Aldrich, MO).  

 

Tick RNA isolation and quantitative RT-PCR. Ticks were fed to repletion on experimental and control animals. Larval 

ticks were pooled (5 ticks), nymphs and adults were dissected and salivary glands and midguts were pooled (3 ticks), 

homogenized and RNA was extracted using the RNeasy minikit (Qiagen, CA). The same procedure was done with 

unfed ticks. cDNA was synthesized using the iScript RT-PCR kit (Biorad, CA) and analyzed by quantitative PCR for 

the expression of tick actin, p8, p19, p23 and p32 and genes using the primers listed in Table 3. Quantitative real-time 

PCR was performed for all tick genes using the iQ Syber Green Supermix (Biorad, CA) on a MJ cycler (MJ Research, 

CA). 

 

Table 3. Primers used. 

 
 

Assay for detection of complement-mediated killing of Borrelia spirochetes . The serum-sensitive Borrelia garinii strain 

A87S was used (107 spirochetes ml–1) to determine complement-mediated killing as described earlier [8]. Spirochetes 

(2.5 x 105) were pre-incubated with bovine serum albumin (BSA), Salp15, rP19, rP23 or rP8 (0.24 μg/μl) respectively for 

30 min at 33°C. They were then incubated with 12.5% normal human pooled serum (NHS) or heat-inactivated NHS 

and examined after 1.5 h and 4.5 h. Serum samples were checked for the absence of Borrelia-specific antibodies by 

western blot analysis. Heat inactivation of NHS was performed by incubation at 56°C for 30 minutes. Borreliacidal 

effect was recorded by screening for immobilization and bleb formation of the spirochetes. Immotile spirochetes were 

considered dead, as described previously [31]. The percentages of non-viable spirochetes from 200 spirochetes per well 

were assessed. 

 

Thrombin generation. Thrombin generation was initiated by recalcification of human pooled normal plasma in the 

presence of 1 pM recombinant human tissue factor (Innovin, Siemens Healthcare Diagnostics, Germany), 4 μM 

phospholipids, 417 μM thrombin substrate (z-Gly-Gly-Arg-AMC) and Salp15, rP23, rP8 or rP19 respectively. A 

calibrated automated thrombogram was used to assay the generation of thrombin in clotting plasma using a Fluoroskan 

Ascent microtiter plate reading fluorometer (Thermo Fisher Scientific, MA) and Thrombinoscope software 

(Thrombinoscope BV, Netherlands) according to the manufacturer’s instructions. Thrombin formation was followed for 

Target Forward Reverse 

 

Tick actin GGCGACGTAGCAG GGTATCGTGCTCGACTC 

p8 TTACTGCTGGAACGCTGAGA TGGCATTCTCCATTTTGACA 

p19 GAACGAGAGGCAACAGAAGG GCGAGCTTCTTGTTCAGGAT 

p23 TCAACGCTACTTTCGACACG ACACGGTCAGAACCTTGTCC 

p32 TTAGCATACGCCCCCTACAC ACGTTTGAACCCTTTGTTGC 
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40 min and measurements were taken at 20 second intervals. The endogenous thrombin potential (ETP), lag time and 

time-to-peak were calculated using the Thrombinoscope software. Experiments were performed in duplicate and 

repeated three times. 

 

Immunization of rabbits with recombinant nymphal I. scapularis proteins. Rabbits were immunized subcutaneously with 

3 doses containing 50 g of each purified recombinant protein separate, or with a cocktail composed of 30 μg of each 

recombinant protein, emulsified with Complete Freund’s Adjuvant (first dose) and two subsequent booster injections 

emulsified in Incomplete Freund’s Adjuvant at 3-week intervals. Control rabbits were inoculated with adjuvant and 

OVA (50 μg and 90 μg for the single and cocktail immunizations, respectively) . Two weeks after the last immunization, 

rabbits were infested with 50 I. scapularis nymphs on the ear of each rabbit and ticks kept in place using socks over each 

ear. Nymphs that had fed to repletion and detached were weighed. In an independent control experiment, nymphal ticks 

were weighed and allowed to molt individually at 23°C and 85% relative humidity under a 14 hour light, 10 hour dark 

photoperiod.  

 

Statistical analysis. The significance of the difference between the mean values of the groups was analyzed using the 

Student t test with Prism 5.0 software (GraphPad Software, USA). p ≤ 0.05 was considered statistically significant. 
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The Lyme disease agent, Borrelia burgdorferi, is primarily transmitted to vertebrates by Ixodes 

ticks. The classical and alternative complement pathways are important in Borrelia eradication by 

the vertebrate host. We recently identified a tick salivary protein, designated P8 that reduced 

complement-mediated killing of Borrelia. We now discover that P8 interferes with the human 

lectin complement cascade resulting in impaired neutrophil phagocytosis and chemotaxis, and 

diminished Borrelia lysis. Therefore, P8 was renamed the lectin complement pathway inhibitor 

(TSLPI). TSLPI-silenced ticks, or ticks exposed to TSLPI-immune mice, were hampered in 

Borrelia transmission. Moreover, Borrelia acquisition and persistence in tick midguts was 

impaired in ticks feeding on TSLPI-immunized B. burgdorferi-infected mice. Together, our 

findings suggest an essential role for the lectin complement cascade in Borrelia eradication and 

demonstrate how a vector-borne pathogen co-opts a vector protein to facilitate early mammalian 

infection and vector colonization. 

 

 Tick salivary protein TSLPI impairs complement-mediated killing of B. burgdorferi  

 Recombinant TSLPI inhibits neutrophil chemotaxis and phagocytosis of Borrelia  

 TSLPI directly inhibits mannose-binding lectin complement pathway activation 

 TSLPI silencing in ticks or TSLPI immunization of mice impairs Borrelia transmission  
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During the blood meal, Ixodes ticks can transmit various pathogens to the vertebrate 

host such as Borrelia burgdorferi sensu lato, Anaplasma phagocytophilum, Babesia species and 

selected flaviviruses, among other agents [1]. Ticks introduce salivary proteins at the tick-bite 

site to suppress host defense mechanisms, in order to successfully obtain a blood meal. Several 

anti-coagulant, anti-inflammatory, anti-complement and immunosuppressive tick salivary 

proteins have been identified [2], which could not only facilitate tick feeding, but also enhance 

Borrelia transmission to the mammalian host and Borrelia acquisition by the tick vector [3]. 

The complement cascade is a major part of the mammalian innate immune response 

consisting of the classical, the alternative and lectin pathway and serves as a functional bridge 

between innate and adaptive immune responses [4]. The most prominent role of the 

complement system is to recognize and clear invading pathogens. Activation of the complement 

cascade results in opsonisation of the invading microorganism leading to enhanced phagocytosis, 

leukocyte chemotaxis and direct killing of pathogens by formation of the membrane attack 

complex (MAC). Initiation of the classical pathway relies on C1q binding to pathogens, either 

directly or to antibody-opsonized pathogens. The lectin pathway is activated upon binding of 

mannose-binding lectin (MBL) or ficolins (FCNs) to highly glycosylated pathogen associated 

molecular patterns (PAMPs) on the surface of pathogens [5,6]. Both MBL and FCNs form a 

complex with pro-enzymes of MBL-associated serine proteases (MASPs) in serum, which are 
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activated upon binding of MBL and FCNs to pathogens. Activated MASP-2 activates the 

complement cascade by cleaving C4 and C2 to generate the C4b2a complex. The alternative 

pathway spontaneously and continuously converts C3 and its predominant role is amplification 

of complement activation initially triggered by the classical and/or lectin pathway [7]. 

Several tick salivary proteins from different tick species inhibit the host complement 

system. A well-characterized tick complement inhibitor is the C5 activation inhibitor from the 

soft tick Ornithodoros moubata OMCI that inhibits C5 activation by binding C5 and preventing 

its activation by C5 convertase [8] and inhibited complement-mediated haemolytic activity and 

the development of pathological features in a rodent model for myasthenia gravis [9]. Other tick 

complement inhibitors, including Isac, Irac-1 and -2 and Salp20, belong to the Isac protein 

family and inhibit the alternative complement pathway by binding and displacing properdin and 

thereby inhibiting the formation of C3 convertase [10,11]. Also for B. burgdorferi sensu lato the 

complement cascade is an important obstacle to overcome in order to establish an infection in 

the mammalian host. B. burgdorferi sensu lato isolates differ in their susceptibility to 

complement-dependent killing [12] by expressing proteins on their outer membrane, named 

Erps and CRASPs, also known as Csp’s, which can bind host complement regulators such as 

factor H (FH) and factor H-like proteins (FHL-1) [13] and by expressing a CD59-like protein 

on their outer membrane [14]. Interestingly, we have previously shown that inhibition of the 

complement system by tick salivary proteins might be instrumental for survival of B. burgdorferi 

sensu lato strains that do not have the ability to evade complement-dependent killing by 

themselves [15]. 

By probing an I. scapularis salivary gland yeast surface display library with tick-immune 

rabbit sera we have identified an I. scapularis salivary protein with a predicted molecular weight 

of 8 kDa, designated P8, and demonstrated that this protein has anti-complement activity [16]. 

We here report the molecular mechanism by which P8 – from here on referred to as Tick 

Salivary Lectin Pathway Inhibitor (TSLPI) – inhibits the human lectin complement pathway 

and reveals a crucial role of the lectin pathway in the host immune response against Borrelia. 
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Characterization of the Ixodes scapularis salivary protein TSLPI. Recently, we identified an I. 

scapularis salivary protein - previously designated as P8 (GenBank: AEE89466.1) according to 

its molecular weight, but from here on referred to as Tick Salivary Lectin Pathway Inhibitor 

(TSLPI) based on its function - by probing a yeast surface display library with tick immune 

rabbit sera [16]. I. scapularis TSLPI has several homologues in I. ricinus (GenBank: AAS68352.1 

and GenBank: AAP93884.1) indicating that this protein is conserved between these closely 

related Ixodes species, that both transmit Borrelia. Nucleotide homology between the genes was 

83-86% and amino acid similarity between the proteins was 84%, with 73-75% identity 

(Fig.1A).  

 

 

 
 

 

Figure 1. Characterization, protein sequence and expression of TSLPI. (A) Multiple sequence alignment of I. scapularis 

TSLPI aligned with two homologues of TSLPI in I. ricinus. Amino acids in white on a black background are identical; 

residues in white on a grey background are similar. Region inside the grey box shows the predicted signal peptide 

sequence. (B) Coomassie staining of rTSLPI on SDS-PAGE before and after deglycosylation with PNGase F. (C) I. 

scapularis saliva probed with rTSLPI-rabbit antiserum or OVA-rabbit antiserum. (D) Expression profile of TSLPI in 

salivary glands (SG) of pathogen-free (clean) nymphs and Borrelia infected (Bb) nymphs. TSLPI expression in unfed 

nymphs, after 24 and 72 h of feeding and repleted nymphs. Results represent mean ± SEM of values. 
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Figure 2. Recombinant protein TSLPI inhibits complement-mediated killing of Borrelia in a dose-dependent manner 

and inhibits in vitro chemotaxis and phagocytosis of Borrelia by PMNs. (A) B. garinii strain A87S was incubated with 

12.5% NHS (left panel) and B. burgdorferi strain N40 was incubated with 12.5% IHS (right panel), in the presence of 

increasing concentrations of BSA (control), control tick salivary protein rP19 or rTSLPI. As a control, spirochetes were 

also incubated with heat-inactivated (HI) NHS or IHS. rTSLPI (B) or nymphal SGE (C) was pre-incubated with heat-

inactivated OVA-rabbit antiserum (a-OVA) or rTSLPI-rabbit antiserum (a-rTSLPI). After 1.5 h of incubation with 

serum, the percentages of immotile spirochetes were determined. Asterisks indicate a statistically significant difference 
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with the BSA control (*p<0.04), (**p<0.004) and (***p<0.0004). (D) C5b-9 deposition (right) on B. garinii A87S (left) 

incubated with 12.5% NHS in the presence of 0.25 μg/μl BSA or rTSLPI for 15 min (upper panel) and for 30 min 

(lower panel). Right panel: Percentage of spirochetes with C5b-9 complexes. Results based on triplicate countings of 

three independent experiments. Phagocytosis of CFSE-labeled viable B. garinii A87S (E) or B. burgdorferi N40 (F) by 

human PMNs in the presence of 1% or 2.5% NHS or 5% IHS preincubated with 0.25 μg/μl BSA or rTSLPI at 37°C. 

Cells were subjected to FACS analysis after 2,5,10 and 30 min of incubation. Heat inactivated IHS and NHS were used 

as controls. Asterisks indicate a statistically significant difference with the BSA control (*p<0.04), (** p<0.004) and 

(***p<0.0008). (G) The chemoattractant capacity of NHS preincubated with 0.5 g/ l BSA (control) or rTSLPI and 2.5 

x 107 B. garinii A87S was assessed in a Transwell in vitro migration assay with human isolated PMNs. Fluorescence 

(fluorescent units; FU) measured at 1 min intervals at the bottom side of the well is shown and represents the number of 

PMNs migrated in time. Values represent the mean ± SEM. See also Fig.S1. 

 

Although TSLPI is a member of a previously described group of anti-coagulant proteins [17], it 

did not show anti-coagulant activity [16]. Drosophila-expressed recombinant TSLPI was 

glycosylated and removing N-glycans from the protein backbone using N-glycosidase (PGNase) 

F reduced the molecular weight by 4 kDa (Fig.1B). Since TSLPI was antigenic in tick-immune 

rabbits, it is likely a secreted salivary protein [16]. Indeed, a signal peptide cleavage site was 

predicted, using the web-based software SignalP, between position 21 and 22 (Fig.1A) and 

native TSLPI was present in I. scapularis saliva when probed with rTSLPI antiserum (Fig.1C). 

In line with this, Ribeiro et al identified and annotated several proteins with high amino acid 

sequence identity to TSLPI (91-99%) as secreted salivary proteins [18]. In Borrelia-free nymphs 

TSLPI mRNA was upregulated during the course of the tick blood meal (Fig.1D). In the early 

phases of nymphal engorgement, B. burgdorferi infection of ticks resulted in significantly higher 

TSLPI mRNA levels, whereas after blood feeding lower TSLPI mRNA levels were found in 

Borrelia-infected ticks compared to Borrelia-free ticks (Fig.1D). TSLPI mRNA was not detected 

in midguts of either Borrelia-free or Borrelia-infected nymphs at all tested time points of feeding 

(data not shown), indicating that TSLPI is preferentially expressed in I. scapularis salivary glands. 

 

TSLPI impairs direct killing of B. burgdorferi sensu lato isolates by the complement system. We 

have previously shown that rTSLPI protects serum-sensitive B. garinii A87S against 

complement-mediated killing [16]. We here demonstrate that B. garinii A87S is protected from 

complement-dependent killing by rTSLPI in a dose-dependent manner, utilizing a B. garinii 

killing assay with 12.5% normal human serum (Fig.2A; left panel). A growth inhibition assay 

confirmed the results of actual killing and the protective effect of rTSLPI against complement 

mediated killing of Borrelia (Fig.S1A). B. burgdorferi N40, which is resistant to normal human 

serum (NHS) was killed by the complement system in the presence of Borrelia-opsonizing 

antibodies using 12.5% Borrelia-immune human serum (IHS), (Fig.2A; right panel). Strikingly, 

recombinant TSLPI also protected B. burgdorferi N40 against antibody-mediated complement-
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dependent killing in a dose-dependent manner (Fig.2A; right panel). Heat-inactivated rTSLPI-

rabbit antiserum completely abrogated the anti-complement activity of rTSLPI (Fig.2B), 

demonstrating the neutralizing capacity of these antibodies. In addition, heat-inactivated 

rTSLPI-rabbit antiserum substantially reduced the complement inhibitory activity of I. scapularis 

salivary gland extracts (Fig.2C), showing that TSLPI is a dominant complement inhibitor in 

tick saliva. To confirm that spirochetal killing by the complement system was induced by the 

formation of MAC complexes, deposition of C5b-9 was examined on the spirochete outer 

membrane. The amount of MAC complexes on the outer membrane of B. garinii A87S was 

greatly reduced when incubated with 12.5% NHS for up to 30 min in the presence of 0.25 μg/μl 

rTSLPI (Fig.2D). Scanning electron microscopy demonstrated that the complement inhibitory 

effect of rTSLPI resulted in less bleb formation on the outer surface of Borrelia spirochetes 

(Fig.S1B,C). 

 

TSLPI inhibits phagocytosis of B. burgdorferi sensu lato strains by human neutrophils and 

Borrelia-induced complement-mediated chemotaxis. Activation of the complement system is 

important for recruitment of immune cells and phagocytosis [4] we therefore assessed whether 

rTSLPI impaired phagocytosis of Borrelia burgdorferi sensu lato isolates by human neutrophils. 

Flow cytometry showed that neutrophils were hampered in their ability to phagocytize B. garinii 

A87S in the presence of 0.25 μg/μl rTSLPI and either 1% or 2.5% NHS (Fig.2E). Human 

neutrophils also poorly phagocytized B. burgdorferi N40 in the presence of 0.25 μg/μl rTSLPI 

and 5% IHS (Fig.2F). Complement split products C5a and C3a, generated by the action of 

serine proteases, are potent chemoattractants for leukocytes [19]. Hence, next, the 

chemoattractant capacity of NHS pre-incubated with B. garinii A87S in the presence or absence 

of 0.5 μg/μl rTSLPI was assessed in a Transwell in vitro migration assay with human PMNs 

(Fig.2G). As shown in Fig.2G fewer PMNs migrated towards NHS incubated with Borrelia 

and rTSLPI. Collectively, these data show that rTSLPI inhibits complement activation on 

Borrelia, resulting in impaired in vitro phagocytosis of Borrelia and impaired Borrelia-induced 

complement-mediated chemotaxis.  

 

TSLPI directly inhibits activation of the MBL complement pathway. To understand how 

rTSLPI protected Borrelia against complement activation we next assessed whether complement 

inhibition by rTSLPI was Borrelia dependent or independent. We demonstrated that 

recombinant TSLPI did not bind Borrelia, as shown by a pull-down assay, suggesting that 

rTSLPI has a direct effect on the complement system (Fig.3A). 
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Figure 3. Direct effect of rTSLPI on the complement system by inhibiting the lectin pathway. (A) Binding of B. 

burgdorferi N40 to rTSLPI as analysed by Western blot as mentioned in text. Salp15 was used as a positive control. (B) 

Serum was pre-incubated (pre) with BSA, rP19 or rTSLPI for 30 min at 33°C or added without pre-incubation (direct) 

to Borrelia. Experiments with B. garinii were performed with 12.5% NHS and B. burgdorferi N40 with 12.5% IHS. 

Asterisks indicate a statistically significant difference (**p<0.01) and (***p<0.0001). The effect of rTSLPI on classical (C) 

and alternative (D) complement pathway-mediated haemolysis was performed by a CH50 and AP50 assay, respectively. 

Neutralizing C3 and C1q antibodies were used as controls. (E) The C4 cleaving activity of the MBL lectin pathway was 

measured in an ELISA format using mannan-coated microtiter plates in the presence of BSA, anti-MBL antibody or 

several concentrations of rTSLPI (0.03-0.5 μg/μl). Results are representative of at least two independent assays. Results 

represent mean ± SEM of values. 

 

Moreover, when rTSLPI was preincubated with 12.5% NHS for 30 min, rather than added 

simultaneously with the spirochetes, B. garinii A87S was significantly more protected against 

complement-mediated killing (Fig.3B). A similar effect was observed when 12.5% IHS was 

preincubated with rTSLPI before it was added to B. burgdorferi (Fig.3B). To further elucidate 

the mechanism by which rTSLPI inhibited complement activation, we investigated the effect of 

rTSLPI on the classical, alternative and lectin pathway. Thus far, the classical and alternative 

complement pathways have shown to be important in Borrelia eradication by the host. 

Surprisingly, recombinant TSLPI did not inhibit lysis of antibody-sensitized sheep erythrocytes 

in a CH50 hemolytic assay, demonstrating that the classical complement pathway was not 

affected by rTSLPI (Fig.3C). Furthermore, the alternative pathway (AP50) was not inhibited by 

rTSLPI (Fig.3D). Since rTSLPI clearly inhibited complement mediated killing of Borrelia, the 

above negative results prompted us to investigate the effect of rTSLPI on the MBL complement 

pathway. Pre-incubation of serum with rTSLPI resulted in a pronounced dose-dependent 
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inhibition of C4 deposition using mannan as a ligand, evidently showing that the MBL 

complement pathway was inhibited by rTSLPI (Fig.3E).  

 

 
 

Figure 4. Mechanism of the inhibiting effect of rTSLPI on the MBL-pathway. (A) Serum MBL-binding to mannan 

coated plates was measured in the presence of rTSLPI. Left: serum was pre-incubated with, 0.25 μg/μl rTSLPI or BSA, 

or a neutralizing MBL antibody and MBL deficient serum as a control. Right: MBL binding to mannan coated plates 

after preincubation of 1:50 NHS with several concentrations of BSA or rTSLPI. (B) Serum MBL-binding to rTSLPI or 

rP19 (control) coated plates (left panel) and complement activation was detected (right panel). (C) C4 cleaving activity 

of the MBL lectin pathway in the presence of PGNase F treated and untreated 0.25 μg/μl BSA or rTSLPI was 

determined using 1:40 NHS. (D) The effect of rTSLPI on MASP-2 activity was determined by capturing 

MBL/MASP-2 complexes on mannan coated plates by incubation of 1:50, 1:100 and 1:300 diluted serum in MBL-

binding buffer. C4 deposition was measured in the presence of 0.25 μg/μl BSA, rTSLPI or C1 inhibitor. (E) Nymphal 

SGE was pre-incubated with heat-inactivated OVA-rabbit antiserum or rTSLPI-rabbit antiserum and was subjected to 

1:40 NHS and complement activation was measured on mannan coated plates. Data are representative of two 

independent assays. Results are means ± SEM. See also Fig.S2. 
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The molecular mechanism by which TSLPI inhibits the MBL complement pathway. We next 

set out to define the molecular mechanism by which rTSLPI inhibited the MBL complement 

pathway and assessed whether rTSLPI prevented binding of MBL to its ligands or inhibited 

complement activation through MASP-2 complement activation. Reduced MBL-ligand 

binding was observed when serum was pre-incubated with rTSLPI (Fig.4A, left panel) and 

increasing concentrations of rTSLPI dose-dependently decreased MBL binding to mannan 

(Fig.4A, right panel). In line with these observations MBL clearly bound to rTSLPI coated 

plates (Fig.4B, left panel), which did not result in activation of the MBL pathway (Fig.4B, right 

panel). Post-translational modifications, i.e. N-linked glycosylation, of recombinant Drosophila-

expressed TSLPI, were shown to be crucial for its effect, since deglycosylation of rTSLPI by 

PGNase F largely abrogated the complement inhibitory effect of rTSLPI (Fig.4C), suggesting 

that TSLPI binds the carbohydrate recognition domains of MBL through its N-glycans. To rule 

out the possibility that rTSLPI could also impair MASP-2 activity, we investigated the effect of 

TSLPI on C4 deposition in a MBL/MASP complex activity assay. rTSLPI was incubated with 

bound MBL/MASP-2 complexes to determine the ability of activated MASP-2 to cleave 

complement C4. With comparable amounts of MBL/MASP2 complexes (Fig.S2) bound to 

mannan-coated plates, equal amounts of C4 deposition were measured after incubation with 

NHS in the presence of rTSLPI or controls (Fig.4D), demonstrating that rTSLPI does not 

inhibit MASP-2 activity. Heat inactivated rTSLPI-rabbit antiserum reduced the lectin pathway 

inhibitory activity of I. scapularis salivary gland extracts (Fig.4E), showing that native TSLPI is a 

major inhibitor of complement activation through the lectin pathway. 

Since the MBL-lectin pathway was specifically inhibited by rTSLPI, the effect of 

rTSLPI on complement-dependent killing was determined in MBL-deficient serum (<0.02 

μg/ml MBL). Unexpectedly, rTSLPI significantly reduced complement-dependent killing of B. 

garinii A87S in MBL deficient serum (54.7 ± 0.88% in the BSA control group to 31 ± 2.3% in 

the rTSLPI treated group; p=0.0007) (Fig.5A, right panel). In addition, when MBL activity was 

abrogated in NHS (MBL+/+) using a neutralizing MBL antibody, the percentage of non-motile 

spirochetes decreased from 81 ± 2.3% in the control group to 34 ± 1.8% in the  MBL antibody-

treated group (p<0.0001) (Fig.5A, left panel). Interestingly, when the MBL antibody was 

combined with 0.25 μg/μl rTSLPI, spirochetal killing (20 ± 0.88%) was significantly reduced 

compared to MBL antibody alone (p=0.002) (Fig.5A, left panel). These data suggest that 

rTSLPI inhibits additional factors besides MBL in the lectin pathway. It has been well-

established that also ficolins are able to initiate the lectin pathway similarly to MBL. Therefore, 

we next assessed whether rTSLPI also influenced ficolin-induced C4 deposition. Faro et al. 

previously described an assay to specifically measure L-ficolin binding and lectin pathway 

activation using acetylated low-density lipoprotein (Ac-LDL) as a ligand [20]. Indeed, rTSLPI 
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dose-dependently impaired L-ficolin binding to Ac-LDL and thereby inhibited complement 

activation (Fig.5B).   

   

 
 

Figure 5. L-ficolin activity is inhibited by rTSLPI. (A) Serum-sensitive B. garinii strain A87S was incubated with 12.5% 

normal human MBL positive (1.16 μg/ml; left panel) or MBL deficient (0.01 μg/ml; right panel) serum in the presence 

of BSA (control), 0.25 μg/μl rTSLPI, 15 μg/ml neutralizing MBL antibody (anti-MBL) single or combined. As a 

control, spirochetes were also incubated with heat-inactivated (HI) NHS. Data represent mean ± SEM of values. 

Asterisks indicate a statistically significant difference with the control (***p<0.0001). (B) Acetylated-LDL coated plates 

were incubated with serum preincubated with 0.25 μg/μl rP19 or several concentrations of rTSLPI (0.03-0.5 μg/μl). 

Results are representative of two independent assays. See also Fig.S3. 

 

RNAi silencing of TSLPI and TSLPI immunization impairs Borrelia survival. Having 

established that TSLPI impaired the lectin pathway of complement activation and thereby 

impaired clearance of Borrelia in vitro, we set out to identify the role of TSLPI in vivo. We first 

demonstrated that rTSLPI also protected Borrelia against complement-dependent killing by 

normal mouse serum from C3H mice (Fig.6A). To assess the role of TSLPI in the transmission 

of B. burgdorferi from the tick to the host we injected B. burgdorferi-infected nymphs with 

dsRNA directed against TSLPI (or mock injection as a control). Silencing resulted in a ~13 fold 

reduction of TSLPI mRNA (Fig.6B). The Borrelia loads in nymphs (Fig.6C) 72 h post feeding 

were significantly reduced in TSLPI-silenced Borrelia-infected nymphs, showing the importance 

of TSLPI for Borrelia persistence in the tick midguts during feeding. Moreover, transmission of 

Borrelia was impaired from TSLPI-silenced nymphs to mice, reflected by a significantly lower 

spirochete burden in skin after 7 days of infection, and in hearts and joints after 21 days of 

infection (Fig.6D). To further study the role of TSLPI in Borrelia transmission, mice were 

passively administered rTSLPI rabbit antiserum. The Borrelia load in skin from rTSLPI-

immunized mice 7 days post infection was significantly lower and showed a trend towards lower 

Borrelia numbers in hearts and joints 21 days post infection (Fig.6E).  
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A strong innate immune response at the tick-bite site, initiated by the host complement 

system, could also impair successful acquisition of Borrelia by I. scapularis from Borrelia-infected 

hosts. Therefore, we next assessed the role of TSLPI in Borrelia acquisition. The acquisition of 

Borrelia by larval I. scapularis ticks was impaired from rTSLPI-immunized B. burgdorferi-

infected mice (Fig.6F). In line with this observation, larvae that molted to nymphs after feeding 

on rTSLPI-immunized Borrelia-infected mice had lower spirochetal loads (Fig.6G). 

Together, these data show that TSLPI plays a significant role in both transmission of 

Borrelia from the arthropod vector to the naive mammalian host and acquisition of Borrelia from 

the infected mammalian host by larval ticks. 

 

We here show that the lectin complement pathway is of paramount importance in the 

eradication of the causative agent of Lyme disease. Furthermore, we demonstrate how Borrelia 

co-opts a tick protein to inhibit the host complement system to facilitate early mammalian 

infection as well as vector colonization. Our findings add to the understanding of the molecular 

mechanisms exploited by B. burgdorferi s.l. to survive in its enzootic life cycle encompassing the 

mammalian host and the arthropod vector.   

Until now, it has been shown that both the classical and alternative complement 

pathways are involved in complement-dependent killing of Borrelia [12,21]. Interestingly, 

rTSLPI impaired complement-dependent killing of B. burgdorferi s.l. through specific inhibition 

of the lectin pathway, both in the absence or presence of specific antibodies, revealing a major 

role for the lectin pathway in eradication of Borrelia. MBL, the major player in the lectin 

complement pathway, is a C-type lectin that forms a non-covalent complex with MASPs and 

mainly circulates as a serum protein [6]. Via its carbohydrate recognition domains (CRDs), 

MBL recognizes and binds polysaccharide structures on various pathogens resulting in a 

conformational change causing auto activation of MASP-2 which subsequently initiates 

complement activation by cleavage of C4 and C2 [6]. We showed that rTSLPI did not affect 

MASP-2 activity, but prevented MBL binding to its ligand. Removing N-glycans from the 

protein backbone using PGNase F largely impaired the complement inhibitory effect of 

rTSLPI, suggesting that the glycosylated rTSLPI binds to the CRDs of MBL blocking 

downstream activation of the lectin pathway. Although activation of the lectin pathway is not 

antibody-dependent, rTSLPI protected serum resistant B. burgdorferi N40 when incubated with 

immune human serum. Anti-Borrelia antibodies play a crucial role in effective MAC formation 

in complement resistant strains by altering the outer membrane of Borrelia [22], which could 

explain the protective effect of rTSLPI in the presence of Borrelia antibodies. 
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Figure 6. Decreased Borrelia survival after RNAi silencing TSLPI and in rTSLPI antiserum immunized mice. (A) 

Borrelia was incubated with 12.5% normal mouse serum (NMS) or with heat-inactivated (HI) NMS for 1.5 h. (B) 

TSLPI expression in B. burgdorferi N40 infected nymphs after microinjection of TSLPI dsRNA or mock injection after 

72 h of feeding on mice. (C) Borrelia flaB levels in nymphs in TSLPI silenced ticks and mock injected ticks post feeding 

on mice. (D) Borrelia transmission from TSLPI silenced or mock injected Borrelia infected nymphs was determined by 

measuring flaB levels in mouse skin 7 days, and in hearts and joint tissue, 21 days post feeding. (E) Borrelia loads in 

murine skin 7 days and hearts or joints 21 days post feeding on mice passively immunized with rabbit rTSLPI-

antiserum. (F) Borrelia flaB levels in pooled larvae after feeding on mice passively immunized with rTSLPI-antiserum or 

control rabbit serum. (G) A second group of larvae were allowed to molt to the nymphal stage and Borrelia flaB levels 

were determined. Horizontal bars represent the mean ± SEM. Asterisks indicate a statistically significant difference. 
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The importance of the MBL complement pathway in the direct lysis of Borrelia was underscored 

by the observation that a neutralizing MBL antibody greatly abrogated immobilization of B. 

garinii by MBL sufficient human serum. Approximately 25% of the general population is MBL 

deficient, defined as a MBL serum level < 0.5 μg/ml [23], which could, based on our 

observations, make these individuals more susceptible for Lyme disease. Until now MBL 

deficiency has been linked to several infectious diseases, such as malaria, HIV, meningococcal 

and pneumococcal disease among other diseases [24]. Complement-dependent killing of 

Borrelia in both NHS and MBL-deficient serum was completely abrogated by C1 esterase 

inhibitor (Fig.S3), a serpin that inhibits both the classical pathway and lectin pathway of 

complement activation [4,25], indicating that both the classical and lectin pathway are crucially 

important in initiating complement activation on Borrelia. In line with this finding, Borrelia 

complement-dependent killing was almost entirely ablated upon combined inhibition of the 

classical pathway and the lectin pathway by both neutralizing C1q antibody and rTSLPI 

(Fig.S3). Irrespective of whether initiated by the lectin or classical complement pathway, C3 

convertases bound to the surface of B. burgdorferi s.l. can induce amplification of the alternative 

pathway by enhancing C3 activation [4,10], which could be detrimental for Borrelia survival. 

Recently, a constitutional role for MBL-associated serine protease 1 (MASP-1) in activation of 

the alternative pathway by cleaving factor D was demonstrated [26], showing that MASP-1 

activation upon MBL and ficolin binding results in a direct activation of the alternative pathway 

as well. Thus, although the three complement routes are closely intertwined, our data 

demonstrate that the lectin pathway is of crucial importance in the eradication of Borrelia 

spirochetes. 

Since rTSLPI also significantly reduced killing of Borrelia in MBL deficient serum and 

rTSLPI further reduced complement killing in normal serum incubated with neutralizing MBL 

antibodies, we assessed whether rTSLPI inhibited other components of the lectin pathway 

besides MBL. Apart from MBL, three types of ficolins, M-ficolin (also known as Ficolin-1), L-

ficolin (also known as Ficolin-2) and H-ficolin (also known as Ficolin-3) are identified in 

humans and are able to activate the lectin pathway through the associated protease MASP-2 [5] 

and rTSLPI also showed to dose-dependently impair L-ficolin activity.  

In addition to direct lysis of B. burgdorferi s.l. cells after MAC complex formation, 

complement activation also results in opsonisation of invading microorganisms and thereby 

enhancing phagocytosis by host immune cells [4,19]. Indeed, opsonisation by complement 

factors was essential for phagocytosis of both B. garinii A87S and B. burgdorferi N40 by human 

PMNs, since these cells did not phagocytize Borrelia in the absence of a functional complement 

system, even in the presence of Borrelia-specific antibodies. Importantly, we observed that 

human PMNs were significantly impaired in their capacity to phagocytize B. garinii A87S and 
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B. burgdorferi N40 (data not shown) when normal human serum was preincubated with rTSLPI. 

Selected Borrelia strains are able to partially evade complement activation through the alternative 

pathway by interacting with host complement regulator proteins, such as factor H (FH) and 

factor H-like (FHL-1) through expression of Erps and CRASP proteins on their outer 

membrane [13] and by expressing a CD59-like protein that inhibits the assembly of (sub)lytic 

complexes [14]. However, others have shown that there was no difference in C3 deposition 

between serum sensitive strains and serum resistant strains when incubated in human serum 

[22,27]. Since C3b deposition and its degradation products iC3b, C3c and C3d play a major 

role in complement receptor-induced phagocytosis [4], this indicates that, although serum 

resistant spirochetes evade direct lysis through the alternative complement route, they are equally 

susceptible to phagocytosis compared to serum sensitive Borrelia. In contrast, inhibition of 

complement initiating mechanisms on Borrelia, such as inhibition of the lectin pathway by 

TSLPI, is likely to result in decreased C3 opsonisation. This could explain the observed 

impaired phagocytosis of Borrelia by neutrophils incubated with normal human serum in the 

presence of rTSLPI. Interestingly, apart from initiating complement activation, MBL and 

ficolins also act as opsonins in the absence of C3 through several collectin receptors on 

phagocytic cells [6]. In addition, MBL has been shown to cooperate with TLR-2/TLR-6 to 

enhance phagosome signaling in response to bacteria [28], further underscoring the relevance of 

inhibition of the lectin pathway by TSLPI for B. burgdorferi.  

Although rTSLPI inhibited Borrelia-induced MBL complement pathway-mediated 

chemotaxis in vitro, preliminary experiments indicate that rTSLPI did not impair influx of 

phagocytes in mice intradermally injected with 104 B. garinii strain A87S (data not shown). It is 

possible that other tick proteins are necessary to impair innate immune responses towards 

Borrelia. Indeed, during tick feeding other salivary proteins are able to inhibit additional parts of 

the innate immune system such as dendritic cells, neutralizing chemokines, inhibition of 

inflammatory cytokines among other reported anti-inflammatory proteins [2], which could also 

play a role in protecting Borrelia from clearance by the host immune system.  

TSLPI was differentially expressed during the course of tick feeding. Interestingly, 

TSLPI was upregulated in Borrelia-infected ticks during the early stages of tick feeding. 

Furthermore, the anti-complement effect of native TSLPI in tick SGE was inhibited in both 

the Borrelia killing assay and lectin pathway assay in the presence of anti-rTSLPI antiserum, 

indicating that TSLPI is a major inhibitor of complement activation though the lectin pathway 

on Borrelia in Ixodes tick saliva and underscoring its biologic significance. Indeed, after silencing 

TSLPI in ticks we showed that Borrelia transmission to mice was significantly impaired after 72 

h of tick feeding. Moreover, Borrelia loads in ticks after feeding were also more than 2-fold 

reduced. Others have shown that complement is still active in midguts of Ixodes ticks post-
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engorgement [29]. Thus, our data suggest that Borrelia is protected against complement 

activation by TSLPI in midguts of ticks. We next extended our studies by passively transferring 

rTSLPI rabbit antiserum to mice. After 72 h of feeding on rTSLPI immunized mice spirochete 

transmission from Borrelia-infected ticks to mice was significantly reduced as well. Since 

immunization against rTSLPI did not result in total abrogation of Borrelia transmission from 

the tick to the host, a future tick antigen-based vaccine to prevent Lyme borreliosis should 

probably be based on a combination of tick proteins expressed during the course of tick feeding 

and important for Borrelia transmission [3]. Together, our findings implicate that TSLPI is 

crucially important for Borrelia survival both in the tick vector and in the host during early 

infection. While TSLPI directly and specifically inhibited the lectin pathway of complement 

activation, this could facilitate transmission of other pathogens as well. Although TSLPI is 

specifically upregulated in tick salivary glands upon infection with B. burgdorferi, and not 

Anaplasma phagocytophilum, preliminary data show impaired A. phagocytophilum transmission by 

nymphs to rTSLPI-immune mice, using a mouse model for A. phagocytophilum infection (data 

not shown).  

We also assessed the role of TSLPI in survival and migration of Borrelia from the 

mammalian host to ticks, a process referred to as acquisition. These experiments were performed 

with larval I. scapularis ticks since larvae naturally acquire B. burgdorferi s.l. and we have 

previously shown that TSLPI is expressed in engorging larvae [16]. Borrelia acquisition from 

Borrelia-infected mice by larval ticks was impaired when mice were immunized with rTSLPI, 

indicating that TSLPI activity is crucial at the tick-bite site for Borrelia in order to survive and 

migrate into the tick midgut as well. Thus, TSLPI is a tick salivary protein that plays a 

significant role in both Borrelia transmission to the mammalian host as well as Borrelia 

acquisition and persistence in ticks. 

In conclusion, we have shown a crucial role for the lectin complement pathway in the 

eradication of the causative agent of Lyme disease. Furthermore, we have identified and 

characterized a tick salivary lectin pathway inhibitor (TSLPI) that abates complement activation 

on B. burgdorferi s.l. by impairing activation of the lectin complement pathway, which leads to 

impaired clearance of Borrelia. TSLPI silencing in ticks and TSLPI immunization studies 

demonstrated diminished Borrelia transmission and acquisition by ticks in which TSLPI activity 

was impaired, implying a crucial role for TSLPI in the enzootic life cycle of B. burgdorferi and 

revealing the potential of TSLPI as a component in a multivalent tick protein-based vaccine to 

prevent Lyme disease. 
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Ticks and animals. Ixodes scapularis nymphs and larvae were obtained from a tick colony at the Connecticut Agricultural 

Experiment Station in New Haven CT, USA. Ticks were maintained at 23°C and 85% relative humidity under a 14 h 

light, 10 h dark photoperiod. Borrelia infected nymphs were generated by placing larvae on B. burgdorferi infected C3H 

mice and fed larvae were molted to nymphs. For active immunization studies, 6 week old inbred New Zealand white 

rabbits (Charles River Laboratories) were obtained and immunized as described before [16]. Preparation of I. scapularis 

nymphal salivary gland extract (SGE) and adult saliva are described in Supplemental Experimental Procedures. For the 

passive immunization experiments 4-6 weeks old female C3H/HeJ mice (Jackson Laboratory) were used. The protocol 

for the use of mice and rabbits was reviewed and approved by the Yale Animal Care and Use Committee. The Animal 

Care and Use Committee of the University of Amsterdam approved all animal experiments performed in Amsterdam 

and experiments have been conducted according to national guidelines. 

 

Recombinant salivary proteins. Cloning and expression of TSLPI and p19 in the Drosophila Expression System 

(Invitrogen) and purification of recombinant protein was performed as described before [16]. See the Supplemental 

Experimental Procedures for more details. Deglycosylation of recombinant TSLPI with N-Glycosidase (PNGase) F 

(Sigma) was performed according to the manufacturer’s instructions. 

 

Tick RNA isolation and quantitative RT-PCR. Ticks were allowed to feed for 24, 72 h or to repletion (between 80 and 

96 h after initiation of tick feeding, ticks were monitored two times a day and recovered after detachment from the 

hosts) on experimental and control animals. Nymphs were dissected and salivary glands and midguts were pooled (3 

ticks), homogenized and RNA was extracted using the RNeasy minikit (Qiagen, CA). DNA was removed by on-column 

DNase digestion. The same procedure was performed with unfed ticks. Total RNA was quantified (5-6 ng of total 

RNA) and the quality of the RNA was assessed (Nanodrop 2000c). cDNA was synthesized using the iScript RT-PCR 

kit (Biorad, CA). According to the manufacturer’s instructions 2 l of cDNA synthesis reaction was analyzed by 

quantitative PCR for the expression of tick actin and TSLPI, using the iQ Syber Green Supermix (Biorad, CA) on a MJ 

cycler (MJ Research, CA) and previously described primers [16].  

 

Assay for detection of complement-mediated killing of Borrelia spirochetes. The serum-sensitive Borrelia garinii isolate 

A87S was used (107 spirochetes ml–1) to determine complement-mediated killing in normal human serum (NHS) as 

described earlier [15]. The serum resistant Borrelia burgdorferi N40 was used (107 spirochetes ml–1) to determine 

antibody dependent complement-mediated killing in Borrelia immune human serum (IHS). See Supplemental 

Experimental Procedures for more details. 

 

Deposition of terminal C5b-9 complement complexes. For detection of the terminal C5b-9 complement complexes on 

the borrelial surface, a previously described C5b-9 immunofluorescence assay was used [15]. See Supplemental 

Experimental Procedures for more details. 

 

Phagocytosis assay. Borrelia phagocytosis assay was performed as described before [30]. Experiments with human PMNs 

were performed with minor modifications described in Supplemental Experimental Procedures. 

 

Neutrophil Migration Assay. Human PMNs were isolated from blood with Polymorphprep (Axis-Shield) according to 

the manufacturer’s instructions. PMN migration was assessed as previously described [30]. See Supplemental 

Experimental Procedures for more details. 12.5% NHS was preincubated with 0.5 g/ l BSA or rTSLPI for 30 min. 

Subsequently, 2.5 x 107 B. garinii A87S was added and incubated for 30 min at 37°C. Spirochetes were pelleted (30 min, 



 

113 

5 

T
S

L
P

I facilitates B
orrelia tran

sm
issio

n
 an

d
 acq

u
isitio

n
 b

y in
h

ib
itin

g
 th

e lectin
 p

ath
w

ay  
20,000g) and the supernatant was checked for the absence of Borrelia using dark field microscopy. Supernatant was used 

to dilute the NHS to a final concentration of 2.5% and was added to the bottom wells after which cell migration was 

assessed. 

 

Borrelia binding assay. B. burgdorferi N40 (2.5 X 107) was incubated with 0.1 ng/ l recombinant Salp15 or TSLPI in 

PBS/0.1% BSA for 1 h at room temperature. Borrelia was pelleted and the pellet and supernatant were separated. The 

pellet was washed two times in 1.5 ml PBS/0.1% BSA and was resuspended in the same volume as the supernatant. 

Equal volumes of supernatant and pellet was used to run on a SDS gel and transferred to nitrocellulose membranes. The 

membranes were blocked with PBS/5% milk and immunoblots were probed and visualized with an HRP conjugated 

anti-V5 antibody (Invitrogen) and the enhanced chemiluminescence Western Blotting Detection System (GE 

Healthcare, NJ). 

 

Classical and alternative complement pathway assays. Complement hemolytic activity of the classical pathway (CH50) 

was determined by using antibody coated sheep red blood cells (SRBCs). Opsonized SRCBs were incubated for 1 h with 

several dilutions of NHS preincubated with either 0.25 μg/μl neutralizing C3 antibody (antiC3-2, Sanquin), 50 μg/μl 

neutralizing C1q antibody (anti-C1q-85, Sanquin), 0.25 μg/μl BSA or 0.25 μg/μl rTSLPI in GVBS (VBS with 5.8% 

(w/v) sucrose, 0.5% (w/v) human serum albumin, 10 mM CaCl2, and 2 mM MgCl2, pH 7.4) in a shaker at 37°C. 

Complement hemolytic activity of the alternative pathway (AP50) was performed by using rabbit red blood cells 

(RRBCs). RRBCs were incubated for 1 h in a shaker at 37°C with several dilutions of serum preincubated with 0.25 

μg/μl neutralizing C3 antibody, BSA or rTSLPI in GVBS containing 10 mM MgEGTA. For positive control of the 

CH50 and AP50 red blood cells were incubated in distilled water (100% lysis of cells) and for the negative control the 

red blood cells were incubated in GVBS or GVBS with 10 mM EDTA, respectively (0% lysis of cells). Plates were 

centrifuged at 1000g for 5 min and hemolysis was determined by measuring OD at 414 nm using the iMark Microplate 

Reader (Biorad). 

  

Lectin pathway of complement C4 activation. High binding microtiter plates (Microlon, Greiner) were coated with 10 

μg/ml mannan (Sigma) or acetylated LDL (A-LDL) (Biomedical Technologies Inc.) in a moist chamber overnight at 

4°C. A-LDL is a useful ligand to specifically determine L-ficolin activity [20]. Wells were blocked with blocking buffer 

(1:10 dilution of Starting Block (Pierce, IL, US) in TBS with 0.05% Tween20) at room temperature for 1h. After 

washing with TBS/0.05%Tween20/5 mM CaCl2, several NHS dilutions preincubated for 30 min with either BSA, rP19 

or rTSLPI were incubated in the wells in C4 activation buffer (4 mM Na-diethyl-barbiturate, 145 mM NaCl, 2 mM 

CaCl2, 1 mM MgCl2, 2% (v/v) Starting Block, 0.02% (v/v) Tween20) for 1 h at room temperature. Wells were washed 

and were incubated with biotinylated monoclonal mouse anti-human C4 IgG (0.25 μg/ml). After washing, avidin 

conjugated HRP in TBS/Tween20/Ca was incubated for 30 min at room temperature. Wells were washed, TMB 

substrate was added and the absorbance at 450 nm was measured using the iMark Microplate Reader (Biorad). 

 

MBL binding. Wells (Microlon, HB, Greiner) were coated with 10 μg/ml mannan overnight at 4°C, blocked with a 

1:10 dilution of Starting Block (Pierce) in TBS with 0.05% Tween20 and washed with TBS/Tween20/Ca. Several 

serum dilutions were incubated with BSA or rTSLPI for 30 min in MBL binding buffer (20 mM Tris-HCL, 1 M 

NaCl, 10 mM CaCl2, 1 mg/ml BSA, 0.05% (v/v) Triton X-100) and serum MBL was allowed to bind the mannan 

coated wells overnight at 4°C. Wells were washed with TBS/Tween20/Ca and incubated with monoclonal mouse anti-

human 10 μg/ml MBL antibody (Sanquin) in TBS/Tween20/Ca for 1 h at room temperature. After washing HRP-

conjugated anti-mouse IgG was added and was incubated for 45 min at room temperature. The amount of MBL bound 

to the plates was determined by reading the absorbance at 450 nm using the iMark Microplate Reader (Biorad). 
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MBL/MASP-2 complex activity assay. The MBL/MASP-2 complex activity assay was used to determine C4 cleavage 

activity of MASP-2 as previously described [31]. Serum MBL/MASP-2 complexes were bound to mannan-coated 

plates as described above by using several serum dilutions (1:50, 1:100 and 1:300) in MBL binding buffer overnight at 

4°C. After washing the plates MBL deficient serum was used as a C4 source in a final dilution of 1:100 and incubated 

with 0.25 μg/μl rTSLPI, BSA or C1 inhibitor (Sanquin) in C4 dilution buffer for 1 h at room temperature. C4 

activation and deposition on the plates as well as the amount of MBL bound on the plates after incubation of BSA or 

rTSLPI was determined as described above. 

 

Passive immunization and B. burgdorferi transmission. In experiments to address Borrelia transmission to mice, 6 B. 

burgdorferi N40 infected nymphs were placed on each mice passively immunized by intraperitoneal inoculation with 200 

μl serum obtained from rTSLPI or OVA immunized rabbits. Nymphs were allowed to feed to repletion. Salivary glands 

and midguts were dissected for mRNA purification as described above. Transmission was assessed by quantitative PCR 

of DNA isolated from skin at 7 days and hearts and joints at 21 days post engorgement. To address Borrelia acquisition, 

at least 30 pathogen free I. scapularis larvae were placed on each B. burgdorferi-infected rTSLPI immune mouse and 

allowed to feed to repletion. At least three mice were used in each experiment. Larvae were analyzed in pools of 5. 

  

RNAi silencing of TSLPI in Borrelia infected I. scapularis nymphs. Primers were designed by addition of a T7 promoter 

site (TAATACGACTCACTATAGGGAGA) at the 5’ end of the forward (AGGCTGCGACTATTACTGCTG) 

and reverse (TTGAATCGGTTGTCAAATGG) primers. dsRNA complementary to the TSLPI gene was synthesized 

by using the MEGAscript RNAi kit (Ambion). The dsRNA was purified and quantified spectroscopically. dsRNA (5 

nl, 1x1012 molecules per μl) was injected into the body of Borrelia infected nymphs using 10 l microdispensers 

(Drummond Scientific, Broomall, PA) drawn to fine-point needles by using a micropipette puller (Sutter Instruments, 

Novato) or with the same volume of dsRNA elution buffer (mock), provided by the RNAi kit (Ambion) alone. The 

needles were loaded onto a micromanipulator (Narishige, Tokyo) connected to a Nanojet microinjector (Drummond 

Scientific). At least 50 nymphs were used in each group. The ticks were allowed to rest for 3 h before placement on 

mice. Ticks were allowed to feed for 72 h, were weighted and dissected for mRNA isolation and quantitative RT-PCR 

as described above. Borrelia transmission was assessed by quantitative PCR of DNA isolated from skin at 7 days and 

hearts and joints at 21 days post engorgement. 

 

Statistical analysis. The significance of the difference between the mean values of the groups was analyzed using a two-

tailed student t test with Prism 5.0 software (GraphPad Software, USA) and the p value is indicated by asterisks in the 

figures. 
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Figure S1. rTSLPI inhibits complement-mediated killing of B. garinii A87S by reducing bleb formation on the outer 

membrane of Borrelia spirochetes, related to Figure 2. (A) B. garinii A87S was incubated with either normal human 

serum (15%) in the presence of 0.5 μg/μl rTSLPI, BSA (control), 0.13 μg/μl rTSLPI or with 0.25 μg/μl C1-inhibitor 

(C1 inh) or with 15% heat-inactivated serum. Growth of Borrelia was determined by measuring the color change of the 

indicator at 562/630 nm every 24 h for 144 h. Each sample and each time point were performed in triplicates and data 

are shown as mean ± SEM. (B) rTSLPI reduced bleb formation on the outer membrane of Borrelia spirochetes. Normal 

human serum (12.5%) was preincubated with 0.5 μg/μl rTSLPI (B) or BSA (C) and subsequently incubated for 2 hours 

with B. garinii A87S. Scanning electron microscope micrographs of Borrelia spirochetes in the (B) rTSLPI treated group 

and (C) BSA treated group. The white arrows indicate bleb formation on the outer surface of Borrelia. 

 

  

Figure S2. rTSLPI does not influence MASP-2 activity, related 

to Figure 4D. MBL/MASP-2 complexes were captured on 

mannan coated plates by incubation of 1:50, 1:100 and 1:300 

diluted serum in MBL-binding buffer. Serum was pre-incubated 

with 0.25 μg/μl rTSLPI, BSA (control) or C1 inhibitor. MBL 

deficient serum was used as a C4 donor and C4 deposition was 

measured in the presence of 0.25 μg/μl BSA, rTSLPI or C1 

inhibitor as shown in Figure 4D. MBL binding to mannan coated 

plates was measured using an MBL antibody. 
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Figure S3: Complement-mediated killing of B. garinii A87S in the presence of various inhibitors, related to Figure 5. 

Serum-sensitive B. garinii isolate A87S was incubated with 12.5% normal human MBL positive (1.16 μg/ml MBL; 

black bars) or MBL deficient (0.01 μg/ml MBL; grey bars) serum in the presence of 0.25 μg/μl BSA (control), 0.25 

μg/μl rTSLPI, 15 μg/ml neutralizing MBL (anti-MBL) antibody, 0.1 μg/μl neutralizing C1q (anti-C1q) antibody, 2 

μg/μl C1 inhibitor single or a combination of inhibitors. As a control, spirochetes were also incubated with heat-

inactivated (HI) NHS. Asterisks indicate a statistically significant difference with the control (***p<0.0001). 

 

Supplemental Experimental Procedures 

Saliva and salivary gland extract preparation. Adult tick saliva was collected and prepared as described previously 

(Hovius et al., 2008). Briefly, fully engorged I. scapularis adult female ticks were immobilized and a capillary tube was 

fitted over the mouthparts. 2 μl of 50 mg ml-1 of pilocarpine in ethanol was applied to the scutum of the ticks. Ticks 

were allowed to salivate for 3 hours and saliva was collected, pooled and stored at -80 ºC until use.  Nymphal salivary 

gland extract was prepared by suspending and homogenizing one pair of salivary glands in 10 μl of PBS on ice. The 

homogenate was centrifuged (10000g for 10 minutes at 4 ºC) and supernatants were collected and pooled.     

 

Production of recombinant salivary proteins.TSLPI and p19 cDNAs were inserted into the pMT/Bip/V5-HisA plasmid 

(Invitrogen, CA), and validated by sequencing. Drosophila melanogaster S2 cells were transfected with the plasmids 

containing TSLPI or p19 and stable transfectants were generated. Protein expression was induced with copper sulfate as 

described by the manufacturer (Invitrogen, CA). The supernatant was filtered using a 0.22-μm filter (Millipore, MA) 

and rTSLPI and rP19 were purified from the supernatant using Ni-NTA Superflow column chromatography (Qiagen, 

CA) and eluted with 250 mM imidazole. The eluted fractions were sterilized using a 0.22-μm filter, concentrated with a 

5-kDa concentrator (Sigma-Aldrich, MO) and dialyzed against PBS. The purity of rTSLPI and rP19 was checked by 

Coomassie blue staining after electrophoreses on SDS 12% polyacrylamide gel and the concentration was determined by 

BCA protein assay kit (Thermo Fisher Scientific inc., IL). 

 

Deposition of terminal C5b-9 complement complexes. 12.5% NHS was preincubated with either 0.25 μg/μl BSA or 

rTSLPI for 30 min at 33°C. B. garinii strain A87S (2.5 X 106) was incubated in NHS with BSA or rTSLPI for 15 or 30 

min at 33°C and were washed twice with PBS-1% BSA. They were resuspended in PBS-1% BSA, air dried on 
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microscope slides overnight, and fixed in 100% ice-cold acetone. Spirochetes were detected by incubation with Borrelia 

immune rabbit serum, and membrane bound C5b-9 complement complexes were labeled with monoclonal mouse C5b-9 

antibodies (Dako). After being washed, the slides were incubated with an anti-rabbit immunoglobulin G-fluorescein 

isothiocyanate-labeled antibody (DAKO) and an anti-mouse immunoglobulin G-Alexa 546 (Invitrogen). Slides were 

mounted with Vectashield® mounting medium (Vector laboratories) and were visualized by confocal microscopy using a 

fluorescence microscope (Axiovert 200M; Carl Zeiss). At least 100 spirochetes were counted, and the experiment was 

performed three times. 

 

Assay for detection of complement-mediated killing of Borrelia spirochetes. The serum-sensitive Borrelia garinii isolate 

A87S was used (107 spirochetes ml–1) to determine complement-mediated killing in normal human serum (NHS). The 

serum resistant Borrelia burgdorferi N40 was used (107 spirochetes ml–1) to determine antibody dependent complement-

mediated killing by Borrelia immune human serum (IHS). A final concentration of 12.5% pooled NHS or IHS was pre-

incubated with bovine serum albumin (BSA), rP19 or rTSLPI (0.25 μg/μl) respectively for 30 min at 33°C and Borrelia 

(2.5 x 105) was added. After 1.5 h of incubation at 33°C spirochetes were examined by using dark field microscopy. 

Serum samples were checked for Borrelia-specific antibodies by western blot analysis. Serum was heat inactivated by 

incubation at 56°C for 30 minutes. Borreliacidal effect was recorded by screening for immobilization and bleb formation 

of the spirochetes (as shown in Fig.S1B,C). Immotile spirochetes were considered dead, as described previously (van 

Dam et al., 1997). The percentages of non-viable spirochetes from 200 spirochetes per well were assessed (Schuijt et al., 

2008). As an alternative approach complement-mediated killing was assessed by a growth inhibition assay as previously 

described (Kraiczy et al., 2000) with minor modifications. Briefly, B. garinii A87S (2 x 107) were resuspended in 100 μl 

BSK-H medium containing 240 μg ml-1 phenol red with 15% normal human serum pre-incubated with 0.5 μg/μl 

rTSLPI or BSA, 0.13 μg/μl rTSLPI or with 0.25 μg/μl C1-inhibitor for 30 minutes at 33 ºC. As a control Borrelia was 

resuspended in 100 μl BSK-H medium containing 240 μg ml-1 phenol red with 15% heat-inactivated normal human 

serum. Samples were plated in 96 well microtiter plates (Microlon, Greiner) and incubated at 33ºC. Growth of Borrelia 

was determined by measuring the color change of the indicator at 562/630 nm each 24 h for 144 h using the Biotek 

Synergy HT plate reader.   

 

Phagocytosis assay. Viable B. burgdorferi N40 or B. garinii A87S were labeled with 3.3 μM carboxyfluorescein diacetate 

succinimidyl ester (CFSE, Invitrogen). Human neutrophils (PMNs) derived from a blood donor were isolated with 

Polymorphprep (Axis-Shield) according to the manufacturer’s instructions. 1% and 2.5% NHS or 5% IHS was 

preincubated with either 0.25 μg/μl BSA or rTSLPI for 30 min at room temperature. CFSE-labeled viable Borrelia were 

incubated with PMNs (PMN:Borrelia; 1:25) and NHS or IHS was added to B. garinii or B. burgdorferi N40 respectively. 

Samples were incubated for 2, 5 and 10 min (NHS and IHS) or 30 min (IHS) on a shaker at 37°C and phagocytosis was 

stopped by transferring the cells to ice-cold Fluorescence-Activated Cell Sorting (FACS) buffer (PBS supplemented 

with 0.5% bovine serum albumin (BSA), 0.01% NaN3 and 0.35 mM EDTA) and stored at 4°C. Samples continually 

kept on 4°C were used as a control. Heat-inactivated serum (56°C for 30 minutes) was used as a control to determine the 

role of serum complement in phagocytosis. Cells were washed with ice-cold FACS-buffer and incubated with BD 

Lyse/Fix solution (BD Biosciences) and resuspended in FACS-buffer for FACS analysis on a FACSCalibur flow 

cytometer (Beckton Dickinson). The phagocytosis index of each sample was calculated as mean fluorescence intensity 

(MFI)×percentage (%) positive cells) at 37°C minus (MFI×% positive cells) at 4°C . Each sample and each time point 

were performed in triplicates and were performed two times. 

 

Neutrophil Migration Assay. Prior to experimentation human PMNs were labeled with 10 M CellTracker Green 

(Molecular Probes) in serum-free Dulbecco's modified Eagle's medium (DMEM) for 1 h at 37°C. The dye was fixed by 

1 h incubation in DMEM plus 10% FCS. Subsequently, PMNs were washed, resuspended in serum-free medium and 
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transferred to 3 μM pore size HTS FluoroBlok Cell Culture Inserts (BD Falcon) which were inserted in fitting 24-well 

plates. 12.5% NHS was preincubated with 0.5 g/ l BSA or rTSLPI for 30 min. Subsequently, 2.5 x 107 B. garinii 

A87S was added and incubated for 30 min at 37°C. Spirochetes were pelleted (30 min, 20,000g) and the supernatant was 

checked for the absence of Borrelia using dark field microscopy. Supernatant was used to dilute the NHS to a final 

concentration of 2.5% and was added to the bottom wells after which cell migration was assessed as previously described 

(Hovius et al., 2009). Briefly, fluorescence values representing the number of cells on the bottom side of the insert, was 

read during 30 cycles every 2 min on a Series 4000 CytoFluor Multi-Well Plate Reader (Perseptive Biosystems). Raw 

fluorescence data were corrected for background fluorescence and no-attractants controls were subtracted at each 

measured time point to correct for random migration. Migration start points were set to zero.  
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Ticks are blood-sucking ectoparasites that transmit several diseases. A wide range of anti-

haemostatic and anti-inflammatory salivary proteins enable ticks to feed for several days on 

mammalian hosts. Recently we identified the new coagulation inhibitor P23, produced by 

salivary glands of the tick Ixodes scapularis. In silico analysis showed that P23 is a member of an 

unknown protein family that is highly conserved in ticks. We here show that recombinant P23 

inhibits thrombin generation initiated in plasma via the TF as well as the contact activation 

pathways. Further analysis showed that rP23 inhibits the common FXa pathway but does not 

inhibit the active site of FXa or thrombin. Thrombin generation initiated in the presence of 

preactivated factor V was not inhibited by rP23. Remarkably, factor V activation experiments 

demonstrated that rP23 does not inhibit FV activation by thrombin, but abrogated FV 

activation by FXa in the presence of phospholipids. Henceforth, P23 was renamed to the ‘Tick 

Inhibitor of factor Xa towards factor V’ (TIX-5) revealing the functional activity of TIX-5. 

Ixodes scapularis feeding was impaired on rabbits actively immunized with rTIX-5, displaying the 

in vivo importance of TIX-5 further delineating the molecular mechanisms by which ticks 

inhibit the host’s coagulation system. Furthermore, these data challenge the paradigm that 

thrombin is the only physiological activator of FV and demonstrate that FXa plays a crucial role 

in the activation of FV during initiation of coagulation using a novel tick protein. 
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Ixodes ticks transmit various pathogens, including the causative agent of Lyme 

borreliosis, Borrelia burgdorferi [1] and feed for several days on a vertebrate host to obtain a blood 

meal. To counteract several host defense mechanisms ticks introduce tick saliva containing a 

range of salivary proteins with immunosuppressive and anticoagulant properties at the tick bite 

site. Ticks tear their way into the dermis and damage small blood vessels embedding their 

mouthparts in the host’s skin [2], which could initiate blood coagulation. Under normal 

circumstances, coagulation is triggered either by the contact activation (or intrinsic) pathway or 

by the tissue factor (or extrinsic) pathway [3,4]. When tissue factor (TF) is exposed to blood it 

forms a complex with plasma factor VIIa (FVIIa), which subsequently activates factors X (FX) 

and IX (FIX) [5,6]. Activated factor IX (IXa) together with FVIIIa will generate additional 

activated factor X (Xa). The contact activation pathway starts by reciprocal activation of factor 

XII (FXII) and prekallikrein on a foreign surface with high-molecular-weight kininogen 

(HMWK) as cofactor [7]. Activated FXII (FXIIa) converts factor XI (FXI) into an active 

enzyme (FXIa), which on its turn activates FIX leading to the formation of FXa. The contact 

and tissue factor pathways converge at the common pathway, which starts at the level of FXa. 

FXa forms the prothrombinase complex together with factor Va (FVa) on a phospholipid 

membrane surface, leading to thrombin generation [8]. Thrombin catalyzes many coagulation-

related reactions and converts soluble fibrinogen to fibrin, which forms a solid blood clot 

together with erythrocytes and platelets [9]. Activation of the coagulation system can be divided 

into two phases; the “initiation phase” and “propagation phase”. The “initiation phase”, with 

major factor V (FV) and factor VIII (FVIII) activation and only limited FIX and FX activation 

[10], is characterized by low rates of thrombin generation while the “propagation phase” is 

characterized by rapid, quantitative activation of all prothrombin. During the initiation phase 

low concentrations of enzyme activate the first traces of FV necessary to generate the 

prothrombinase complex with FXa. Traces of thrombin are hypothesized to be responsible for 

generating the initial FVa under physiological conditions [11,12,13]. However, despite intensive 

research on the activating events of FV the question is still open as to whether FV has some 

intrinsic activity before activation, or whether FXa plays a significant role in FV activation. The 

latter is complicated by the high potency of thrombin to activate FV, forming a strong feed-

forward loop to form prothrombinase and the lack of specific inhibitors of either thrombin 

dependent FV activation or FXa dependent FV activation. 

Ticks have developed a broad array of anti-haemostatic proteins, secreted from the 

tick’s salivary glands, which are essential for successful feeding and survival. These include 

platelet inhibitors, intrinsic and extrinsic pathway inhibitors, FXa inhibitors, thrombin 
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inhibitors, and fibrinolytic agents [14], which maintain the tick’s blood meal in a fluid state. As 

such, anti-haemostatic tick proteins are potential pharmacological agents, which has been 

proven to be effective in the case of the tick anticoagulant peptide (TAP) from Ornithodoros 

moubata [14,15] and potential vaccine candidates to thwart tick feeding and pathogen 

transmission.  

Recently, we identified a novel anti-coagulant I. scapularis salivary protein, designated 

P23 according to its molecular weight, by probing an I. scapularis salivary gland yeast surface 

display library with tick immune rabbit sera [16]. We now demonstrate impaired feeding of 

adult ticks on rP23-immunized rabbits indicating a clear functional role of P23 during tick 

feeding. Moreover, we here characterize the anti-coagulant properties of P23, which dose-

dependently prolongs activation of the coagulation system by specifically preventing activation of 

FV through FXa. Hence, the tick salivary protein P23 was renamed to ‘Tick Inhibitor of factor 

Xa towards factor V’ (TIX-5). 

 

General properties of the anticoagulant Ixodes scapularis protein TIX-5. Ixodes scapularis protein 

TIX-5 was recently identified as an antigenic salivary protein after performing a Yeast Surface 

Display screening with I. scapularis immune rabbit serum and showed anticoagulant activity 

(designated as P23, GenBank: AEE89467) [16]. Protein TIX-5 displays homology (54-58% 

similarity and 38-41% identity) with several annotated homologues in I. scapularis (GenBank: 

XP_002405271.1, GenBank: AAY66581.1 and GenBank: XP_002435217.1) indicating that 

TIX-5 is part of a novel family of I. scapularis proteins (Fig.S1A and Table S1). Interestingly, I. 

scapularis protein TIX-5 showed homology (46% similarity and 24% identity) with an annotated 

partial amino acid sequence from a putative secreted salivary protein from Ornithodoros coriaceus 

(GenBank: ACB70374.1), suggesting that this family of proteins is conserved in distinct tick 

families (Fig.S1A and Table S1). Since TIX-5 was found to be antigenic in I. scapularis immune 

rabbits it is likely that TIX-5 is a secreted protein [16]. Indeed, a signal peptide cleavage site was 

predicted between amino acid position 17 and 18 (Fig.S1A), using the web-based software 

SignalP (version 3.0). Analysis of the TIX-5 sequence using the web-based NetNGlyc server 

(version 1.0) revealed three predicted N-glycosylation sites (Fig.S1B). Removing N-glycans 

from the protein backbone of Drosophila-expressed recombinant protein TIX-5, using N-

glycosidase (PGNase) F reduced the molecular weight (MW) with ~10 kDa and showed several 

partially deglycosylated forms in line with the three predicted N-glycosylation sites (Fig.S1C). 

Further in silico analysis of TIX-5 did not reveal homologies to other known proteins or 

functional domains.    
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Both contact activation and the tissue factor coagulation pathways are inhibited by recombinant 

TIX-5 in a dose-dependent manner. We have previously shown that rTIX-5 significantly 

prolonged the lag time of thrombin formation after initiating coagulation with 1 pM TF [16]. 

We now show that rTIX-5 significantly prolonged lag time and time to peak and inhibited the 

total amount of thrombin formed (Endogenous Thrombin Potential, ETP) and peak thrombin 

concentration after initiating coagulation by contact activation (Fig.1A, silica reagent APTT-

based) and by 1 (Fig.1B) and 5 pM (Fig.1C) TF. When small amounts of thrombin are 

generated FXI becomes activated [21] which forms a positive feedback loop by activating FIX 

which leads to amplified FX formation. We assessed whether rTIX-5 had an effect on back-

activation of FXI. This was not the case since rTIX-5 retained its anticoagulant properties after 

initiation of the coagulation pathway using 1 pM TF in FXI deficient plasma (Fig.1D). rTIX-5 

also showed a prolonged lag time and decreased thrombin formation in platelet rich plasma 

when coagulation was initiated with 1 pM TF (Fig.1E). The effect of rTIX-5 was dose-

dependent (Fig.1F), which was confirmed in the fibrinogen clotting assay as an alternative read-

out assay of coagulation activation (Fig.S2). After rTIX-5 was degraded by proteinase K 

treatment, rTIX-5 lost its anticoagulant properties (Fig.S3). In recalcified human citrated whole 

blood, 3.25 μM rTIX-5 demonstrated a ~2-fold prolongation of clot time (5.5±0.3 minutes for 

PBS control versus 12.9±0.3 minutes for 3.25 μM rTIX-5, p<0.0001) and a ~4-fold 

prolongation of clot time (5.5±0.3 minutes for PBS control versus 19.5±1.2 minutes for 6.5 μM 

rTIX-5, p<0.0001) with 6.5 μM rTIX-5 (Fig.1G), further underscoring its biological 

importance.  

 

Immunization with recombinant TIX-5 impairs adult tick feeding on rabbits. We immunized 3 

rabbits with rTIX-5 which induced an antibody response that recognized native TIX-5 in 

salivary gland extract (SGE) of adult I. scapularis nymphs (Fig.2A). Immune serum antibodies 

detected multiple bands in the range from 23 to 30 kDa representing the different glycosylated 

forms of TIX-5 (Fig.2A). Immune sera from 3 control rabbits immunized with OVA did not 

react with proteins in SGE while rP19 antisera, used as a tick salivary protein control, 

recognized native P19 but not native TIX-5 (Fig.2A). Upon challenge of the immunized rabbits 

with I. scapularis adult ticks, comparable numbers of ticks fed to repletion and spontaneously 

detached on the control and experimental animals (40 and 32 adult ticks on the rP19 and the 

OVA control groups versus 34 on the rTIX-5 immunized group, respectively). 
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Figure 1. Both the contact activation and the tissue factor coagulation pathways are inhibited by recombinant rTIX-5 in 

a dose-dependent manner. Thrombin generation was initiated in normal human plasma by addition of 4 μM 

phospholipids and (A) 8 times diluted APTT-based reagent, (B, F) 1 pM TF, (C) 5pM TF or (D) in FXI deficient 

plasma with 1 pM TF. (E) Thrombin generation in platelet-rich plasma (PRP) was initiated with 1pM TF. Data are 

means ± SEM. (G) Recalcification of citrated whole blood in the presence of PBS (control), 3.25 μM rTIX-5 or 6.5 μM 

r rTIX-5. The time to clot formation was measured. Unpaired t-tests were performed to determine significance (* 

p<0.01). Representatives of at least two experiments are shown. 
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Adult tick engorgement weights were significantly lower after feeding on rabbits immunized 

with rTIX-5 than adults that fed on the OVA control rabbits (Fig.2B; 113.8 ± 17.7 mg versus 

171.1 ± 17.6 mg, respectively, p=0.02) or on rP19 immune rabbits (Fig.2B; 214.4 ± 17.2 mg, 

p=0.0001 compared to rTIX-5). Consistently, rTIX-5 inhibited coagulation in rabbit plasma as 

well, when initiated by both the TF (Fig.2C) and the contact activation pathways (Fig.2D).  

 

Figure 2. Impaired adult Ixodes scapularis feeding on rTIX-5 immunized rabbits. (A) Adult salivary gland extract probed 

with antiserum from OVA, rP19 or rTIX-5 immunized rabbits. (B) I. scapularis post engorgement weights recovered 

from the OVA, rP19 and rTIX-5 immunized rabbits. Each group consisted of three rabbits. The horizontal bars 

represent the medians of the respective groups. Unpaired t-test was used to determine statistical significance. Thrombin 

generation was initiated in normal rabbit plasma by addition of 4 μM phospholipids and 8 times diluted APTT-based 

reagent (C) or 5 pM TF (D). 

 

rTIX-5 inhibits coagulation in the presence of FXa and does not neutralize phospholipids. 

Since rTIX-5 inhibited the coagulation system initiated after both the contact activation and the 

TF pathways, we assessed whether rTIX-5 inhibited the common pathway of coagulation. 
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Figure 3. rTIX-5 has anticoagulant activity in the presence of FXa, but is not an active site inhibitor of FXa and is not 

dependent on phospholipids. Thrombin generation was initiated with 30 pM FXa in normal human plasma (A) or FX 

deficient plasma (B) in the absence or by addition of 0.25 μM (A), 1 μM (A) or 4 μM (A,B) phospholipids. (C) FXa 

mediated cleavage of substrate S2222 was measured in the presence (grey bars) or absence (black bars) of 6.5 μM rTIX-

5. Unpaired t-test was used to determine statistical significance. (D) Coagulation was initiated with 1 pM TF in the 

absence or by addition of 4 μM or 20 μM phospholipids. Graphs show a representative of 2 separate experiments. 

 

When thrombin generation was initiated in plasma by 30 pM FXa and varying concentrations of 

phospholipids, rTIX-5 inhibited thrombin generation (Fig.3A). To assess whether rTIX-5 

inhibited FXa generation through feedback-activation we initiated coagulation with 30 pM FXa 

in FX deficient plasma and demonstrated that rTIX-5 retained its anticoagulant properties 

(Fig.3B). However, rTIX-5 did not show a direct effect on FXa in a chromogenic assay 

(Fig.3C), indicating that rTIX-5 is not an active site inhibitor of FXa. Since the effect of rTIX-

5 was more evident in the presence of lower amounts of phospholipids (Fig.3A), we assessed 

whether rTIX-5 was able to neutralize phospholipids. In the presence of high concentrations of 

phospholipids (20 μM), rTIX-5 still inhibited thrombin generation (Fig.3D), indicating that 

rTIX-5 does not simply neutralize the phospholipids required for the prothrombinase complex. 
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Regulators of the initiation phase of coagulation support the anticoagulant effect of rTIX-5. 

We assessed whether the absence of physiological inhibitors of the human coagulation system 

influenced the anticoagulant properties of rTIX-5. Fibrinogen reduces thrombin generation by 

binding thrombin with high affinity, and fibrinogen is actually also referred to as antithrombin I 

[22]. Defibrination of normal human plasma resulted in a clear reduction of the lag time when 

coagulation was triggered with 1 pM or 5 pM of TF (Fig.4A), in line with a study performed by 

de Bosch et al. [23].  When coagulation was triggered with 1 pM TF, rTIX-5 prolonged the lag 

time by 1.5 min in the absence and 5.7 min in the presence of fibrinogen (Fig.4A). Activation of 

coagulation by 5 pM TF with rTIX-5 resulted in a prolongation of lag time by 2.0 and 3.2 min 

in the absence and presence of fibrinogen respectively (Fig.4A). These results demonstrate that 

the inhibitory effect of rTIX-5 is greatly reduced in fibrinogen depleted plasma. In line with 

this, the absence of other physiological inhibitors of the initiation phase, e.g. antithrombin, TF 

pathway inhibitor and protein S resulted in a reduced anticoagulant effect of rTIX-5 (Fig.S4). 

The absence of protein C did not influence the effect of rTIX-5 (Fig.S4).  

 

Preactivation of prothrombin and FV impairs the anticoagulant effect of rTIX-5. Since the 

absence of fibrinogen severally hampered the anticoagulant activity of rTIX-5, we further 

investigated if rTIX-5 was still able to inhibit coagulation in the presence of preactivated 

prothrombin. In the presence of 3 nM thrombin, rTIX-5 was not able to inhibit further 

thrombin generation via the feedback loop through FXI activation (Fig.4B). Next, we studied 

the anticoagulant effect of rTIX-5 in the presence of preactivated FV. Interestingly, rTIX-5 

significantly inhibited coagulation when 20 nM FV was added to FV deficient plasma, whereas 

this effect was for most part abrogated in the presence of 20 nM FVa (Fig.4C), which suggested 

that rTIX-5 postpones both the activation of prothrombin and FV. To further investigate the 

anticoagulant effect of rTIX-5 we used a purified system of coagulation factors to study 

thrombin generation. In this purified system, supplemented with TFPI (Fig.S5C) and FVIII 

(Fig.S5C and D) to make the system sensitive and potent, thrombin generation was inhibited by 

rTIX-5 after initiating activation of coagulation through the TF pathway using 1 pM TF 

(Fig.4D), as well as when initiated with 8 pM FIXa (Fig.S5A) or 32 pM FXa (Fig.S5B). These 

data clearly demonstrated that rTIX-5 inhibited coagulation activation by interfering with one 

or more factors present in the purified system. By using this purified system of coagulation 

factors, we confirmed that thrombin generation was postponed (Fig.4E) in the presence of 

rTIX-5. Moreover, FV activation was postponed in the presence of rTIX-5 (Fig.4F).   
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Figure 4. The effect of rTIX-5 is abrogated in the presence of preactivated FV and thrombin and in the absence of 

fibrinogen. (A) Coagulation was initiated with 1 pM (black lines) and 5 pM TF (grey lines) in human normal pool 

plasma (NHP) or in fibrinogen depleted pool plasma (Fib def) by addition of 4 μM phospholipids and lag time was 

measured. (B) Coagulation was initiated with 3 nM thrombin in normal human plasma in the presence of 4 μM 

phospholipids. FIX deficient and FXI deficient plasma were used as a negative control and both lie on the x-axis. (C) FV 

deficient human plasma was complemented with 20 nM purified human FV (grey lines) or FVa (black lines). Thrombin 

generation was initiated by addition of 4 μM phospholipids and 1 pM TF in the presence (dashed lines) or absence 

(solid lines) of 6.5 μM rTIX-5. Thrombin was generated in a purified system as described in Experimental Procedures 

and at specific time intervals aliquots were withdrawn for analysis of thrombin formation by the rate of conversion of the 

thrombin specific chromogenic substrate S2238 (D). Additionally, the aliquots were subjected to Western blot analysis 

(E) in non-denaturing (upper panel) and denaturing (lower panel) conditions were visualized with anti-thrombin 

antibody. Meizothrombin-des-fragment 1 and pre-thrombin 1 (50 kDa) and -thrombin (39 kDa) were visualized in 

the upper panel. The thrombin B-chain (30 kDa) was visualized in the lower panel. Simultaneously, FV heavy chain 

(100 kDa) formation was visualized by Western blot analysis (F). Graphs show a representative of 2 separate 

experiments. 

 

rTIX-5 specifically inhibits the activation of FV by FXa. To further elucidate the mechanism by 

which rTIX-5 prolonged FV activation we explored the role of rTIX-5 in the direct activation of 



 

131 

6 

F
X

a-in
d

u
ced

 activatio
n

 o
f F

V
: lesso

n
s fro

m
 a tick

 salivary p
ro

tein
 

FV. Since thrombin is thought to be the most significant contributor in the formation of FVa 

[13], we determined if rTIX-5 inhibited activation of FV by thrombin. We show that rTIX-5 

did not affect the activation of FV by thrombin (Fig.5A) as demonstrated by both Western blot 

analysis (left panel) and by a FVa clot assay (right panel). FXa has been shown to activate FV in 

the presence of phospholipids but clearly less efficiently compared to thrombin and it has been 

suggested that FXa does not contribute to the conversion of FV at physiologically relevant 

conditions [11,12,13]. Unexpectedly, rTIX-5 abrogated activation of FV by FXa (Fig.5B) 

demonstrated by both Western blotting of active fragments of FV (left panel) and a FVa clot 

assay (right panel). Activation of FV by FXa in the absence of phospholipids was negligible (data 

not shown). Presently it is assumed that small amounts of thrombin are generated by FXa on 

phospholipids which subsequently activate enough FV to generate prothrombinase. Direct 

activation of prothrombin to thrombin by FXa in the absence of FV was not impaired by rTIX-5 

(Fig.5C), which corroborates that rTIX-5 is not an inhibitor of the active site of FXa, nor of an 

exosite of FXa involved in prothrombin activation. Collectively, these data show that rTIX-5 is a 

powerful inhibitor of FXa-mediated FV activation. 

 

It is of crucial importance that enzymes of the coagulation system and their cofactors, 

including FV, circulate in an inactive form under normal conditions and are only activated when 

necessary. In the common pathway, FX and FV become activated to FXa and FVa respectively, 

which occurs early after activation via the contact and TF pathways of coagulation. FVa is a 

non-enzymatic cofactor and a crucial ingredient of the prothrombinase complex since it makes 

FXa 300,000 times more efficient in converting prothrombin to thrombin [24,25]. FVa forms a 

complex with FXa on negatively charged phospholipids provided by activated platelets in the 

presence of Ca2+ to form the prothrombinase complex. The initial activation of FV has been the 

subject of great investigative effort and of speculation and controversy. FXa and thrombin are 

both able to activate FV to FVa. Although FXa has been shown to activate FV in the presence 

of phospholipids [26], it did not appear to contribute to FVa formation at physiologically 

relevant conditions and it has been suggested that thrombin is the physiological activator of FV 

[11,12,13]. Previously, Foster et al. postulated factor Xa could be responsible for activation of 

FV needed for early prothrombinase activity without definite proof [27].  

We now report a tick salivary protein - previously designated as P23 according to its 

molecular weight [16], but now renamed TIX-5 based on its function - as a tool to demonstrate 

that FXa is crucial in the activation of the first FV to form the initial prothrombinase complexes. 



 

132 

 
 

Figure 5. rTIX-5 specifically prevents activation of FV by FXa on a phospholipid membrane. Time course of FV 

activation by 1 nM thrombin (A) or 10 nM FXa (B) in the presence of phospholipids as described in Methods was 

evaluated by Western blotting (left panels) using an anti-FV heavy chain antibody. Reaction time points in minutes are 

indicated above the lanes. As an alternative approach, FV activation was determined by measuring FVa activity in FV 

deficient plasma (right panels) at the indicated time points as described in the Methods. (C) Thrombin concentration 

was measured by the rate of conversion of a thrombin specific chromogenic substrate at the indicated time points when 

100 μg/ml FII was activated with 35 nM FXa in the presence of 0.7 μM phospholipids.  
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rTIX-5 inhibits both the contact activation and tissue factor (TF) pathways of coagulation by 

interfering with the conversion of FV by FXa on phospholipids. It has been proposed that the -

thrombin that is responsible for early FV activation is produced directly by FXa on 

phospholipids during the initial phase of coagulation [12,28]. Since rTIX-5 specifically 

hampered FV activation by FXa on phospholipids and did not affect direct activation of 

prothrombin to thrombin on phospholipids by FXa, we demonstrate the crucial role of early FV 

activation by FXa.  

Because suboptimal concentrations of phospholipids increased the anticoagulant effect 

of rTIX-5 we postulated that rTIX-5 would lead to an enhanced anticoagulant phenotype in 

platelet rich plasma. However, the anticoagulant effects of rTIX-5 were reduced in platelet rich 

plasma. Roughly 80% of FV circulates in plasma, whereas 20% is found within the -granules of 

platelets [29]. Activated platelets release several coagulation factors, including FVa [29,30,31] 

which is partially resistant to activated protein C [32] and a FV activating protease [33]. The 

data obtained with TF triggered thrombin generation in platelet rich plasma are thus consistent 

with the observations that in the presence of FVa the anticoagulant effect of rTIX-5 was almost 

completely ablated. Ticks produce various inhibitors of platelets and platelet activating factors in 

order to prevent platelet activation [14], which shows to be crucially important for the inhibiting 

effect of TIX-5 in the presence of platelets and TF.  

Interestingly, the anticoagulant effect of rTIX-5 was almost entirely ablated in the 

absence of fibrinogen when coagulation was initiated with 1 pM TF in human plasma. 

Fibrinogen, also referred to as antithrombin I, strongly binds to thrombin [22,34]. In line with 

these data, others have shown that thrombin formation is increased in fibrinogen depleted 

plasma [23]. Also in this study we demonstrate that the absence of fibrinogen in human plasma 

decreased the lag time of coagulation. These data suggest that trace amounts of thrombin that 

are initially formed after initiation of coagulation are bound and captured by fibrinogen and are 

subsequently hampered to activate FV. Indeed, others have shown that thrombin binding to the 

’ chain of fibrinogen resulted in a reduction of FVIII activation [35]. We demonstrated that the 

anticoagulant effect of rTIX-5 was clearly reduced when fibrinogen depleted plasma was 

initiated with 1 pM TF compared to 5 pM TF. This is in line with the mechanism of rTIX-5, 

since generation of FXa occurs more rapid with higher concentrations of TF. In addition we 

found that the anticoagulant effect of rTIX-5 was absent when coagulation was initiated with 3 

nM thrombin. Once significant amounts of thrombin are present, coagulation is activated 

through the positive feedback loops provided by thrombin which includes activation of the 

procofactors FV and FVIII, as well as FXI. TFPI and protein S are two other physiologic 

coagulation inhibitors that regulate the initiation phase of thrombin generation [36,37]. We 
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demonstrated that, in a fibrinogen-free but protein S and TFPI containing system, FV 

activation as well as thrombin generation were also inhibited by rTIX-5.   

These experiments showed that rTIX-5 may inhibit thrombin generation profoundly 

when the initiating trigger is low and when thrombin formation and function are 

counterbalanced by the coagulation inhibitors of the host. Non-anticoagulated blood was kept in 

a fluid state for 19.5 minutes by rTIX-5 compared to 5.5 minutes in the absence of rTIX-5. 

Blood-feeding ticks alternate phases of sucking blood and secreting saliva at the bite site while 

each phase last as long as 5-20 minutes [38], enabling them to introduce new TIX-5, among 

others, at the bite site during each secretion phase. This process is crucial for hematophagous 

organisms, including Ixodes ticks, to suppress the host coagulation system in order to maintain 

blood in a fluid state so that it can absorb, store and digest its blood meal. This is necessary, 

since the coagulation system is triggered immediately after the mouthparts penetrate and 

damage the host’s tissue. In order to do this efficiently ticks have shown to target several parts of 

the host coagulation system such as platelets, thrombin, FXa, fibrinogen etc. [14]. Considering 

ticks have a widely diverged set of anticoagulant proteins, the effect of TIX-5 on coagulation is 

most likely enhanced in the presence of these proteins. In line with this, in the absence of other 

physiological inhibitors of the initiation phase besides fibrinogen, c.q. AT, TFPI and protein S, 

the effect of rTIX-5 was reduced. Interestingly, by performing in silico analysis of TIX-5, a 

partial amino acid sequence coding for an annotated homologue in Ornithodoros coriaceus was 

found. Since Ornithodoros is part of a different family of ticks, c.q. Argasidae [39], this shows 

that TIX-5 is a member of larger protein family prevalent in ticks.  

Since rTIX-5 was identified by probing a salivary gland expression library with tick 

immune rabbit sera [16] and an anti-tick vaccine is an interesting approach to thwart tick 

feeding and to block tick transmitted pathogens such as the Lyme borreliosis causing agent 

Borrelia burgdorferi [40], we immunized rabbits with rTIX-5. Anti-tick vaccines to prevent 

pathogen transmission are the topic of extensive investigation and one possible approach would 

be to target a group of tick proteins that inhibit the host coagulation system [40]. Activation of 

coagulation also results in induced inflammation and vice versa, since there is extensive crosstalk 

between these two systems [41]. After several tick infestations rabbits acquire an immune 

response resulting in tick rejection, also referred to as ‘tick immunity’ or ‘tick resistance’ [42]. 

One of the major parameters indicative of tick immunity is a reduction of tick weights after 

feeding. Western blot analysis of salivary gland extract from adult I. scapularis ticks probed with 

serum from rTIX-5 immunized rabbits indicated that rTIX-5 specific antibodies recognized 

native rTIX-5. Previously, we have shown that weights of I. scapularis nymphs were slightly but 

not significant reduced after feeding on rTIX-5 immunized rabbits [16]. Our findings here show 

that adult I. scapularis weights were dramatically reduced after feeding on rTIX-5 immunized 
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rabbits. This could be, at least partially, explained by the large amount of blood taken by adult 

ticks in a similar time frame of feeding on the host as compared to nymphal ticks, which makes 

suppressing the host coagulation system a more challenging task. Indeed, adult ixodid female 

ticks consume more than 100 times their unfed body [43]. Ticks have a wide range of strategies 

and several fall-back mechanisms to overcome activation of coagulation [14]. As we postulated 

before, to efficiently impair tick feeding a cocktail of several anticoagulant tick proteins could be 

targeted [40].  

Collectively, the selected specific effect of rTIX-5 on FXa-mediated FV activation and 

the inhibitory effect of rTIX-5 on plasma thrombin/fibrin formation and on whole blood 

clotting provides, for the first time, evidence of the importance of direct activation of FV by FXa 

under in vitro, but physiologically relevant, conditions. Furthermore, FXa plays a crucial role in 

activating small amounts of FVa for the prothrombinase complex under physiological blood or 

plasma clotting conditions in order to facilitate rapid thrombin generation at a low initiating 

stimulus. This was accomplished by using a novel anticoagulant tick protein that inhibits the 

coagulation system in a unique way which has not been reported until now. This study has broad 

implications for a better understanding of the initiation phase of coagulation and since this 

protein targets FV activation specifically during the initiation phase it may provide novel 

therapeutic strategies and development of useful inhibitors for thrombotic diseases. 

 

 

Ticks and rabbits. Ixodes scapularis adult ticks were obtained from a tick colony at the Connecticut Agricultural 

Experiment Station in New Haven CT, USA. Ticks were maintained at 23°C and 85% relative humidity under a 14 

hour light, 10 hour dark photoperiod. For the immunization studies, approximately 6 week old inbred New Zealand 

white rabbits (Charles River Laboratories, USA) were used. The work reported in this study is fully compliant with and 

approved by institutional policies pertinent to biosafety and animal care protocols. The protocol for the use of mice and 

rabbits was reviewed and approved by the Yale Animal Care and Use Committee (protocol number 2008-07941, 

approval date is 03/31/10 to 3/31/11). 

Purification of recombinant Ixodes scapularis salivary protein. Cloning and expression of TIX-5 and p19 (as a control tick 

salivary protein) in the Drosophila Expression System (Invitrogen, USA) and purification of recombinant protein was 

performed as described before [16]. Briefly, for the purification of recombinant TIX-5 (rTIX-5) and recombinant P19 

(rP19) the coding sequence of TIX-5 and p19 was cloned into the pMT/Bip/V5-HisA plasmid in frame with a His tag 

and a V5 epitope (Invitrogen, USA), and validated by sequencing. Drosophila melanogaster S2 cells were transfected with 

the plasmids containing TIX-5 or p19 and the blasticidin selection vector pCOBlast using the Calcium Phosphate 

Transfection Kit (Invitrogen, USA). Subsequently, cells expressing TIX-5 or p19 were selected with blasticidin (25 

μg/ml), and were grown in large spinner flasks for 3 days. Thereafter, recombinant protein expression was induced in 

Drosophila cells with copper sulfate at a final concentration of 500 μM for 4 days and centrifuged at 1,000g for 15 min. 

The supernatant was filtered using a 0.22 μm filter (Millipore, USA) and rTIX-5 or rP19 was purified from the 

supernatant by binding to a Ni-NTA Superflow column (Qiagen, USA) and elution with 250 mM imidazole. The 

eluted fractions were filtered through a 0.22 μm filter and concentrated with a 5-kDa concentrator (Sigma-Aldrich, 
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USA) through centrifugal concentration at 4°C, washed and dialyzed against PBS. The purity of the purified rTIX-5 

and rP19 was checked by SDS-PAGE followed by Coomassie blue staining and the concentration was determined by 

BCA protein assay kit (Thermo Fisher Scientific inc., USA). 

 

Deglycosylation of recombinant TIX-5. Deglycosylation of recombinant TIX-5 with N-Glycosidase (PNGase) F 

(Sigma, USA) (95.000 U/mg protein) was performed in 0.75% TRITON® X-100 in PBS for 24 hours at 37ºC. As a 

control equal amounts of rTIX-5 was incubated in 0.75% TRITON® X-100 in PBS for 24 hours at 37ºC.  Equal 

amounts of purified recombinant salivary proteins (1 μg), were electrophoresed on 12% SDS-PAGE and protein was 

stained with Coomassie blue.  

 

Human plasma and coagulation factors. Human FXa was purchased from Enzyme Research Laboratory (UK). Human 

FV and FVa were obtained from Haematologic Technologies Inc. (USA). FXI, FIX and Protein S deficient plasmas 

were purchased from Siemens Healthcare Diagnostics (Germany). Antithrombin deficient plasma was purchased from 

Affinity Biological (USA). TFPI deficient plasma was purchased from American Diagnostica (USA). Protein C 

deficient plasma was obtained from Kordia (NL). Defibrination of normal human pool plasma was carried out by mixing 

plasma with 0.4 BU (batroxobin Units) / ml reptilase (Roche, USA) and was incubated for 10 min at 37°C, kept on 

room temperature for 10 min and the fibrin clot was removed. Platelet rich plasma (PRP) was prepared from citrated 

blood after centrifugation at 200g for 10 min at 25 degrees. Recombinant full-length TFPI isolated from Escherichia coli 

was obtained from American Diagnostica Inc (USA). FVIII was obtained from Baxter (NL). Thrombin was kindly 

provided by Dr. W. Kisiel. FIXa was prepared by activation of FIX (Baxter) by FXIa and purified by an anti-FIX 

column.  

 

Thrombin generation. Calibrated Automated Thrombogram (CAT) was used to assay the generation of thrombin in 

clotting plasma using a Fluoroskan Ascent microtiter plate reading fluorometer (Thermo Labsystems, Finland) and 

Thrombinoscope software (Thrombinoscope BV, the Netherlands) according to the manufacturer’s instructions and 

Hemker et al. [17]. Thrombin generation was initiated by recalcification of citrated pooled human plasma or citrated 

rabbit plasma (Harlan, UK) in the presence of recombinant human tissue factor (Innovin, Siemens Healthcare 

Diagnostics, Germany), 4 μM phospholipids (PC:PS:PE 60%:20%:20%), 2.5 mM fluorogenic substrate (Z-Gly-Gly-

Arg-AMC from Bachem, Bubendorf, Switzerland) with or without rTIX-5. Thrombin formation was followed for 20-

60 minutes and measurements were taken at 20 second intervals. Fluorescence intensity was detected at wavelengths of 

355 nm (excitation filter) and 460 nm (emission filter). In some cases, coagulation was initiated with APTT based 

lyophilized silica reagent (Pathromtin SL 8 times diluted, Siemens Healthcare Diagnostics, Germany), FIXa or FXa. 

The following parameters were derived: ETP, the area under the curve represents the total amount of thrombin 

generated over time; lag time, the time to the beginning of the explosive burst of thrombin generation; peak, the 

maximal thrombin concentration; time to peak (TTP), the time until the thrombin peak is reached. Experiments were 

performed in triplicate and repeated three times. Thrombin generation in a purified system was determined in the 

presence of the prothrombin complex concentrate Cofact® (Sanquin), which is prepared from human plasma and 

contains the vitamin K-dependent proteins factors II, VII, IX, X, protein S and protein C. Cofact® was diluted so that 

the assay was performed under near physiological concentrations of these factors. Assays were performed in the presence 

of TFPI, FV, phospholipids (PC:PS:PE 60%:20%:20%), 3 mM CaCl2 and FVIII. Thrombin activation was initiated by 

the addition of recombinant tissue factor, FIXa or FXa in the presence of rTIX-5 or rP19 as a control. At specific time 

intervals, aliquots were removed and diluted in 100 mM NaCl, 20 nM Tris-HCl, 10 mM EDTA (pH 7.5) to stop FII 

activation. Thrombin generation was quantified by adding a final concentration of 0.3 mM of thrombin chromogenic 

substrate S2238 (Chromogenix) and substrate hydrolysis was measured kinetically by determination of absorbances at 

405 nm using a kinetic microplate reader. All experiments were carried out in triplicate. As an alternative approach FII 
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activation in the purified system was determined by Western blot assessment. At specific time intervals, aliquots were 

removed and added to SDS sample buffer with or without 2% 2-Mercaptoethanol. Samples were electrophoresed on a 

SDS 12% polyacrylamide gel and transferred to PVDF membranes. The membranes were blocked with PBS containing 

5% milk powder and the immunoblots were probed with a sheep anti-human prothrombin antibody (Kordia, NL). 

Immunoreactive bands were visualized using horseradish peroxidase conjugated anti-mouse secondary antibodies 

(Sigma-Aldrich, MO) and the enhanced chemiluminescence Western Blotting Detection System (GE Healthcare, NJ). 

 

Fibrinogen and whole blood clotting assay. Thrombin-generation time was measured spectrophotometrically by the 

fibrin polymerization method as previously described [18]. Thrombin generation was initiated by the addition of 

recombinant tissue factor and 12 mM CaCl2, and results were expressed as T 1/2 (time to reach the midpoint of clear to 

maximal turbid density measured at 450 nm). Whole blood coagulation time was assessed by preincubating fresh citrated 

human blood with various concentrations of rTIX-5, or PBS as a control, at 37ºC for 15 minutes and then recalcified. 

Tubes were incubated at 37ºC, tilted every 30 seconds and clotting times were recorded. Experiments were performed in 

triplicate.   

 

FXa chromogenic assay. A single-stage chromogenic assay of FXa inhibition was used to assess the FXa inhibitory 

activity of rTIX-5. Human FXa was diluted to 2 nM in 10 mM HEPES (pH 7.5) containing 0.1% bovine serum 

albumin and 150 mM NaCl. Recombinant TIX-5 (with a final concentration 6.5 M) was incubated with 100 μl of FXa 

for 15 min at 37ºC. Fifty microlitres of 1 mM S-2222 (Chromogenix) was added subsequently and substrate hydrolysis 

was determined by measuring absorbance at 405 nm over a period of 5 min using a kinetic microplate reader. All 

experiments were carried out in triplicate.  

 

Immunization of rabbits with recombinant I. scapularis proteins. Three rabbits were immunized subcutaneously with 3 

doses containing 50 g of rTIX-5 emulsified with Complete Freund’s Adjuvant (first dose) and two subsequent booster 

injections emulsified in Incomplete Freund’s Adjuvant at 3-week intervals. Control rabbits were immunized with 

adjuvant and 50 g of ovalbumin (OVA) or rP19. To demonstrate that the sera from immunized rabbits recognize tick 

salivary proteins, 2 g adult I. scapularis salivary gland extract (SGE) prepared as described earlier [19], was 

electrophoresed on a SDS 12% polyacrylamide gel and transferred to PVDF membranes. Immunoblotting was 

performed using the same methods as described above with the exception that the immunoblots were probed with 1:250 

dilution of rabbit serum and immunoreactive bands were visualized using horseradish peroxidase conjugated goat anti-

rabbit secondary antibodies (Sigma-Aldrich, MO). Two weeks after the last immunization, rabbits were infested with 15 

I. scapularis adult couples on the ear of each rabbit and were kept in place using small socks attached to each ear. Ticks 

were allowed to feed to repletion until they naturally detached from the host. From 90 hours post attachment the rabbits 

were examined twice a day for detached ticks and tick weights after repletion were recorded.  

 

Determination of rate of FV activation by thrombin and FXa in the presence of rTIX-5. The effect of rTIX-5 on FV 

activation by FXa and FIIa was determined using a method previously described by Safa et al. [20]. Briefly, purified 

human FV (133 nM final concentration) was incubated at 37ºC with purified human thrombin (1 nM final 

concentration) or with purified FXa (20 nM final concentration) and phospholipid vesicles (PC:PS:PE 60%:20%:20%) 

at a final concentration of 50 μg/ml in HBSA buffer containing 150 mM NaCl, 25 mM HEPES (pH 7.5), 3 mM 

CaCl2, and 0.3 mg/mL bovine serum albumin. At specific time intervals, aliquots were removed and diluted in 100 nM 

NaCl and 20 nM Tris (pH 7.5) to evaluate FV activation immediately in a prothrombin time using FV-deficient plasma. 

As an alternative approach FV activation was determined by Western blot assessment. For this, a final concentration of 

20 nM purified human FV was incubated at 37ºC with purified human thrombin (1 nM final concentration) or with 

purified FXa (10 nM final concentration) in the presence or absence of phospholipid vesicles (50 μg/ml final 
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concentration) in HBSA buffer. At specific time intervals, aliquots were removed and added to SDS sample buffer. 

Samples were electrophoresed on a SDS 5% polyacrylamide gel and transferred to PVDF membranes. Immunoblotting 

was performed using the same methods as described above with the exception that the immunoblots were probed with 

the mouse anti-human FV heavy chain monoclonal antibody AHV-5146 (Haematologic Technologies, USA).  

 

Statistical analysis. The significance of the difference between the mean values of the groups was analyzed using the 

Student t test with Prism 5.0 software (GraphPad Software, USA). p ≤ 0.05 was considered statistically significant. 
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Figure S1. General properties of Ixodes scapularis protein TIX-5. (A) Multiple sequence alignment of I. scapularis TIX-5 

aligned with three annotated homologues in I. scapularis and one annotated homologue in Ornithodoros coriaceus. Amino 

acids in white on a black background are identical; residues in white on a grey background are similar. Region inside the 

grey box shows the predicted signal sequence. (B) Predictive N-glycosilation sites using the web based NetNGlyc 
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prediction software (http://www.cbs.dtu.dk/services/NetNGlyc). (C) Coomassie staining of rTIX-5 on SDS-PAGE 

before and after deglycosylation with PNGase F. 

Table S1. Amino-acid and nucleotide identity and similarity of TIX-5 and its homologues in Ixodes scapularis and 

Ornithodoros coriaceus. 

Percent identity and similarity (italics) were calculated after alignment of the nucleotide sequences (down left corner) 

using the EMBOSS Pairwise Alignment Algorithms (http://www.ebi.ac.uk/Tools/emboss/align/) and amino acid 

sequences (upper right corner) using the web-based software from NCBI as described by Tatusova et al. (1999). I.scap 

TIX-5 (GenBank: AEE89467), I.scap H-1 (GenBank: XP_002405271.1), I.scap H-2 (GenBank: AAY66581.1), I.scap 

H-3 (GenBank XP_002435217.1) and O.coria H-1 (GenBank: ACB70374.1) were compared for homology. 

 

 

 

 

Figure S2. rTIX-5 dose-dependently inhibits coagulation in a fibrinogen-clotting assay. Fibrinogen clotting assay was 

initiated with 0.25 μM (A), 1 μM (B) or 5 μM (C) TF in normal human plasma. Graphs show a representative of 2 

separate experiments.
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Figure S5: Thrombin 

generation measured in a 

purified system. Thrombin 

was generated in a purified 

system as described in 

Methods. At specific time 

intervals aliquots were 

withdrawn for analysis of 

thrombin formation by the rate 

of conversion of the thrombin 

specific chromogenic substrate 

S2238. Thrombin generation 

was initiated with 8 pM FIXa 

(A) or 32 pM FXa (B) in the 

presence of 6.5 μM rTIX-5 or 

6.5 μM rP19 as a control.  

 

(C) Varying concentrations of TFPI were tested in the purified system in order to make the system sensitive enough and 

thrombin generation was initiated with 1 pM TF. (D) Thrombin formation was initiated in the absence of FVIII 

together with 6.5 μM rTIX-5 or 6.5 μM rP19 as a control. 

  

Figure S3. Activity rTIX-5 is lost after proteinase K treatment. 

Purified rTIX-5 or BSA as a control was digested with 

Proteinase K from Tritirachium album (Sigma) treatment for 30 

minutes at 37°C and inactivated by incubation at 70°C for 15 

minutes. 

Figure S4: Physiological inhibitors of the initiation phase of 

coagulation support the anticoagulant function of rTIX-5. 

Thrombin generation was initiated with 1 pM TF by addition 

of 4 μM phospholipids in normal human plasma (NHS), 

protein C deficient (prot. C def), antithrombin deficient (AT 

def), TFPI deficient (TFPI def) or protein S deficient (prot. S 

def) human plasma in the presence (white bars) or absence 

(black bars) of 6.5 μM rTIX-5.
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The Lyme diseases agent, Borrelia burgdorferi, resides in the gut of Ixodes scapularis ticks during 

its life cycle. We now demonstrate, by subtractive hybridization, that the presence of Borrelia, 

alters the expression of selected genes in the tick gut. One of the upregulated genes was a 

homolog of Noduler, an immune-induced nodulation facilitating protein found in diverse 

invertebrates, and henceforth referred to as the I. scapularis Noduler-like protein (ISNP). ISNP 

was preferentially expressed in the gut of both larval and nymphal ticks and quantitative RT-

PCR confirmed that ISNP expression was increased in Borrelia-infected ticks. RNA 

interference-mediated silencing of ISNP, as well as active immunization with rISNP impaired 

successful acquisition of Borrelia from the vertebrate host by the tick. In vitro experiments 

showed that recombinant ISNP was able to bind B. burgdorferi. These findings reveal new 

insights into the interaction of Borrelia with the tick immune system and suggest that Borrelia 

exploit components of the tick immune system to its advantage. 
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Ixodes scapularis transmit several human pathogens, including the Lyme borreliosis 

agent Borrelia burgdorferi [1]. Lyme borreliosis is the most common tick-borne human disease in 

the northern hemisphere with an annual incidence of over 100 cases per 100,000 people per year 

in several European countries and endemic areas in the US [2]. There is no commercial vaccine 

currently available to prevent Lyme borreliosis in humans despite of a great public demand. Both 

Borrelia and tick antigens could be utilized as vaccine candidates [3]. In order to identify proper 

antigens for vaccination it is mandatory to understand the differential expression of Borrelia 

genes as well as tick genes that play a crucial role in successful spirochete acquisition and 

transmission from the mammalian host to the tick vector and vice versa. [3]. B. burgdorferi is 

maintained in a mammal-tick cycle and regulates its outer surface proteins differently in 

response to host conditions [4]. Interestingly, several tick genes have also been shown to be 

differentially expressed in the presence of Borrelia [5,6], and may contribute to Borrelia survival. 

Infection by pathogens upregulates the expression of genes involved in the innate 

immune system of ticks and other invertebrates [7,8,9]. Ticks have a well-developed innate 

immune system enabling them to combat infection, but they also vector several micro-organisms 

such as Borrelia. The innate immune system of ticks consist of cellular and humoral immune 

responses which function cooperatively [7,10]. The humoral response involves induced 

production and secretion of antimicrobial peptides, lysozymes, lectins and activation of the 

prophenoloxidase (PPO) system. Hemocytes play a crucial role in the cellular response to 

invading pathogens and are present in the hemolymph of ticks, where they are involved in 

phagocytosis, nodulation and encapsulation [7,10,11]. Very little is known of the various innate 

immune responses of the tick that confront pathogens such as Borrelia and how Borrelia 

circumvents these immune responses [7].  

Borrelia engages in interactions with the nymphal gut and salivary gland during the process of 

acquisition and transmission. The molecular understanding of these interactions is only 

beginning to emerge. We now examine, by subtractive hybridization [12,13], the changes in the 

transcriptome of the nymphal gut during Borrelia transmission. We identified several genes 

upregulated in the midguts of Borrelia-infected I. scapularis, including a gene that encodes for a 

secreted protein homologous to Noduler, a protein shown to be involved in the nodulation 

response against various microorganisms in the silkmoth Antheraea mylitta [14]. We examined 

the role of Ixodes scapularis nodular-like protein (ISNP) in Borrelia survival in ticks while 

entering and colonizing ticks as well as migrating and transmission to the murine host and 

demonstrate a novel role for ISNP in facilitating Borrelia acquisition and colonization. 
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Subtractive hybridization of pathogen-free versus Borrelia-infected I. scapularis midguts. 

Suppression subtractive hybridization was used to examine I. scapularis genes preferentially 

expressed when B. burgdorferi are present in ticks. Only clones that provided high quality 

sequences were selected and ones that appeared at least 3 times were considered specific and 

shown in Table 1. Most of the upregulated genes were mitochondrial and genes encoding 

secreted proteins (Fig.1A).  

 

Figure 1. Upregulated genes in Borrelia-infected nymphal midguts during feeding. Subtractive hybridization was 

performed on midguts of Borrelia-infected nymphs versus pathogen-free nymphs and a list of upregulated midgut genes 

in Borrelia-infected nymphs was generated (see Table 1). Genes are set according to their origin (A) and according their 

(putative) function (B). 

 

Clones that encoded for mitochondrial Cytochrome Oxidase subunits I and III appeared at least 

5 times, suggesting that these genes were abundantly expressed during the presence of Borrelia 

growth in the tick gut. Cytochrome Oxidase is a key mitochondrial enzyme in the respiratory 

chain critical for energy balance. Besides mitochondrial genes, other genes with various 

functions were upregulated in the presence of Borrelia (Fig.1B). We found several clones 
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encoding for the short chain dehydrogenase family of proteins induced by the presence of 

Borrelia in the tick gut. In addition, several secreted proteins paralogous to secreted salivary 

proteins including Salp26A were observed to be upregulated. Several genes encoded hypothetical 

proteins or proteins with unknown functions. Further research efforts would help to clarify their 

functions. We observed two immune response genes increased during Borrelia growth, the 

Scapularisin and the Reeler-domain containing protein (protein ISCW005667). Scapularisin 

belongs to the defensin family of antibacterial peptides [18]. The protein ISCW005667 is 

homologous to an immune-induced Noduler response protein from the hemolymph of silk moth 

Antheraea mylitta [14]. Since little is known on tick immune responses against Borrelia, we next 

examined the physiological significance of the upregulation of ISCW005667 - from here on 

referred to as I. scapularis Noduler-like protein (ISNP) - in Borrelia acquisition and transmission. 

 

 

 
 

 

Figure 2. ISNP is expressed in both salivary glands and midguts of I. scapularis nymphs and upregulated in the presence 

of Borrelia. Quantitative PCR performed on RNA isolated from salivary glands (SG) and midguts (MG) of non-

infected (A,B) and Borrelia-infected (B) nymphs 72 hours post-feeding. Results represent mean ± SEM of values. (C) 

Coomassie blue staining of recombinant ISNP produced and purified by means of a Drosophila Expression System and 

nickel chromatography. Proteins were separated on a 12% SDS polyacrylamide gel. (C) Nymphal midgut extract was 

probed with mouse rISNP-antiserum.   
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Table 1. List of genes that are upregulated in midguts of Borrelia-infected Ixodes scapularis nymphs 

 
 * encodes for a secreted protein homologous to “Noduler”, a protein shown to be involved in the nodulation response    

against various microorganisms in the silkmoth Antheraea mylitta [14]. 

 

Characterization of I. scapularis Noduler-like protein. ISNP was expressed both in salivary 

glands and midguts of pathogen-free I. scapularis nymphs during feeding, although a higher 

expression of ISNP was seen in midguts after the nymphs had fed to repletion (Fig.2A). In line 

with the subtractive hybridization data presented in Fig.1 and Table 1, increased expression of 

ISNP was found in midguts of feeding I. scapularis nymphs infected with Borrelia compared to 

pathogen-free nymphs, as detected by qRT-PCR (Fig.2B). ISNP was expressed in a Drosophila 
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expression system, produced as recombinant protein and purified using a Ni-NTA Superflow 

column (Fig.2C). When I. scapularis midgut extract (MGE) was probed with mouse rISNP-

antiserum, a ~15kDa band appeared on the blot (Fig.2D), demonstrating native ISNP is 

recognized by IgG antibodies present in the rISNP-antiserum. In silico analysis of ISPN revealed 

homology with Noduler (GenBank no. ABG72705), a protein involved in immunity in 

Antheraea mylitta [14] (Fig.3A). Other homologues of ISPN and Noduler were found in Aedes 

aegypti (GenBank no. EAT35239), Anopheles gambiae (GenBank no. XP_315224), Culex 

quinquefasciatus (GenBank no. XP_001849402) and Pediculis humanus (GenBank 

XP_002426361) with 46-52% similarity (Fig.3A), demonstrating that ISNP is conserved in 

invertebrates. Additionally, the predicted protein structure of ISNP using the structure 

prediction tool PHYRE [19] was identical toNoduler and the other homologues (data not 

shown). Protein ISNP, as well as the homologues, showed a predicted signal cleavage site using 

SignalP (Fig.3A), indicating ISPN is most likely a secreted protein. The major part of the 

mature protein consists of a reeler domain (Fig.3B), with ~140 amino acid residues long domain 

located at the N-terminus of a variety of secreted and surface proteins, including Noduler and 

the other homologues [14]. Noduler has been shown to be upregulated upon bacterial infection 

[20], and was shown to bind several micro-organisms in order to control and clear infection 

[14]. In line with these observations recombinant ISNP bound to the surface of Borrelia 

(Fig.3C).  

 

ISNP is required for successful Borrelia acquisition by ticks and is pivotal for larvae to molt to 

the nymphal stage. Having established that rISNP binds the outer surface of Borrelia spirochetes 

and is homologues to Noduler - a protein crucially important in the cellular response against 

various pathogens in insects - we studied the role of ISNP in Borrelia survival in the tick. We 

hypothesized that by RNAi silencing ISNP the cellular response against Borrelia would be 

abrogated resulting, in increased spirochetal loads in ticks after acquiring Borrelia from Borrelia-

infected mice. A body injection of dsRNA for ISNP in pathogen-free I. scapularis nymphs 

resulted in a significant decrease of ISNP expression in the midguts (Fig.4A) but not in the 

salivary glands (data not shown) after 72 hours of feeding on Borrelia-infected mice. ISNP-

silenced nymphs were significantly lighter than mock injected nymphs after feeding for 72 hours 

of feeding (Fig.4C; 1.1 ± 0.2 mg and 1.8 ± 0.2 mg, respectively, p=0.0057). ISNP -silenced 

nymphs were not able to acquire Borrelia from Borrelia-infected mice (Fig.4D). We next studied 

Borrelia acquisition from Borrelia-infected rISNP-immunized mice by larval ticks. Borrelia loads 

in larvae were markedly reduced after feeding on rISNP-immune mice infected with Borrelia 

burgdorferi (Fig.5A). 
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 Figure 3. ISNP and its homologues in several invertebrates. (A) Multiple sequence alignment of I. scapularis ISNP with 

the amino acid sequences of several homologues identified in Antheraea mylitta (“Noduler”, GenBank no. ABG72705) , 

Aedes aegypti (GenBank no. EAT35239), Anopheles gambiae (GenBank no. XP_315224), Culex quinquefasciatus 

(GenBank no. XP_001849402) and Pediculis humanus (GenBank XP_002426361). Amino acids in white on a black 

background are identical; residues in white on a grey background are similar. Region inside the grey box shows the 

predicted signal peptide sequence. Similarities and identities to ISNP are presented at the end of the amino acid 

sequences. (B) Schematic overview of ISNP showing that the mature protein for the greater part consists of a reeler 

domain. Bar scale represents number of amino acids. (C) B. burgdorferi N40 was incubated with 0.1 ng/ul recombinant 

Salp15 (positive control), rTSLPI (negative control) or rISNP. Borrelia was pelleted and the pellet and supernatant were 

separated. Unbound recombinant proteins were washed away and the pellet was resuspended in the same volume as the 

supernatant. Equal volume of supernatant (sup) and pellet (Borrelia) was used to run on a SDS gel and the presence of 

recombinant protein was detected using an HRP conjugated anti-V5 antibody. 

 

Interestingly, larvae that had their blood meal on rISNP-immune, Borrelia-infected mice were 

less able to molt to the nymphal stage (Fig.5B). No difference was found in Borrelia 

transmission – from the tick to the host - when Borrelia infected nymphs fed on rISNP-immune 

mice compared to OVA-immunized mice (data not shown), indicating that the presence of 

ISNP-antibodies specifically affects Borrelia migration from mice to ticks, but not from ticks to 

mice.  
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Figure 4. RNAi silencing of ISNP impairs nymphal feeding and blocks Borrelia acquisition (A) ISNP expression in 

midguts of pathogen-free nymphs after microinjection of ISNP dsRNA or mock (control) injection after 72 h of feeding 

on mice. (B) Nymphal engorgement weights in ISNP-silenced and mock injected nymphs (C) Borrelia flaB levels in 

nymphs in ISNP-silenced ticks and mock injected ticks 72 h post feeding on mice. Results represent mean ± SEM of 

values. 

 

We and others have shown that selected tick salivary genes are differentially expressed 

when Ixodes ticks acquire and transmit Borrelia spirochetes during feeding and that these 

differentially expressed genes play a pivotal role in the life cycle of Borrelia [5,6,17,21].  The role 

of tick midgut genes in the context of Borrelia growth and transmission is less understood [7]. 

We utilized subtractive hybridization approach to define genes preferentially expressed in the 

midguts of Borrelia-infected I. scapularis nymphs.  

Several immune-related tick genes were upregulated in Borrelia-infected midguts 

indicating Ixodes ticks sense the presence of Borrelia and respond by activation of their immune 

system. Nevertheless, Borrelia survives the Ixodes immune response and is able to migrate 

successfully from the tick midgut, via the hemolymph to the salivary glands in order to be 

introduced into the host’s skin. In other tick species such as Dermacentor variabilis, Borrelia 

cannot survive and is cleared rapidly by the immune system of the tick. One hour post 

hemocoelic inoculation of Borrelia spirochetes, a ~3-fold increase of hemocytes was detected in 

hemolymph of both Dermacentor and Ixodes ticks [7,22] which further demonstrates the Ixodes 

immune system recognizes Borrelia.  

We showed that ISNP was upregulated in I. scapularis midguts in the presence of 

Borrelia, which encodes for a protein that is homologues to Noduler [14]. Noduler has shown to 

be required in the nodulation response against various pathogens in the silkmoth Antheraea 

mylitta [14]. Nodulation is an important defense mechanism against microbial infections in 

insects [23]. 
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Figure 5. Impaired larval molting and decreased Borrelia loads in larvae fed on ISNP-immune Borrelia-infected mice 

(A) Borrelia flaB levels in pooled larvae after feeding on OVA- (control) or rISNP-immune mice (B) A second group of 

larvae were allowed to molt to the nymphal stage and the ability of molting was determined. Each dot represents the 

amount of molted larvae after feeding on a ISNP-immune mouse. Horizontal bars represent the mean ± SEM. Asterisks 

indicate a statistically significant difference. 

 

Hemocyte nodule formation starts with the formation of hemocyte microaggregates and the 

entrapment of pathogens by these cells. Additional hemocytes aggregate and nodules are formed 

facilitating rapid clearance of pathogens [11]. Interestingly, ISNP and Noduler are homologues 

to proteins expressed in several blood-feeding insects, suggesting an important role of Noduler-

like proteins in the immune response of a wide range of invertebrates. Nodulation has been 

described in ticks as well, demonstrating to play a role in the clearance of Escherichia coli within 

Dermacentor variabilis ticks [24]. Consistent with our data, Noduler was upregulated in response 

to a wide range of bacteria and yeasts [14]. By binding to both the outer membrane components 

of micro-organisms as well as hemocytes Noduler was shown to be critical in the formation of 

nodules and pathogen clearance [23]. In line with these observations, recombinant rISNP bound 

to the outer surface of Borrelia.  

Since ISNP-expression in midguts was upregulated in Borrelia-infected ticks we 

determined if 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 [25], thus 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. These findings suggest that Borrelia is not eradicated by the 

nodulation response of Ixodes ticks, but conversely take advantage of this response to successfully 
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colonize the tick gut. Further research is necessary to investigate the exact function of ISNP and 

mechanism of Borrelia acquisition.  

The fact that several tick immune-related genes are upregulated in the presence of 

Borrelia, suggest that Ixodes ticks sense Borrelia invasion but are not able to clear infection. It is 

possible that ISNP upregulation in the tick midgut affects the gut microflora in a way that can 

provide favorable conditions for Borrelia. Not only Borrelia acquisition was impaired when larvae 

fed on Borrelia-infected rISNP-immunized mice but also fewer ticks were able to molt to the 

nymphal stage when they had a blood meal on these mice. It is possible that the immune 

response against several tick pathogens is impaired by neutralizing ISNP in a way that tick 

pathogens are able to survive and grow in the midguts disadvantageous for both Borrelia survival 

and successful tick molting. Currently we investigate the role of ISNP on the Ixodes microflora 

and determine how RNAi silencing of ISNP changes the tick microbiome. Interestingly, 

proteins that play an important role in either acquisition of Borrelia by ticks or in tick 

feeding/molting, could potentially be used for vaccination of wildlife in order to block the life 

cycle of Borrelia, a strategy similar to that previously described by Tsao et al. [26]. 

Borrelia is killed rapidly after injection into D. variabilis by defensins that are released 

by hemocytes in the hemolymph [27]. Interestingly, a defensin-like peptide was identified in I. 

scapularis as well which is now known as scapularisin. Scapularisin was shown to be 78.9 percent 

similar to the defensin produced by D. variabilis [18]. We found that I. scapularis scapularisin 

mRNA was upregulated in Borrelia-infected midguts. However, the peptide could not be 

identified after Borrelia challenge [18] and Borrelia was not eradicated after inoculation into the 

I. scapularis hemocoel cavity or with incubation with I. scapularis hemolymph, in contrast in 

which was observed in D.variabilis  [27]. It is possible that I. scapularis scapularisin mRNA is 

not translated or that the precursor protein is not processed to a mature protein. A similar 

phenomenon was demonstrated in mosquitoes and it has been suggested that defensin could 

have different functions in the immune response against pathogens [28].   

Pathogen transmission and acquisition is impaired in tick-resistant animals, which 

makes vaccination against tick proteins an attractive approach to target tick-borne pathogens 

[3]. Previously we have shown that the tick salivary protein Salp25D facilitates the success of 

Borrelia transmission from host to ticks by quenching oxygen radicals produced by neutrophils at 

the tick bite site [15]. In this study we report a protein that is differentially expressed in Borrelia-

infected ticks and plays a pivotal role in both tick feeding and Borrelia acquisition, but not 

transmission. ISNP would be an interesting vaccine candidate since this protein not only blocks 

Borrelia acquisition but also tick development. 
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Ticks and animals. I. scapularis nymphs and larvae were obtained from a tick colony at the Connecticut Agricultural 

Experiment Station in New Haven CT, USA. Ticks were maintained at 23°C and 85% relative humidity under a 14 

hour light, 10 hour dark photoperiod. Borrelia infected nymphs were generated by placing larvae on B. burgdorferi 

infected C3H mice and fed larvae were molted to nymphs. For active immunization studies, 4-6 weeks of age, female 

C3H/HeJ mice (Jackson Laboratory) were used. The protocol for the use of mice was reviewed and approved by the Yale 

Animal Care and Use Committee.  

 

Subtractive Hybridization. At least 15-20 Borrelia-infected unfed I. scapularis nymphs were individually tested by DNA-

PCR for Borrelia infection using the flab primers that amplify the flagellin gene essentially as described earlier [15].  A 

batch of nymphs with an infection rate of 90-95% was chosen as the tester group for subtractive hybridization. An age-

matched (nymphs molted around the same time as the Borrelia-infected nymphs) batch of clean nymphs was chosen as 

the driver group for subtractive hybridization. At least 30-50 nymphs from each group were allowed to feed on 

pathogen-free C3H/HeN mice for 72 hours, nymphs collected, midguts dissected and processed for total RNA 

extraction as described earlier [16].  cDNA was generated from 2 μg of total RNA from clean and Borrelia-infected 

midguts using the Super SMARTTM PCR cDNA synthesis kit according to the manufacturer’s instructions (Clontech, 

CA). The cDNA was then directly utilized in the forward subtraction procedure using the PCR-Select cDNA 

Subtraction kit manual (Clontech, CA). This method utilizes a patented technique that overcomes the traditional 

subtraction methods and allows rapid enrichment of unique and rare message RNAs. cDNA prepared from the Borrelia-

infected guts served as the “Tester” and cDNA prepared from the clean  guts served as the “Driver” in the subtraction 

procedure to enrich for cDNAs preferentially upregulated in the Borrelia-infected tick gut. The cDNAs were then 

cloned into a T/A cloning vector and plated on LB-Ampicllin plates.  At least 500 single colonies were picked and dot-

blot nitrocellulose membrane arrays of the clones generated and screened using labeled probes of the Tester (Borrelia-

infected gut cDNA) and Driver (clean gut cDNA) cDNAs as described in the PCR-Select Differential Screening kit 

(Clontech, CA).  About 100 clones that hybridized preferentially with the Tester and not the Driver probes were 

considered differentially expressed in the Borrelia-infected guts. Positive clones were then picked, plasmid purified and 

insert DNA sequenced at the W.M Keck Sequencing Facility at Yale University using the nested PCR primers flanking 

the inserts. In silico analysis of the DNA sequences was performed using the Basic Local Alignment Search Tool 

(www.ncbi.nlm.nih.gov/blast) to search for homology with genes described in the public database. 

 

Tick RNA isolation and quantitative RT-PCR. Ticks were allowed to feed for to repletion (between 80 and 96 h after 

initiation of tick feeding, ticks were monitored twice a day and recovered after detachment from the hosts) on 

experimental and control animals. Nymphs were dissected and salivary glands and midguts were pooled (3 ticks), 

homogenized and RNA was extracted using the RNeasy minikit (Qiagen, CA). The same procedure was performed 

with unfed ticks. cDNA was synthesized using the iScript RT-PCR kit (Biorad, CA) and analyzed by quantitative PCR 

for the expression of tick actin and ISNP, using the iQ Syber Green Supermix (Biorad, CA) on a MJ cycler (MJ 

Research, CA) and designed primers were as follows: sense ISNP 5’-TCACGGATACATTGCCAAGA-3’, antisense 

ISNP 5’-ACCGTGACCTTGAAGTGGAC-3’ sense tick actin 5’-GGCGACGTAGCAG-3' and antisense tick actin 

5’-GGTATCGTGCTCGACTC-3'.  

 

RNAi silencing of ISNP in Borrelia-infected I. scapularis nymphs.  Primers were designed by addition of a T7 promoter 

site (TAATACGACTCACTATAGGGAGA) at the 5’ end of the forward (GCTACCGTCTCGTCCAAAAC) and 

reverse (TTCTTCGAGGTGTGCGTGAT) primers. dsRNA complementary to the ISNP gene was synthesized by 

using the MEGAscript RNAi kit (Ambion). The dsRNA was purified and quantified spectroscopically. dsRNA (0.5 l) 
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was injected into the body of Borrelia infected nymphs using 10 l microdispensers (Drummond Scientific, Broomall, 

PA) drawn to fine-point needles by using a micropipette puller (Sutter Instruments, Novato). The needles were loaded 

onto a micromanipulator (Narishige, Tokyo) connected to a Nanojet microinjector (Drummond Scientific). At least 30 

nymphs were used in each group. The ticks were allowed to rest for 3 hours before placement on mice. Ticks were 

allowed to feed for 72 hours, were weighed and dissected for mRNA isolation and quantitative RT-PCR as described 

above. 

  

Production of recombinant protein ISNP. Cloning and expression of ISNP was performed as described before [16]. 

Briefly, ISNP cDNA were inserted into the pMT/Bip/V5-HisA plasmid (Invitrogen, CA), and validated by sequencing. 

Drosophila melanogaster S2 cells were transfected with the plasmids containing ISNP and stable transfectants were 

generated. Protein expression was induced with copper sulfate as described by the manufacturer (Invitrogen, CA). The 

supernatant was filtered using a 0.22-μm filter (Millipore, MA) and rISNP were purified from the supernatant using Ni-

NTA Superflow column chromatography (Qiagen, CA) and eluted with 250 mM imidazole. The eluted fractions were 

sterilized using a 0.22-μm filter, concentrated with a 5-kDa concentrator (Sigma-Aldrich, MO) and dialyzed against 

PBS. The purity of rISNP was checked by Coomassie blue staining after electrophoreses on SDS 12% polyacrylamide 

gel and the concentration was determined by BCA protein assay kit (Thermo Fisher Scientific inc., IL). 

 

Borrelia pull-down assay. The Borrelia pull-down assay was performed as described before [17]. Briefly, B. burgdorferi 

N40 (2.5 X 107) was incubated with 0.1 ng/ l recombinant Salp15, rTSLPI or rISNP in PBS/0.1% BSA for 1 hour at 

room temperature. After centrifugation at 6000g for 15 min at 4ºC the pellet and supernatant were separated. The pellet 

was washed twice in PBS/0.1% BSA and was resuspended in the same volume as the supernatant. Equal volumes of 

supernatant and pellet was submitted to SDS gel and transferred to nitrocellulose membranes. The membranes were 

blocked with PBS containing 5% milk powder and the immunoblots were probed with an HRP conjugated anti-V5 

antibody. Immunoreactive bands were visualized using horseradish peroxidase conjugated goat anti-rabbit secondary 

antibodies (Sigma-Aldrich, MO) and the enhanced chemiluminescence Western Blotting Detection System (GE 

Healthcare, NJ). 

 

Active immunization with recombinant ISNP. C3H/HeN mice were immunized subcutaneously with 3 doses 

containing 10 g of rISNP emulsified with Complete Freund’s Adjuvant (first dose) and two subsequent booster 

injections emulsified in Incomplete Freund’s Adjuvant at 3-week intervals. Control mice were inoculated with adjuvant 

and OVA (10 μg). To address Borrelia acquisition, at least 30 pathogen free I. scapularis larvae were placed on each B. 

burgdorferi (N40)-infected rISNP-immune mouse and allowed to feed to repletion. At least three mice were used in each 

experiment. Larvae were analyzed in pools of 5. Alternatively, 6 pathogen free I. scapularis nymphs were placed on B. 

burgdorferi-infected rISNP-immune mouse and allowed to feed for 72 h and nymph weights were recorded. Ticks were 

gently removed, and midguts and salivary glands were dissected and processed in pools of three salivary glands and two 

midguts for quantitative RT-PCR analysis as described above. To assess Borrelia transmission to mice a group of 5 mice 

were immunized with rISNP and 6 B. burgdorferi-infected nymphs were placed on each mouse, were allowed to feed for 

72 hr. Tick weights were measured and salivary glands and midguts were dissected as described above. After 5, 7, 11 and 

18 days post engorgement skin samples from each mouse were collected and assessed for spirochete burden by RT-PCR 

analysis. Equal amounts (2 g) of nymphal midgut extract (MGE) were electrophoresed on a SDS 12% polyacrylamide 

gel and transferred to nitrocellulose membranes. The membranes were blocked with PBS containing 5% milk powder 

and the immunoblots were probed with a 1:250 dilution of mouse ISNP antiserum and non-immune mouse antiserum. 

Immunoreactive bands were visualized using horseradish peroxidase conjugated goat anti-rabbit secondary antibodies 

(Sigma-Aldrich, MO) and the enhanced chemiluminescence Western Blotting Detection System (GE Healthcare, NJ). 
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Statistical analysis. The significance of the difference between the mean values of the samples was analyzed using a two-

tailed student t test with Prism 5.0 software (GraphPad Software, USA) and the p value is indicated by asterisks in the 

figures. 
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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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De ziekte van Lyme wordt veroorzaakt door de Borrelia-bacterie die wordt 

overgedragen door Ixodes-teken. Nadat teken de huid van de gastheer zijn binnengedrongen 

beginnen ze aan een bloedmaaltijd die ongeveer een week duurt. Om deze bloedmaaltijd 

mogelijk te maken ‘spugen’ ze een uitgebreid mengsel van eiwitten in de huid om het 

afweermechanisme van de gastheer te onderdrukken en te manipuleren. Dit proces is niet alleen 

heel gunstig voor de teek zelf, maar ook voor de door teken overgedragen ziekteverwekkers, 

waaronder de Borrelia-bacterie. Het doel van het in dit proefschrift beschreven onderzoek is om 

tekeneiwitten te identificeren die een belangrijke rol spelen in zowel het voeden van de teek als 

in het overdragen van de Borrelia-bacterie. Dit om meer inzicht in het ziekte proces te verkrijgen 

en om een vaccin te ontwikkelen op basis van tekeneiwitten, welke een Borrelia-infectie – en dus 

de ziekte van Lyme - zou kunnen voorkomen. 

 

Teken en de ziekte van Lyme 

De ziekte van Lyme is de meest voorkomende door teken overgedragen ziekte in zowel 

Europa als in het noordoosten van de Verenigde Staten. In 1975 werden er ongeveer 50 gevallen 

van een ziekte gelijkend op reumatische arthritis bij kinderen gevonden in het dorpje ‘Old Lyme’ 

in Connecticut. Veel van deze kinderen speelden of leefden in de bossen en hadden een typische 

rode uitslag na een tekenbeet. Allen Steere en collega’s bestempelden dit ziektebeeld halverwege 

de jaren zeventig als ‘Lyme disease’. Willy Burgdorfer en medewerkers beschreven in 1981 dat 

deze symptomen toe te schrijven waren aan Borrelia burgdorferi, die hij kon kweken uit teken en 

uit besmette huid en hersenvloeistof van patiënten. In de Verenigde Staten kent men 1 soort 

(genospecies) die de ziekte van Lyme veroorzaakt, namelijk Borrelia burgdorferi sensu stricto. In 

Europa zijn naast Borrelia burgdorferi sensu stricto onder andere ook Borrelia garinii en Borrelia 

afzelli belangrijke verwekkers van de ziekte van Lyme. Ook in Nederland komt de ziekte van 

Lyme frequent voor. Per jaar worden er ongeveer 133 nieuwe gevallen per 100.000 inwoners 

gediagnostiseerd met het vroege stadium van de ziekte van Lyme en onderzoek heeft laten zien 

dat de afgelopen jaren het aantal gevallen van de ziekte van Lyme fors is gestegen. Zo werd de 

diagnose gesteld bij 6500 mensen in 1994, 13.000 in 2001, 17.000 in 2005 en maar liefst 22.000 

in 2009. Het is niet precies duidelijk waarom het aantal ziektegevallen per jaar toeneemt, maar 

we weten wel dat meerdere factoren hier een rol in kunnen spelen zoals het aantal geïnfecteerde 

teken, het voorkomen van de natuurlijke gastheren, veranderingen in de natuurlijke omgeving, 

het klimaat en het (recreatie)gedrag van mensen. Borrelia wordt enkel en alleen overgedragen 

door teken. In Nederland en de rest van Europa is dat Ixodes ricinus terwijl in de Verenigde 

Staten Ixodes scapularis de meest belangrijke vector is. Ixodes-teken kennen drie levensstadia; de 
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larve, nimf en volwassen teek. De teek heeft in elk stadium een bloedmaaltijd nodig. Als de larve 

uit het ei komt is deze normaal gesproken nog niet geïnfecteerd met de Borrelia-bacterie maar 

kan deze wel verkrijgen tijdens de eerste bloedmaaltijd op bijvoorbeeld een Borrelia-

geïnfecteerde muis. Als een Ixodes larve tijdens de eerste bloedmaaltijd geïnfecteerd is geraakt 

met de Borrelia-bacterie kan de teek deze bacterie weer overdragen op een volgende gastheer 

tijdens de tweede bloedmaaltijd als nimf of later als (vrouwelijke adult). Tijdens het maken van 

een boswandeling, een wandeling door de duinen, het plukken van bosbessen of zelfs door te 

verblijven in onze eigen tuin, kan de mens de gastheer worden van deze Borrelia-geïnfecteerde 

teek (veelal een nimf) en eventueel de ziekte van Lyme op lopen. Alhoewel zeer verschillend per 

locatie en in de tijd, dragen op dit moment circa 20% van de nimfen de Borrelia-bacterie met 

zich mee. Omdat de nimfjes niet meer dan een speldenknopje groot zijn merken we een 

tekenbeet vaak niet op en het is daarom van belang dat we na een uitgebreide boswandeling het 

hele lichaam goed controleren op teken. Dit is dan ook het advies van het Rijks Instituut voor 

Volksgezondheid en Milieu (RIVM). Belangrijk om te beseffen is dat, als de teek binnen 24 uur 

wordt verwijderd, de kans op een besmetting met de Borrelia-bacterie zeer klein is. Daarbij is de 

kans op de ziekte van Lyme na een tekenbeet in Nederland kleiner dan 1%. De teek zit vaak in 

hoog gras of lage begroeiing te wachten op een gastheer om vervolgens aan te haken als een 

gastheer passeert. De teek kan de gastheer al van een afstandje voelen aankomen met behulp van 

goed ontwikkelde sensoren. Vervolgens zoekt de teek bij voorkeur een vochtige warme plek uit 

om te beginnen aan de bloedmaaltijd. De teek steekt zijn snuit niet in een onderliggend bloedvat 

zoals de mug dat doet, maar plugt zich vast tussen de huidlagen. Om door onze dikke stevige 

huid te komen heeft de teek 2 vlijmscherpe ‘messen’ die ook wel bekend staan als ‘chelicerae’. Op 

deze manier kan hij zijn steeksnuit, ook wel ‘hypostoom’ genoemd verankeren in onze huidlagen. 

Ondertussen creëert de teek een bloedmeertje in de huid waar het bloed langzaam naar binnen 

sijpelt. Bij zowel het binnenkomen van de huid als het aanleggen van het bloedpoeltje raakt het 

weefsel flink beschadigd. Ons immuunsysteem en ons stollingssysteem zal deze beschadiging zo 

snel mogelijk willen verhelpen en komt direct in actie. Voor de teek zou het echter onmogelijk 

zijn om een succesvolle bloedmaaltijd te nemen als het immuunsysteem en het stollingssysteem 

volop actief zijn. Daarom spuugt de teek, naast het opzuigen van bloed, ook constant in de 

speekselklieren zelf aangemaakte eiwitten naar binnen die onder andere deze twee 

verdedigingssystemen remmen. Omdat ons immuun- en stollingssysteem enorm complex zijn 

gebruikt de teek honderden eiwitten om zijn kansen op een succesvolle bloedmaaltijd te 

vergroten.  
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Een toekomstig vaccin om Borrelia-infectie te voorkomen 

De in dit proefschrift beschreven onderzoeksresultaten laten zien dat tekeneiwitten op 

verschillende manieren een belangrijke rol spelen in zowel het voeden van teken als het 

overdragen en opnemen van de Borrelia-bacterie door teken. Met toekomstig onderzoek willen 

we nog meer tekeneiwitten in kaart brengen die een belangrijke rol spelen in deze processen om 

uiteindelijk een vaccin te ontwikkelen dat ziekten die door de teek worden overgedragen 

voorkomt. In hoofdstuk 1 worden verschillende vaccinatiestrategieën besproken en 

bediscussieerd. De teek is geen simpele neutrale injectienaald, maar helpt Borrelia echter direct 

en indirect met door hem/haar aangemaakte speekseleiwitten om zo succesvol de gastheer te 

infecteren. Bij het ontwikkelen van een toekomstig vaccin moeten we hiermee rekening houden 

en zelfs ons voordeel halen uit dit mechanisme. 

 

De teek biedt directe bescherming aan de Borrelia-bacterie 

Onderzoek heeft laten zien dat een tekenspeekseleiwit met een moleculair gewicht van 

15-kDa, genaamd Salp15, dendritische cellen en T-cellen remt. De teek beschikt ook over 

eiwitten die juist weer B-cellen onderdrukken. Zo heeft de teek een heel scala aan eiwitten om 

verschillende belangrijke paden van het immuunsysteem te onderdrukken. Niet alleen de teek, 

maar ook ziekteverwekkers die door de teek worden overgedragen, maken dankbaar gebruik van 

deze eiwitten. In hoofdstuk 2 en hoofdstuk 3 hebben we laten zien dat het tekenspeekseleiwit 

Salp15 bindt aan de Borrelia-bacterie en Borrelia vervolgens beschermt tegen verschillende 

takken van het immuunsysteem van de gastheer. Het complement systeem maakt deel uit van 

ons natuurlijke afweersysteem en wordt onder andere geactiveerd als dit systeem bepaalde 

structuren van indringers herkent. Vooral Borrelia-stammen die gevoelig zijn voor doding door 

het complement systeem worden beschermd door de ‘jas’ van Salp15 (hoofdstuk 2). Zowel 

Salp15 dat wordt aangemaakt door de Amerikaanse Ixodes scapularis teek (Iscap Salp15) als 

Salp15 aangemaakt door de Europese Ixodes ricinus teek (Iric-1 Salp15) geeft Borrelia 

bescherming tegen doding door het complement systeem door te voorkomen dat het dodelijke 

‘membrane-attack complex’ (MAC) wordt gevormd in het buitenmembraan van Borrelia. Eerder 

onderzoek heeft laten zien dat de binding van Salp15 (Iscap Salp15) aan de Borrelia-bacterie 

bescherming biedt tegen bactericide antilichamen in de gastheer. In hoofdstuk 3 laten we zien 

dat Iric-1 Salp15 aan zowel B. burgdorferi s.s. als aan B. garinii en B. afzelii bindt, terwijl alleen 

B. burgdorferi s.s. beschermd wordt tegen doding door bactericide antilichamen door Iric-1 

Salp15. Dit is een mooi voorbeeld hoe een tekeneiwit niet alleen gebruikt wordt door de teek om 

het immuunsysteem te onderdrukken, maar ook door de Borrelia-bacterie om beter te kunnen 

overleven in de gastheer. 
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Tekenimmuniteit 

Ondanks dat de teek heel efficiënt het immuunsysteem en het stollingssysteem kan 

remmen tijdens de bloedmaaltijd, kunnen sommige gastheren na een aantal tekenbeten een 

immuunrespons tegen verschillende speekseleiwitten van de teek opwekken. Deze 

immuunrespons zorgt ervoor dat, kort na het binnendringen van de huid, de teek wordt 

aangevallen door het immuunsysteem van de gastheer, waardoor de teek in een mum van tijd 

wordt gedood. Dit verschijnsel werd in 1939 ontdekt en beschreven door William Trager en 

wordt ook wel ‘teken-immuniteit’ of ‘teken-resistentie’ genoemd. Zo hebben ook wij in 

hoofdstuk 4 een aantal konijnen tekenimmuun gemaakt door verscheidene malen achter elkaar 

50 teken op konijnen te laten voeden. Na ongeveer 2 à 3 tekeninfestaties hebben deze konijnen 

zo’n heftige immuunreactie tegen speekseleiwitten van de teek opgebouwd dat de teken zeer kort 

na het binnendringen van de huid gedood werden. Deze tekenimmuniteit is over te dragen op 

niet-immune konijnen als serum van tekenimmune konijnen wordt toegediend. Hierdoor weten 

we dat IgG-antilichamen een belangrijke rol spelen in tekenimmuniteit. Dit brengt ons tot één 

van onze centrale onderzoeksvragen; welke speekseleiwitten worden herkend door antilichamen 

van tekenimmune konijnen? Om speekseleiwitten te identificeren die worden herkend door 

antilichamen van tekenimmune konijnen – en dus een rol zouden spelen in tekenimmuniteit - 

hebben we het genetisch materiaal (RNA) van speekseleiwitten geïsoleerd uit speekselklieren 

van 1000 teken om dit vervolgens in te bouwen in gistcellen. Met deze techniek, genaamd Yeast 

Surface Display (YSD) technologie, hebben we miljoenen gistcellen zo gemodificeerd dat elke 

gistcel één bepaald speekseleiwit op de buitenkant van zijn membraan tot expressie brengt. Met 

behulp van gezuiverde IgG-antilichamen van de tekenimmune konijnen konden we vervolgens 

de gistcellen met een antigeen tekeneiwit op hun oppervlak uitselecteren met behulp van 

MACS- en FACS-sorting. Door het genetisch materiaal van het tekeneiwit afkomstig uit de 

IgG-bindende gistcel te sequencen wisten we welk tekeneiwit herkend werd door het 

immuunsysteem van de tekenimmune konijnen. Op deze manier hebben we een lijst met 

speekseleiwitten gegenereerd die herkend worden door IgG antilichamen van tekenimmune 

konijnen. Verschillende van deze eiwitten hebben we kunstmatig (recombinant) tot expressie 

gebracht in een fruitvlieg expressiesysteem, zodat we na het opzuiveren van deze eiwitten, 

experimenten konden uitvoeren en er konijnen mee konden immuniseren. We vonden dat als we 

konijnen immuniseerden met een combinatie van de door ons gemaakte recombinante 

tekeneiwitten, Ixodes scapularis nimfen minder goed konden voeden dan op controle konijnen. 

Ook laten we in hoofdstuk 4 zien dat rP8 (welke we in hoofdstuk 5 rTSLPI noemen nadat we 

het mechanisme hebben ontdekt), net als Salp15, Borrelia beschermt tegen doding door het 

complement systeem en dat rP23 (welke we in hoofdstuk 6 rTIX-5 noemen naar zijn functie) 

het stollingssysteem remt.  
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De lectine route van het complement systeem speelt een belangrijke rol in het uitschakelen van 

Borrelia  

We hebben in hoofdstuk 4 laten zien dat één van de eiwitten die we hebben 

geïdentificeerd met YSD uit tekenimmune konijnen Borrelia kon beschermen tegen 

complement-gemedieerde doding. Het complement systeem kan geïnitieerd worden door 3 

verschillende routes; de klassieke route, de alternatieve route en de lectine route. Activatie van 

het complement systeem kan niet alleen leiden tot directe doding van indringers, maar kan ook 

leiden tot verhoogde inflammatie, fagocytose en chemotaxie van immuuncellen. Door te 

onderzoeken welke route geremd werd door rP8 kwamen we erachter dat heel specifiek de 

lectine route geremd werd door het teken eiwit en hebben het eiwit daarom TSLPI (Tick 

Salivary Lectin Pathway Inhibitor) genoemd (hoofdstuk 5). Dit was een interessante ontdekking 

omdat men tot nu dacht dat alleen de klassieke en de alternatieve route belangrijk waren in het 

uitschakelen van Borrelia. Omdat ongeveer 25-33% van de bevolking een nauwelijks functionele 

MBL-lectine route heeft, zou het kunnen betekenen dat deze mensen meer kans hebben op het 

krijgen van de ziekte van Lyme na een beet van een Borrelia-geïnfecteerde teek. Hier wordt 

binnenkort verder klinisch onderzoek naar gedaan in het AMC. Door het mechanisme te 

onderzoeken hoe TSLPI de lectine route remt, kwamen we erachter dat het tekeneiwit de 

binding van lectines aan hun ligand voorkomt zodat complement activatie niet geïnitieerd kan 

worden via deze route. Toen we het TSLPI-eiwit in de teek uitschakelden door een 

ingewikkelde techniek toe te passen - RNA interferentie (RNAi) - zagen we dat Borrelia niet 

meer goed overgedragen konden worden van de teek naar de muis.  

 

Het is bekend dat verschillende muizensoorten niet tekenimmuun kunnen worden. Ondanks dat 

muizen een IgG-antilichaam respons tegen verschillende tekeneiwitten induceren na een aantal 

tekenbeten, kunnen teken ongestoord voeden op deze muizen. Toch wordt het overdragen van 

Borrelia enorm verstoord als Borrelia-geïnfecteerde teken een bloedmaaltijd hebben op deze 

muizen. Dit geeft opnieuw aan hoe belangrijk tekeneiwitten zijn voor Borrelia om succesvol de 

gastheer binnen te komen. Zo vonden we ook dat teken minder goed Borrelia konden opnemen 

en overdragen van en naar muizen als we deze muizen hadden geïmmuniseerd met het 

recombinant gemaakte TSLPI. De aanwezigheid van Borrelia in teken zorgde er ook voor dat 

teken de eerste 72 uur van hun bloedmaaltijd meer TSLPI aanmaakten vergeleken met Borrelia-

vrije teken. We laten zien dat tekenspeekseleiwit TSLPI een belangrijke rol speelt voor Borrelia 

om succesvol van de teek naar de gastheer te komen. Een belangrijke les hieruit is dat het 

mogelijk is om met behulp van het vaccineren tegen tekeneiwitten Borrelia transmissie 

voorkomen kan worden.  
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Het stollingssysteem  

Een ander, met behulp van YSD geidentificeerd eiwit, bleek het stollingssysteem zeer 

efficiënt te kunnen remmen. Omdat het stollingssysteem een zeer complex en geavanceerd 

systeem is, is het voor teken een uitdaging om dit plat te leggen. Als teken de huid 

binnendringen worden de huid met de daarin gelegen bloedvaatjes zo beschadigd dat het 

stollingssysteem van de gastheer direct geactiveerd wordt. Het stollingssysteem wordt 

geactiveerd door 2 verschillende routes; de contact activatie route en de tissue factor geïnitieerde 

route. Activatie van het stollingssysteem zorgt ervoor dat de wond zo snel mogelijk geneest en 

resulteert ook in directe activatie van het immuunsysteem. Het is voor de teek dus van groot 

belang dat het stollingssysteem niet geactiveerd wordt tijdens de bloedmaaltijd. In het speeksel 

van de teek zitten dan ook eiwitten die verschillende onderdelen van het stollingssysteem 

uitschakelen. Het uit de weg ruimen van verschillende antistollingseiwitten is hierdoor een 

aantrekkelijke vaccinatie strategie. Op deze manier zouden we kunnen voorkomen dat de teek 

een succesvolle bloedmaaltijd kan nemen waardoor vervolgens ziekteverwekkers ook niet meer 

kunnen worden overgedragen. Het is daarom van groot belang om antistollingseiwitten van de 

teek te identificeren. In hoofdstuk 6 laten we zien dat het door ons ontdekte eiwit rP23 het 

stollingssysteem van de gastheer na initiatie via zowel de contact activatieroute als de tissue 

factor route remt.  

 

Door te onderzoeken hoe dit tekeneiwit precies aangrijpt op het stollingssysteem kwamen we tot 

de ontdekking dat de activatie van factor V (FV) door factor Xa (FXa) werd geremd en om deze 

reden hebben we het tekeneiwit rP23 de naam rTIX-5 (Tick Inhibitor of factor Xa towards 

factor V) gegeven. Dit was een dogma-doorbrekende bevinding aangezien men tot nu toe altijd 

dacht dat FXa geen noemenswaardige rol speelt in de activatie van FV, maar dat factor IIa (FIIa, 

trombine) hiervoor verantwoordelijk was. Omdat er nooit een hulpmiddel of eiwit voorhanden is 

geweest om dit proces in detail te bestuderen heeft men met behulp van indirecte experimenten 

onterecht de conclusie getrokken dat FXa geen prominente rol speelt in de activatie van FV. Het 

remmende effect van rTIX-5 op het stollingsysteem is afhankelijk van negatief geladen 

fosfolipiden die normaal gesproken worden voorzien door geactiveerde bloedplaatjes en we laten 

ook zien dat de activatie van FII door FXa op het fosfolipiden membraan op een andere manier 

plaatsvindt dan de activatie van FV door FXa. Om het stollingssysteem onder controle te 

houden maakt ons lichaam verschillende fysiologische remmers aan zoals antitrombine (AT), 

tissue factor pathway inhibitor (TFPI), proteïne S en proteïne C. Ook fibrine is een belangrijke 

remmer en wordt daarom ook wel antitrombine I (ATI) genoemd. De natuurlijke 

stollingsremmers van de initiatiefase AT, TFPI, proteïne S en vooral fibrinogeen maakten 

rTIX-5 een veel potentere remmer van de bloedstolling wat laat zien dat de teek dankbaar 
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gebruik maakt van de door ons aangemaakte toch al aanwezige remmers. Daarnaast maakt de 

teek ook zelf additionele remmers van het stollingssysteem aan die het effect van TIX-5 

synergistisch zouden kunnen versterken. Door een deel van het stollingssysteem zelf na te 

bouwen met gezuiverde stollingsfactoren hebben we zien dat ook onder deze omstandigheden 

trombine generatie werd geremd door rTIX-5. In dit systeem was geen fibrinogeen toegevoegd 

wat betekent dat het remmende effect van rTIX-5 op de stolling niet compleet afhankelijk is van 

fibrinogeen. Deze resultaten laten zien dat de kleine spoortjes trombine die worden gevormd 

tijdens het begin van de initiatiefase van de stolling weg worden gevangen door fibrinogeen en 

voor een deel door andere fysiologische remmers zodat deze spoortjes trombine vervolgens geen 

FV kunnen activeren. Eerder onderzoek heeft inderdaad al aangetoond dat trombine sterk bindt 

aan fibrinogeen en dat deze binding de activatie van factor VIII (FVIII) door trombine 

tegengaat. Kortom, met behulp van rTIX-5 kwamen we erachter dat FXa dus cruciaal belangrijk 

is in het aanmaken van de eerste factor Va moleculen. 

 

Niet alleen het stollingssysteem van mensen maar ook het stollingssysteem van konijnen werd 

geremd door TIX-5. Door konijnen te vaccineren met TIX-5 konden we de rol van dit 

tekeneiwit bestuderen in het voeden van teken. Volwassen I. scapularis teken konden 

overduidelijk minder bloed opnemen van rTIX-5 gevaccineerde konijnen in vergelijking met 

teken die een bloedmaaltijd namen op controle konijnen, wat laat zien dat TIX-5 een cruciale 

rol speelt in het nemen van een bloedmaaltijd. Dit maakt TIX-5 een aantrekkelijk 

vaccinkandidaat om het succesvol voeden van teken te voorkomen en vaccinatie met daarbij nog 

andere antistollingseiwitten van de teek zou het voeden van teken en de overdracht van 

ziekteverwekkers als Borrelia helemaal kunnen blokkeren. Onderzoek naar TIX-5 heeft ons niet 

alleen inzicht gegeven over het antistollingsmechanisme van de teek maar heeft ons ook een 

belangrijke les geleerd over hoe ons eigen stollingssysteem werkt. 

 

Verhoogde aanmaak van tekeneiwitten in de aanwezigheid van Borrelia  

Het is bekend dat de aanwezigheid van Borrelia in de teek de expressie van 

tekeneiwitten kan beïnvloeden en dat dit in het voordeel kan werken voor Borrelia om succesvol 

de gastheer binnen te komen en te verspreiden. Om deze reden zijn wij ook geïnteresseerd in het 

identificeren van tekeneiwitten die minder of juist meer worden aangemaakt in de aanwezigheid 

van Borrelia. In hoofdstuk 7 hebben we met behulp van de “subtractive hybridization” techniek 

24 genen/eiwitten geidentificeerd die verhoogd tot expressie werden gebracht in de darm van 

Borrelia-geïnfecteerde teken tijdens de bloedmaaltijd van de teek. Eén van de eiwitten die 

verhoogd tot expressie werd gebracht, heeft een hoge homologie met een eiwit (Noduler) dat 

een belangrijke rol speelt in de immuunrespons van een vlinder en wordt daarnaast ook nog in 



 

179 

N
ed

erlan
d

se S
am

en
vattin

g
 vo

o
r n

iet-in
g

ew
ijd

en
  

veel andere insectensoorten aangemaakt. Zonder dit eiwit is de vlinder erg vatbaar voor 

uiteenlopende infecties. Nadat we het homologe eiwit van de teek - genaamd ISNP (Ixodes 

Scapularis Noduler-like Protein) - recombinant hadden gemaakt vonden we dat dit eiwit kon 

binden aan Borrelia-spirocheten. Ondanks dat het eiwit meer tot expressie wordt gebracht in 

Borrelia-geïnfecteerde teken en dat het aan Borrelia bindt, wordt Borrelia niet uitgeschakeld door 

het immuunsysteem van de teek. Sterker nog, na het uitschakelen van het eiwit met behulp van 

RNA interferentie of immunisatie kan Borrelia de teek niet succesvol binnenkomen als deze teek 

een bloedmaaltijd neemt op een Borrelia-geïnfecteerde muis. Wellicht heeft dit te maken met 

een verstoorde kolonisatie van teken met andere micro-organismen, wat wij momenteel in 

samenwerking met Yale University aan het uitzoeken zijn. Het is niet goed bekend hoe het 

immuunsysteem van de teek precies werkt en waarom Borrelia wel kan overleven in Ixodes teken 

en niet goed in andere tekensoorten. Met dit onderzoek proberen we erachter te komen hoe de 

Borrelia-bacterie het immuunsysteem van de teek gebruikt om te overleven in de teek en 

voorkomt dat zij wordt uitgeschakeld. Bovendien is ISNP een interessant vaccinkandidaat 

omdat vaccinatie met dit eiwit niet alleen Borrelia acquisitie door teken kan voorkomen maar 

ook interfereert met de ontwikkeling van teken. 

 

De resultaten die zijn beschreven in dit proefschrift leveren een belangrijke bijdrage aan onze 

kennis op het gebied van het voeden van teken, Borrelia transmissie en hoe ons eigen 

immuunsysteem en stollingssysteem werkten. In hoofdstuk 8 worden de belangrijkste 

bevindingen van het onderzoek besproken en bediscussieerd. Vaccineren met tekeneiwitten om 

zo een succesvolle bloedmaaltijd en daarbij de transmissie van ziekteverwekkers te voorkomen is 

een interessante strategie. Toekomstig onderzoek is nodig om additionele eiwitten van de teek te 

identificeren en te karakteriseren om zo een vaccin te ontwikkelen op basis van meerdere 

tekeneiwitten met als doel om het voeden van teken en de transmissie van de door teken 

overgedragen ziekteverwekkers te voorkomen. De vaccinatiestrategieën die we in dit proefschrift 

beschrijven kunnen ook worden toegepast om andere door vector overgedragen ziekten te 

voorkomen.



 

 

 

  



 

 

 

Dankwoord
Words of gratitude

Tim J. Schuijt
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Beste collega’s, vrienden en familie. De afgelopen paar jaren waren absoluut turbulente maar 

fantastische jaren voor mij en ik wil nog even goed stil staan bij de mooie rol die jullie hebben 

gespeeld in dit hele proces.  

 

Allereerst wil ik Lara, mijn lieve schatje, bedanken omdat ik weet hoe belangrijk je het vindt om 

als eerste bedankt te worden ;) Maar vooral om nog heel veel meer redenen die later in dit 

hoofdstuk duidelijk worden. 

 

Ook wil ik mijn 2 promotores, Tom van der Poll en Louis Kroes bedanken. Dankzij jullie heb ik 

de mogelijkheid gekregen om uitgebreid wetenschappelijk onderzoek naar de ziekte van Lyme te 

doen, wat tegelijkertijd ook mijn favoriete hobby is. Jullie hebben hiermee absoluut een droom 

van mij werkelijkheid gemaakt.  

 

Vervolgens wil ik mijn co-promotoren, Erol Fikrig, Alje van Dam en Joppe Hovius bedanken 

voor jullie rol tijdens mijn promotie. Later in dit dankwoord zal ik jullie persoonlijk bedanken. 

Mijn promotietraject is een beetje anders geweest dan een doorsnee promotietraject. De 

afgelopen paar jaar heb ik in Leiden (LUMC), New Haven (Yale University) en Amsterdam 

(AMC) gewerkt om dit boekje compleet te krijgen. Daarom zal ik mijn woorden van dank op 

een chronologische manier uitspreken. Voordat ik dat zal doen wil ik eerst de overige 

commissieleden, prof. dr. Theo Geijtenbeek, prof. dr. Joost Meijers, prof. dr. Paul-Peter Tak, 

prof. dr. Willem Takken, prof. dr. Frans Jongejan en dr. Hein Sprong bedanken voor de 

bereidheid om dit proefschrift te beoordelen en zitting te nemen in de promotiecommissie. Ik 

kijk er erg naar uit om met jullie van gedachten te wisselen op donderdag 13 oktober.   

 

Het begon allemaal in Leiden waar Alje van Dam (destijds LUMC) en Erol Fikrig (Yale) een 

vacature beschikbaar maakten om wetenschappelijk onderzoek te doen als promovendus naar 

tekeneiwitten en de ziekte van Lyme. Ik was net afgestudeerd aan de Universiteit van Utrecht en 

was op zoek naar een goede promotieplek. Omdat ik mijn hele leven al de ambitie had om te 

gaan promoveren op de ziekte van Lyme, en het feit dat er weinig tot geen fundamenteel 

onderzoek naar de ziekte van Lyme werd en wordt gedaan in Nederland, was deze vacature 

letterlijk een geschenk uit de hemel. Het was dan ook een enorm feest dat ik uiteindelijk  werd 

uitgekozen voor deze positie. Alje, jij was in die tijd mijn directe begeleider en ik heb veel 

geleerd over wetenschappelijk onderzoek van jou. Samen met Nathalie vormden we een klein en 

knus groepje die onderzoek deden binnen het LUMC. Nathalie, dank dat je me in die tijd op 

weg hielp op het lab. Bram (ben je me toch net 1 dag voor met promoveren!) en Celine, wat 

hebben wij een FANTASTISCHE tijd gehad met elkaar in het zogenaamde ‘poepkamertje’. 
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Naast het uitwerken van data en het schrijven van papers heb ik ontzettend veel gelachen met 

jullie. Ook onze ‘geplande’ vrijdagmiddag bijbeldiscussies gingen er altijd ruig aan toe ;) Dennis, 

ook jij was natuurlijk een belangrijk deel aan deze discussies. Fijn dat je nu ook een promotieplek 

hebt! Verder wil ik iedereen van de klinische afdeling medische microbiologie bedanken. Ik heb 

veel experimentjes kunnen doen in jullie labs en het was altijd heel erg gezellig! Ook de mensen 

van de experimentele medische microbiologie (virologie) wil ik bedanken. Ik zal nooit vergeten 

dat jullie mijn 3 liter spinnerflask met insectencelletjes omgetoverd hebben tot een gigantisch 

cocktailglas. Dat maakte de eiwitzuiveringen een stuk gezelliger!  

 

Vervolgens brak de periode aan waar ik mijn promotieonderzoek mocht vervolgen aan Yale 

University onder leiding van Erol Fikrig. Erol, I would like to thank you for your strong 

leadership! Working in your lab was seriously the best scientific experience and time in my life. 

In the ~1.5 year I worked in your lab I have learned a lot about all aspects of science. Sukanya, 

you are a great scientist and at the same time a very sweet person. Your passion and enthusiasm 

for science is inspiring and deserves lots of respect! Sirlei, we had a great time together in the lab 

but also outside the lab. Also, our conversations about ticks were very interesting. In the (near) 

future I will definitely visit you and your lab. I would like to thank Kathy for all the tick and 

animal experiments. I had a great time with you as well! I would like to thank all the people in 

the ‘Fikrig lab’, you were really great, modest but brilliant scientists, which deserves lots of 

respect. William, you were the best friend I had in New Haven! We had so much fun together 

and the way you are always are available to help someone is really great! Yoona – we had so 

much fun in Amsterdam! -, Chippy, Mariaberry, Jules, Alex and all other friends, thanks for the 

unforgettable and crazy times we have had together.  

 

De laatste fase van het promotieonderzoek heb ik in het AMC in Amsterdam uitgevoerd waar ik 

met veel plezier samen heb gewerkt met Joppe. Joppe, jouw enthousiasme en energie voor het 

werk met teken en Borrelia is gewoonweg fantastisch! Jij bent echt een gepassioneerde 

wetenschapper met een dikke X-factor! Ik hoop dat we in de toekomst mooie dingen met elkaar 

mogen beleven en zullen opbouwen. Ook heb ik met heel veel plezier samengewerkt met jou, 

Kees. Jij bent absoluut mijn stollingsheld. Wat is het toch altijd heerlijk om lekker met jou te 

sparren over de stolling (en over eiwitten in het algemeen!). Jouw wijsheid, kennis en kritische 

kijk op zaken is enorm waardevol!  

 

Joost Meijers en Kamran (vasculaire geneeskunde van het AMC), echt fantastisch dat jullie het 

mogelijk hebben gemaakt om compleet los te gaan met het anticoagulante tekeneiwit TIX-5. 

Jullie oneindige en pure enthousiasme is echt goud waard. Door al die mooie proeven ben ik 
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redelijk wat bij jullie over de vloer gekomen en heb ik ook erg genoten van de dames, Wil, Lucy 

en Marjan. Jullie zijn stuk voor stuk ontzettende lieverds en het is altijd erg gezellig met jullie. 

Kamran, als enige haan in het oh zo gezellige kippenhok, blijf ze onder de duim houden heh! ;) 

Ik wil Arnoud bedanken dat we altijd aan konden kloppen als we een antilichaampje o.i.d. nodig 

hadden. Lof voor jouw goed geordende systemen! Verder wil ik iedereen bij de vasculaire 

bedanken voor jullie gezelligheid e.d. en zeggen dat het me erg opgevallen is dat jullie echt een 

lekker luchtige en gezellige groep zijn. Top! 

 

En dan wil ik natuurlijk ook alle ‘Tommies’ bedanken binnen het Centrum voor Experimentele 

en Moleculaire Geneeskunde (CEMM). Gekke Ti-Ta-Tijmen, jouw overheerlijke gekheid 

maakt het leven op het lab erg ontspannen. Ik vind jou echt een toppertje! Als ik je dan maar 

eventjes uit het oog verloor had jij alweer met Daan een aantal vrolijke ADHD labkabouters in 

mijn inkscape plaatje gefotoshopt (foei!): 

 

 
 

Adam, wat hebben wij een lol gehad in onze penthouse op congres in Italië. Ik heb nu nog 

spierpijn in mijn buik van het lachen. Arjan, jouw MacGyver acties op het lab blijven erg 

interessant en vruchtbaar. Ik ben je ook eeuwig dankbaar dat je me hebt voorgesteld aan ‘meneer 

Inkscape’ en ‘mevrouw Illustrator’. Zonder deze software had ik nooit zulke mooie illustraties en 

figuren kunnen maken. Lies, wat hebben wij gezellige avondjes met elkaar gehad op het lab, jij 

lekker blokjes snijden, ik fijne papertjes schrijven. Genieten! Jij hebt ook aandelen in mijn 

proefschrift (stelling 3). Ook Alex, Brendon, Miriam, Floor, Rianne, Marcel, Achmed (Agmet), 

Anne, Sacha, Madelijn, Dana, Micha, Lonneke, Gavin, Jolanda en Maryse wil ik danken voor 

de goede tijd en steun. Danielle en Regina, als het lab er soms leeg uitzag dan waren jullie er 

toch altijd gezellig. Monique, Joost Daalhuizen en Mariekje, ook met jullie is en blijft het altijd 

een vrolijke boel in het lab. Miranda de panda(beer), echt superleuk dat je nu ook bij onze club 
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hoort ! Dames van het secretariaat, Heleen en Monique, dank jullie wel dat jullie altijd zo 

enorm behulpzaam zijn. Studenten binnen het CEMM kwamen en gingen maar toch wil ik er 

een aantal in het speciaal noemen. Xanthe, Steven, Jack en Thomas, jullie zijn alle vier toppers 

met een enorme drive, energie en gezelligheid. Ook ik zelf heb het voorrecht gehad om 

studenten te begeleiden. Anouk, Remi en Jeroen, bedankt voor jullie inzet! In het speciaal wil ik 

Jeroen noemen voor zijn werk. Jeroen, jij hebt precies de goede wetenschappelijke instelling. Je 

bent nieuwsgierig, wilt graag nieuwe technieken leren, bent bescheiden en hebt een drive om 

recht vooruit te gaan in de wetenschap. Ga zo door man! Dan wil ik de rest van het CEMM 

bedanken voor de gezelligheid. In het speciaal Lisette voor het maken van die overheerlijke 

taartjes zo nu en dan!  En natuurlijk Saskia voor haar zo heerlijke aaibare truien ;) 

 

Borrelia onderzoek is een liefhebberij. Wie dat sterk met mij deelt is Anneke, onze Borrelia 

‘labmoeder’. Anneke, jij hebt altijd heel heerlijk Borreliaatjes gekweekt op de afdeling 

bacteriologie. Als ik dan fijn killingexperimenten kwam doen bij jou had je de hoeveelheden 

Borrelia spirocheten al netjes genoteerd, heel goed geordend. Maar ik wil je vooral bedanken 

omdat je zo’n ontzettende lieve schat bent! Om maar 1 voorbeeld te noemen: Elke 25 juli 

klokslag! 00.00 kreeg ik een lief smsje met felicitaties voor mijn verjaardag. En dan die heerlijke 

cakejes en taartjes die je bakt, echt fantastisch. Je hebt een heel goed, warm en puur hart, 

bewonderingswaardig!  

 

Dankzij Diana en Mieke (Sanquin) heb ik een flinke stap vooruit kunnen maken met het 

TSLPI tekeneiwit. Supergaaf dat jullie me allerlei leuke antilichaampjes e.d. meegaven die ik 

uiteindelijk allemaal fantastisch goed kon gebruiken. Mede dankzij jullie is het TSLPI-verhaal 

een Cell Host & Microbe paper geworden! 

 

Nadat mijn contract was afgelopen eind 2010, kon ik binnen het CEMM blijven werken als 

postdoc bij Joost Wiersinga. Joost, heel veel dank dat je me de ruimte gaf om dit boekje af te 

ronden. We hebben absoluut gave plannen met de darmflora en ik heb er alle vertrouwen in dat 

het spannende data op gaat leveren. Katja en Tassili maken ook deel uit van de club. We gaan 

het met zn vieren niet alleen heel gezellig maken maar gaan vooral ook een vruchtbare tijd 

tegemoet met elkaar! 

 

Dan hebben we natuurlijk nog mijn twee fantastische paranimfen, Daan en Konstantin 

(Konkie). Daan, tijdens het 8th World Congress on Trauma, Shock, Inflammation and Sepsis 

in Muenchen waren we roommies en begonnen we elkaar pas echt te leren kennen. Naast dat we 

goeie gesprekken hadden was jij eigenlijk al in de rol als paranimf en heb je net optijd 



 

186 

voorkomen dat het filmpje tijdens mijn praatje compleet in het water viel. Wat ik mooi vind is 

dat jij een echte drive hebt voor jouw onderzoek. Ga zo door! Een deel van dit proefschrift is ook 

een beetje van jou, nl. de ondertitel ‘t(r)ick or treat’. Naast het feit dat het gewoon een goeie 

ondertitel is was je zo enthousiast dat ik hem wel moest laten staan. Konkie, wij zijn al goede 

vrienden vanaf de middelbare school. Naast dat we het altijd gezellig hebben ben je ook altijd 

een luisterend oor geweest. Jij bent op meerdere vlakken een echte topper! Daan en Konk, met 

jullie twee aan mijn zijde wordt het een extra gave promotie!  

 

Paps en mams, jullie hebben er altijd vertrouwen in gehad dat ik zou gaan promoveren op de 

ziekte van Lyme, zelfs voordat de vacature überhaupt beschikbaar was. Jullie medeleven en 

wijsheid in het hele proces is bijzonder. Marloes en Bas, het is altijd weer fijn als we af en toe 

een weekend gezellig met zn allen zijn, oost-west thuis best! Jutta en Udo, ook jullie hebben 

flink met me meegeleefd de laatste paar jaren. Hier en daar nog even een papertje tikken of 

skypegesprekje tijdens de vakantie of op de zeilboot was nooit een probleem. Thanks voor jullie 

support!  

 

Voor de rest wil ik iedereen bedanken die ik nog niet opgenoemd heb. Neem het me alsjeblieft 

niet kwalijk als ik je vergeten ben om hier te bedanken. 

 

En dan als laatste (en eerste!) wil ik jou, Lara, bedanken lieve schat! Jij bent zonder twijfel 

degene die het meeste te voorduren heeft gehad van de afgelopen paar jaar! Dat we elkaar zo 

lang moesten missen de tijd dat ik in de VS was, was nog wel het lastigste van alles. Jij hebt altijd 

direct aan mijn zijde gestaan, als ik boos was, teleurgesteld was en als ik blij was en dat maakt jou 

tegelijkertijd ook het allerbelangrijkste persoon in dit dankwoord en in mijn leven!



 

 






