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1. Introduction 

 

1.1 Tick-borne encephalitis virus 

Tick-borne encephalitis virus (TBEV), in compliance with the recent scheme (Thiel et al., 

2005) a member of the genus Flavivirus within the family Flaviviridae, belongs according 

to the World Health Organization to the most important arthropod-borne viruses in Europe 

causing severe human infections (WHO, 2004). Tick-borne encephalitis (TBE) occurs in 

humans following the bite of an infected tick (Ixodes ricinus in Europe, I. persulcatus in 

Asia) and, rarely, after the ingestion of unpasteurized milk from infected domestic animals 

(Grešíková et al., 1975; Dumpis et al., 1999).  The causative agent of TBE was first 

isolated in eastern Russia in 1937 (Zilber, 1939); however, the disease was already 

described as a clinical entity in Austria in 1931 (Schneider, 1931). 

 Icosahedral enveloped TBE virions have an average diameter of 50 nm. The 

electron dense core contains an 11 kb long single stranded RNA genome of positive 

polarity, which encodes large polypeptide of approximately 3400 amino-acids. The viral 

polypeptide is cleaved into three structural (capside, membrane and envelope) and seven 

non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) by cellular and 

viral proteases (Heinz, 1986; Lindenbach and Rice, 2001). The secreted form of the NS1 

protein has been reported to induce protective immune responses against flaviviruses in 

general (Gould et al., 1986; Jacobs et al., 1992; Timofeev et al., 1998). Other non-

structural proteins have been reported to provide virus-specific serine protease activity as 

well as RNA-dependent RNA polymerase machinery (Lindenbach and Rice, 2001) and, 

additionally, seem also to modulate host immune responses by inhibition of interferon 

signalling (Best et al., 2005). 

 The endemic area of TBEV spreads from Western Europe to Far Eastern Russia 

and the virus is taxonomically classified into three subtypes, namely European, Siberian 

and Far Eastern (Ecker et al., 1999). In Europe, approximately 4,000 cases of human TBE 

are annually reported. In addition, up to 8,000 cases are reported each year from Russia 

(WHO, 2004). The incubation period of TBE generally lasts 7-14 days, whereas the 

disease severity and clinical symptoms are assumed to be associated with the TBEV 

subtype (Votiakov et al., 1978; Gritsun et al., 2003). European viruses typically cause 

biphasic infections with the first stage accompanied by influenza-like symptoms including 



fever, headache, fatigue and general malaise (Mickiené et al., 2001). During the second 

stage, 20–30% of patients develop neurological symptoms ranging from mild meningitis to 

severe encephalitis (Duniewicz et al., 1975; Kaiser et al., 1999; Mickiené et al., 2001). 

Case fatality rates usually vary from 1 to 5% (Grešíková and Kaluzová, 1997; Herzig et al., 

2002). Infections with Far Eastern viruses are known to be the most severe, with case 

fatality rates as high as 20-60%. Exceptionally, Far Eastern viruses have been reported to 

bring on fatal hemorrhagic syndrome typical for infections caused by certain mosquito-

borne flaviviruses, such as Yellow fever (Ternovoi et al., 2003). On the contrary, Siberian 

viruses characteristically cause chronic infections with case fatality rates rarely exceeding 

8% (Pogodina et al., 1981a,b; Fokina et al., 1982; Gritsun et al., 2003). 

 As mentioned above, TBEV is naturally delivered into the host skin during the 

prolonged blood sucking of an infected tick. It is supposed that in the early phase of 

infection, the virus replicates within the dermis and subsequently in the skin draining 

lymph nodes (Albrecht, 1968). However, the way the virus enters the lymph node remains 

unknown. One possibility might be that free virus particles reach the lymph nodes through 

lymphatic vessels. Alternatively, virus could be carried to the regional lymph nodes by 

migratory dendritic cells (DCs) (Masurier et al., 1998; Pohl et al., 2007). Virus replication 

in regional lymph nodes is followed by its spread to other tissues including the central 

nervous system (Albrecht, 1968). 

Development of systemic viraemia is not necessary for virus transmission. 

Surprisingly, TBEV transmission has been reported to be even more efficient among ticks 

co-feeding on a non-viraemic host in comparison to a host with high viraemia (Labuda et 

al., 1993a). Moreover, transmission among co-feeding ticks is possible also on TBEV-

immune hosts producing potent anti-viral antibodies (Labuda et al., 1997). At the 

infestation site, the virus has been shown to replicate in resident DCs as well as 

macrophages and neutrophils recruited from blood. Whereas only the skin at tick bite-sites 

was infected, but not the uninfested skin, it has been suggested that TBEV is carried 

among co-feeding ticks by immune cells migrating from one infestation site to another. 

This data suggests that viremia may be a product of TBEV transmission rather than 

a prerequisite (Labuda et al., 1996). 

 

 

 



1.2 Immune response to tick infestation 

During co-evolution with their hosts, ticks similarly to other blood-feeding arthropods had 

to evolve mechanisms necessary to overcome host haemostatic and immune systems to 

successfully complete their meal. These mechanisms are important especially for ticks, 

which require a long-term contact with the host (usually 3–10 days). Indeed, tick saliva has 

been shown to contain a wide range of bioactive molecules with vasodilatory, anti-

haemostatic, and immunomodulatory activities (Ribeiro et al., 1985; Wikel, 1996). Despite 

this fact, tick feeding may induce a complex immune response involving various 

components of the immune system (Wikel et al., 1996). 

 During the first infestation of a naïve host, the tick attachment site is infiltrated 

primarily by mononuclear cells and neutrophils, followed by mast cells, basophils and 

eosinophils (Brown et al., 1984; Brown, 1985). It is supposed that tick saliva antigens are 

captured by Langerhans cells in the skin and subsequently presented to T lymphocytes in 

a draining lymph node (Allen et al., 1979; Nithiuthai and Allen, 1985). 

 As a result of repeated infestations, some hosts are able to develop resistance to tick 

feeding. Such acquired host resistance is manifested by reduced engorgement weights of 

ticks, longer feeding periods, decreased production and viability of ova, impaired molting 

and tick death (Wikel, 1996). Strong immune response of guinea pigs repeatedly infested 

by Dermacentor variabilis larvae was described as early as in 1939 (Trager, 1939). Since 

that time, immunity to ticks has been observed in many other species including rabbits, 

bovines and wild and laboratory rodents (Bowessidjaou et al., 1977; Brown et al., 1984; 

denHollander and Allen, 1985; Dizij and Kurtenbach, 1995). Immune response to repeated 

tick infestations is characterized by marked infiltration of basophils and eosinophils to the 

tick bite-site. Thus, with regard to the predominance of basophils this form of Th1 

mediated delayed type hypersensitivity is known as cutaneous basophil hypersensitivity 

(Richerson et al., 1970; Singh and Girschick, 2003). However, it is supposed that host-

acquired resistance to tick infestation involves much more regulatory and effector 

components of the immune system including complement, antigen-presenting cells 

(APCs,), B and T lymphocytes, cytokines, circulatory and haemocytotrophic antibodies, as 

well as granulocytes together with the bioactive mediators released by these cells (Wikel, 

1999; Singh and Girschick, 2003). 

 Effects of tick feeding on cytokine expression patterns in the skin or skin draining 

lymph nodes have been already described by many authors. Mbow et al. (1994) have 



reported a strong expression of IFN-γ and IL-2 mRNA in the skin of BALB/c mice 

repeatedly infested by I. ricinus nymphs. Cytokine expression in the skin during the 

primary infestation was very low; however, IFN-γ and IL-2 mRNA positive cells were 

detected in the lymph nodes. Surprisingly, the IFN-γ and IL-2 expressing cells prevailed 

over the IL-4 mRNA positive cells even in repeatedly infested mice.  On the contrary, 

Ganapamo et al. (1995) have observed high production of IL-4 and low production of 

IFN-γ in ConA-stimulated lymph node cells isolated from both, once as well as repeatedly 

infested BALB/c mice. Similar results have been also reported by Schoeler et al. (1999) in 

Con A stimulated mouse splenocytes, or by Mejri et al. (2001) after restimulation of the 

isolated lymph node cells with the tick saliva or salivary gland extract (SGE). With regard 

to these results, it is supposed that development of Th2 subsets, characterized by 

production of high levels of IL-4, and a corresponding decrease of Th1 inflammatory 

responses are mediated by immunomodulatory molecules contained in the tick saliva 

(Schoeler et al., 1999; Gillespie et al., 2000; Brossard and Wikel, 2004). 

 

1.3 Immunomodulatory activities of the tick saliva 

As mentioned above, ticks have to circumvent not only the haemostatic, but also the 

immune system of their hosts to complete their blood meal successfully. Therefore, tick 

saliva contains besides anticoagulants, anti-platelet factors and vasodilators a wide 

spectrum of molecules with various immunomodulatory activities that affect both, innate 

as well as adaptive immune responses (Ribeiro et al., 1985; Wikel, 1996; Valenzuela, 

2004; Titus et al., 2006).   

 The first immunomodulatory effect of the tick saliva, namely the kininase activity, 

was described as early as in 1985 by Ribeiro et al. The molecule responsible for mentioned 

proteolytical cleavage of bradykinin, a mediator of pain and oedema formation, was later 

described as metallodipeptidylcarboxypeptidase (Ribeiro and Mather, 1998).  

 Not surprisingly, ticks have also evolved mechanisms how to inhibit other potent 

inflammatory mediator causing oedema, histamine, which is released from mast cells and 

basophils usually via an IgE-dependent mechanism (Beneditt et al., 1955; Shim and Oh, 

2008). Indeed, a high-affinity histamine-binding protein has been identified in 

Rhipicephalus appendiculatus tick saliva (Paesen et al., 1999). Subsequently, proteins 

homologous to R. appendiculatus histamine-binding protein have been described in the 

salivary glands of the tick I. scapularis (Valenzuela et al., 2002) and Amblyoma 



americanum (Aljamali et al., 2003). Additionally, a similar protein with two binding sites, 

one for histamine and the other for serotonin, has been isolated from the salivary glands of 

the tick Dermacentor reticulatus (Sangamnatdej et al., 2002). On the contrary, 

D. variabilis tick saliva have been reported to contain a protein homologous to human 

histamine release factor (HRF), which induces histamine secretion from basophils and 

mast cells (Mulenga et al., 2003). Similar HRF homologs have also been identified in the 

saliva of Boophilus microplus and A. americanum (Mulenga and Azad, 2005). 

 Another important part of the inflammatory immune response and pathogen evasion 

is complement cascade activation, which results in anaphylatoxin production, deposition of 

opsonins on cell surfaces and membrane attack complex formation (Gasque, 2004). 

Ribeiro and Spielman (1986) have shown that I. scapularis saliva antagonizes 

anaphylatoxin C3a, an important activator of mast cells and basophils. Moreover, 

I. scapularis saliva has been reported to impair the alternative pathway of complement 

activation by inhibiting binding of C3b and C5b components to cell surfaces (Ribeiro, 

1987). In more recent studies, different anti-complement molecules have been identified in 

the tick saliva, including ISAC (Valenzuela et al., 2000) or Salp20 (Tyson et al., 2007) in 

I. scapularis, and IRAC I and IRAC II in I. ricinus (Schroeder et al., 2007; Daix et al., 

2007). 

 Tick saliva has also been shown to partly control cell infiltration into tick bite-site 

by inhibiting activity of various chemokines. Hajnická et al. (2001) described IL-8 binding 

activity of SGE from several tick species including D. reticulatus, A. americanum, 

R. appendiculatus, Haemophysalis inermis and I. ricinus. Moreover, SGEs markedly 

inhibited binding of IL-8 to its receptors on human granuolocytes. In a following study, 

MIP-1α binding activity has been described in SGEs of D. reticulatus and A. americanum 

(Hajnická et al., 2005). IL-8 is a potent chemo-attractant mainly for neutrophils, whilst 

MIP-1α is supposed to exert chemotactic activities toward a variety of immune cells, 

including granulocytes, monocytes, lymphocytes, macrophages and bone marrow-derived 

DCs (Schall et al., 1993; Bennouna et al., 2003). In a recent study focused on 

R. sanguineus salivary immunomodulators, the protein responsible for MIP-1α binding has 

been identified and described as Evasin-1 (Frauenschuh et al., 2007). Other tick saliva-

derived Evasins have been subsequently identified by Déruaz et al. (2008). Additionally, 

I. scapularis tick-borne sialostatin L has been shown to inhibit neutrophil recruitment into 

a carrageenan-induced site of inflammation. However, the exact mechanism of this effect 

has not been evaluated so far (Kotsyfakis et al., 2006). Similarly, recently described 



leukotriene-binding I. ricinus salivary protein Ir-LBP has been reported to inhibit 

neutrophil chemotaxis in vitro and in vivo (Beaufays et al., 2008).  

 Kubeš et al. (1994) described a suppressive effect of D. reticulatus SGE on human 

natural killer (NK) cell cytotoxic activity. Similar, although not so pronounced inhibition 

of NK cells has been detected also for SGEs derived from A. variegatum and H. inermis, 

but not for SGEs from I. ricinus and R. appendiculatus (Kubeš et al., 2002). However, 

NK-inhibitory effect of I. ricinus SGE has been formerly reported by Kopecký and 

Kuthejlová (1998). 

 According to Urioste et al. (1994), exposure to I. scapularis saliva markedly 

inhibited nitric oxide (NO) production by LPS-stimulated macrophages. Similarly, saliva 

from R. sanguineus significantly inhibited NO production by IFN-γ-activated 

intraperitoneal macrophages infected with T. cruzi. Moreover, this effect was markedly 

correlated with the impairment of intracellular killing of parasites by macrophages 

(Ferreira and Silva, 1998). In agreement with these observations, Kuthejlová et al. (2001) 

described an inhibitory effect of I. ricinus SGE on intracellular killing of Borrelia afzelii 

spirochetes by murine macrophages. SGE treated macrophages have been also shown to 

produce lower levels of NO and superoxide in response to Borrelia spirochetes. 

Additionally, I. ricinus SGE has been observed to diminish phagocytosis and TNF-α 

production in macrophages activated by B. afzelii and IFN-γ (Kýčková and Kopecký, 

2006). Comparable inhibition of inflammatory cytokine production in macrophages or 

macrophage-like cell line has been reported for SGEs derived from D. andersoni 

(Ramachandra and Wikel, 1992) and R. appendiculatus (Gwakisa et al., 2001), 

respectively. 

 In accordance with studies focused on macrophages, I. scapularis tick saliva has 

been observed to diminish superoxide secretion and phagocytic capacity of peritoneal rat 

neutrophils (Ribeiro et al., 1990). Montgomery et al. (2004) have shown that I. scapularis 

saliva markedly reduced expression of neutrophil β2-integrins, which resulted in decreased 

attachment and spreading of activated cells. Additionally, the ability of neutrophils to bind 

Borrelia spirochetes was also reduced in the presence of the tick saliva.  

 Many authors mention the impact of tick saliva and/or SGE on mitogen-stimulated 

splenocytes, peripheral blood lymphocytes or purified T lymphocytes in vitro (Urioste et 

al., 1994; Ferreira and Silva, 1998; Kovář et al., 2001; Mejri et al., 2002; Turni et al. 2004). 

Bergman et al. (1998; 2000) have described a 36 kDa soluble protein in the saliva of 

D. andersoni, which has been shown to suppress proliferative response of murine 



splenocytes to ConA. Similarly, Leboulle et al. (2002) have observed significant decrease 

in proliferation of ConA-stimulated T cells in the presence of I. ricinus salivary protein 

described as Iris. More recently, the I. scapularis salivary protein Salp15 has been reported 

to inhibit T lymphocyte activation and proliferation via specific interaction with CD4 

coreceptor and subsequent inhibition of T cell signalling pathways (Anguita et al., 2002; 

Garg et al., 2006; Juncadella et al., 2007). 

 I. ricinus SGE has also been observed to induce hyporesponsiveness of B cells in 

response to mitogens (Hannier et al., 2003). In a later study, a molecule responsible for this 

suppressive activity was characterized and described as B cell inhibitory protein (BIP) 

(Hannier et al., 2004). Not only production, but also effectivity of antibodies has been 

shown to be affected by the tick saliva. Wang and Nuttall (1994; 1995) have detected 

immunoglobulin-binding proteins (IGBPs) in salivary glands and haemolymph of 

R. appendiculatus, A. variegatum and I. hexagonus. It is supposed that IgG molecules 

contained in bloodmeal are recognised and bound by IGBPs, transported via haemolymph 

into salivary glands and excreted with the saliva back into the tick feeding pool. It has been 

suggested that this mechanism may represent a self-defence system of the tick to protect 

itself against the potentially harmful effects of immunoglobulins from immune hosts. 

Moreover, excreted IgG could compete for Fc receptors on mast cells and basophils, 

consequently delaying or diminishing antibody-dependent immune response leading to tick 

rejection (Wang and Nuttal, 1999). 

 As indicated above, tick saliva and SGE have been reported to diminish the 

production of Th1-related cytokines and increase the production of Th2-related cytokines. 

Indeed, it has been shown that T cells exposed to D. andersoni SGE produced lower levels 

of IFN-γ and IL-2 in response to LPS (Ramachandra and Wikel, 1992). Similarly, lower 

levels of IFN-γ and higher levels of IL-10 in LPS-activated splenocyte cultures incubated 

with I. ricinus SGE have been reported by Kopecký et al. (1999). Fuchsberger et al. (1995) 

have observed significant decrease in mRNA expression of IFN-α, TNF-α, IL-1α, IL-1β, 

IL-5, IL-6, IL-7 and IL-8 by human peripheral blood leucocytes treated with LPS and 

R. appendiculatus SGE. Additionally, Ferreira and Silva (1999) have shown an 

enhancement of TGF-β and decrease in IL-12 production by murine splenocytes exposed 

to R. sanguineus tick saliva. Part of these effects may be mediated by IL-2-binding protein, 

which has been identified in the saliva of I. scapularis by Gillespie et al. (2001). 

Nevertheless, it has been discussed recently that tick-induced Th2 polarization can also be 

mediated by DCs (Mejri and Brossard, 2007; Sá-Nunes et al., 2007; Hovius et al., 2008b). 



 Indeed, Cavassani et al. (2005) have demonstrated inhibited differentiation of bone 

marrow-derived DCs in the presence of R. sanguineus tick saliva. Furthermore, tick saliva 

impaired LPS-induced DC maturation, IL-12 production and consequently DC-mediated 

stimulation of cytokine production by specific T cells. In a later study, R. sanguineus saliva 

has been shown to inhibit chemotaxis of immature bone marrow-derived DCs by down-

regulating CC chemokine receptor CCR5 (Oliveira et al., 2008). Mejri and Brossard (2007) 

suggested that murine spleen-derived DCs pulsed with I. ricinus saliva may favour the Th2 

differentiation of naïve CD4+ T cells. Sá-Nunes et al. (2007) have identified I. scapularis 

salivary prostaglandin E2 (PGE2) as the molecule responsible for inhibition of IL-12 and 

TNF-α production by bone marrow-derived DCs upon TLR-2, TLR-4 and TLR-9 ligation. 

Tick saliva or PGE2 also reduced the ability of DCs to stimulate antigen-specific CD4+ T 

cell proliferation. However, PGE2 is undoubtedly not the only DC inhibitory molecule in 

tick saliva. The I. scapularis salivary protein Salp15 has been shown to interact with the 

C-type lectin on human DCs, namely the DC-SIGN, which results in the inhibition of IL-6, 

IL-12, and TNF-α production. Results also show suppression of T cell-stimulatory capacity 

of LTA-, LPS-, or B. burgdorferi-activated DCs (Hovius et al., 2008b). Considering that 

antigen-presenting cells, especially DCs, are known to be major players in initiation and 

fine-tuning of the adaptive immune response, alteration of their function could be a key 

mechanism used by the tick to circumvent the host immune system. 

 

1.4 Saliva-activated transmission (SAT) 

It is supposed that immunomodulatory activities of the tick saliva can be exploited by tick-

borne pathogens to facilitate their transmission and replication in the host. Such promotion 

of pathogen transmission through effects of salivary molecules has been termed saliva-

activated transmission (SAT). Until now, only I. scapularis salivary protein Salp15 and its 

I. ricinus-derived homolog Salp15 Iric-1 have been identified as an unambiguous direct 

SAT factors facilitating Borrelia transmission into the host. Both of these molecules have 

been reported to bind to B. burgdorferi outer surface protein (Osp) C, protecting the 

spirochete from antibody-mediated killing (Ramamoorthi et al., 2005; Hovius et al., 

2008a).  

The term SAT was first used to describe the enhancing effect of R. appendiculatus 

tick SGE on Thogoto virus transmission (Nuttall and Jones, 1991). Since then, the 

evidence of SAT has been reported in many pathogen-vector pairs, including La Crosse 



virus and Aedes triseriatus mosquito (Osorio et al., 1996), Leishmania major and 

Phlebotomus papatasi sandfly (Belkaid et al., 1998) or Plasmodium berghei and its vector, 

Anopheles stephensi mosquito (Vaughan et al., 1999). Similarly, SGEs derived from ixodid 

ticks have been shown to enhance infectivity in the bacteria Borrelia afzelii (Pechová et al. 

2002), B. burgdorferi sensu stricto, B. luisitaniae (Zeidner et al., 2002) and Francisella 

tularensis (Kročová et al., 2003). Conversely, mice exposure to repeated infestation with 

pathogen-free I. scapularis nymphs markedly reduced following transmission of 

B. burgdorferi spirochaetes by infected ticks (Wikel et al., 1997). A comparable effect has 

been observed by Nazario et al. (1998) in guinea-pigs repeatedly exposed to I. scapularis 

nymphs or larvae. Therefore, it is supposed that immunity to tick feeding may prevent to 

a certain degree pathogen transmission via a tick bite.  

 Similar direct evidence of SAT with TBEV has been first reported in 1991 by 

Alekseev et al. According to Labuda et al. (1993b), SGEs derived from partially fed 

I. ricinus, D. reticulatus and R. appendiculatus adult females significantly enhanced the 

probability of TBEV transmission from infected guinea-pigs to feeding ticks. 

Simultaneously, development of viraemia was observed in markedly higher proportion 

of guinea-pigs inoculated with virus and SGE, in comparison with guinea-pigs inoculated 

with virus alone. However, systemic viraemia is not necessary for virus transmission. 

Indeed, efficient non-systemic transmission between infected and uninfected ticks co-

feeding on the same host has been demonstrated as early as 1987 using Thogoto virus as 

a model pathogen (Jones et al., 1987). Such indirect evidence of SAT was later confirmed 

also by Labuda et al. (1993a) for TBEV. Moreover, the greatest number of infected ticks 

was obtained from naturally susceptible host species, Apodemus flavicolis, with 

undetectable or very low levels of viraemia. On the contrary, virus transmission between 

infected and uninfected ticks was less apparent on viraemic host Cletrionomis glareolus. In 

their following study, Labuda et al. (1997) have demonstrated that even hosts with 

neutralizing antibodies to TBEV are still able to support virus transmission between 

infected and uninfected ticks provided they feed close together. In case of the non-viraemic 

transmission, TBEV has only been detected in the skin at site of the tick bite, but not in the 

uninfested skin. This data indicates that the infested skin may be essential for TBEV 

replication early after virus transmission by ticks (Labuda et al., 1996). 

 The role of salivary components in pathogen transmission has been extensively 

studied for almost 30 years. However, searching for SAT factors is still on going, due to 

the possibility that vaccines targeted against certain salivary molecules might be effective 



in blocking the transmission of tick-borne pathogens during tick feeding (Nuttall and 

Labuda, 2004).    

1.5 Dendritic cells – the key targets of tick salivary bioactive molecules and TBEV? 

Dendritic cells are widely accepted as the most potent APCs in the immune system. As 

well as the other white blood cells, they are generated from haematopoietic stem cells; 

however, it is still discussed, if different specialized DC subtypes are products of separate 

progenitor lineages or if the functional and phenotypic differences in DC subtypes 

predominantly depend on local environmental signals (Shortman and Liu, 2002). As 

professional APCs, DCs are specialized for the uptake, processing and presentation of self 

as well as foreign antigens to T lymphocytes (Steinman, 1991). Immature migratory DCs 

create a network in peripheral tissues and act as sensors continuously sampling 

surrounding antigens. Upon sensing of “danger signals” including microbial products or 

signals from damaged tissues, DCs become activated and migrate to regional lymph nodes 

to initiate specific immune responses (Matzinger, 2002). Such mature DCs loose their 

ability to capture new antigens, but they are very efficient at presenting the antigens they 

already captured (Wilson et al., 2003). Short peptides derived from the processed antigens 

are presented by major histocompatibility complex (MHC) molecules on the DC surface. 

In general, intracellular antigens are presented by MHC Class I (MHC I) molecules to 

interact with TCR of cognate CD8+ T cells, whilst exogenous antigens are degraded in 

endosomal compartments, bound by MHC Class II (MHC II) molecules and presented to 

cognate CD4+ T cells (Cresswell, 2005). Nevertheless, a process called cross-presentation, 

when certain exogenous viral, bacterial, or tumor-associated antigens are presented by 

MHCI molecules in order to generate cytotoxic CD8+ T cell responses, has been 

additionally described in DCs (Yewdell et al., 1999; Heath and Carbone, 2001; Basha et 

al., 2008). Nonprotein antigens are known to be presented by CD1 molecules (Gumperz 

and Brenner, 2001). Activated DCs also upregulate co-stimulatory molecules, such as B7-1 

(CD80) and B7-2 (CD86), which are required for effective stimulation of specific T cells. 

Indeed, T cells that interact with immature DCs remain unresponsive or tolerised, rather 

than activated. This mechanism is crucial for maintenance of peripheral tolerance, since in 

the steady-state DCs continuously present self-antigens on their surface and it was shown 

that not all of the self-reactive T cells are eliminated during development in the thymus 

(Steinman et al., 2000; Heath and Carbone, 2001). 



 DCs play a crucial role not only in initiating, but also in fine-tuning the adaptive 

immune responses, since they mediate polarization of naïve specific CD4+ T lymphocytes 

to regulatory T cells (Treg) or to effector T helper type 1 (Th1), type 2 (Th2) and type 17 

(Th17) lineages. The phenotype of a polarized T cell is determined by the complex of 

factors, including the dominant cytokine environment, costimulatory molecules expressed 

by the DC and type and load of presented antigen (Constant et al., 1995; Kuchroo et al., 

1995; Shortman and Liu, 2002; Kaiko et al., 2007). Th1 cells, which secrete IFN-γ, are 

effective against intracellular pathogens, whereas Th2 cells secreting IL-4, IL-5, IL-10 and 

IL-13 target helminths and other extracellular parasites by activating B cells, eosinophils 

and mast cells (Kaiko et al., 2007). The recently described lineage, namely the Th17 cells, 

secretes IL-17, IL-6, IL-22 and TNF-α and has been shown to play an important role in 

inflammatory processes and activation of neutrophils (Harrington et al., 2005; Park et al., 

2005; Langrish et al., 2005). The distinct Th lineages, and cytokines they produce, are 

antagonistic to each other; thus, usually, due to negative-feedback loops one lineage is 

dominant in response to one specific pathogen (Harrington et al., 2005; Kaiko et al., 2007). 

During maturation, DCs develop regulatory-, Th1-, Th2-, or Th17-inducing phenotype. 

Such matured DCs selectively produce cytokines, express coreceptors and several other 

polarizing signals that promote the development of certain regulatory or effector T cell 

lineages. Generally, Th1 polarizing factors include expression of IL-12, IL-18, IL-27, 

interferons and ICAM1 whereas IL-4, IL-6, IL-11, CD2 and histamine are ranked among 

Th2 polarizing factors (Farrar et al., 2002; Kidd, 2003; Kaiko et al., 2007; Dienz and 

Rincon, 2009). Th17 cells are presumed to develop from naïve precursors in the presence 

of IL-6 and TGF-β. Additionally, IL-23 is believed to be crucial in Th17 activation and 

survival (Harrington et al., 2005; Mangan et al., 2006). 

 Sitting at the boundary-line between innate and adaptive immunity, immature DCs 

are able to notice the nature of invading pathogens directly by recognizing their specific set 

of pathogen-associated molecular patterns (PAMPs) using evolutionarily highly conserved 

pattern-recognition receptors, including Toll-like receptors (TLRs) and lectins (Thoma-

Uszynski et al., 2001; Janeway and Medzhitov, 2002; Underhill and Ozinsky, 2002; van 

Vliet et al., 2007). At the present time, 13 different TLRs have been described in mammals 

(Uematsu and Akira, 2007). Rapid virus recognition involves intracellular TLR3, TLR7, 

TLR8 and TLR9, where, generally, TLR3 recognizes double-stranded RNA (dsRNA), 

TLR7 and TLR8 recognize single-stranded RNA (ssRNA) and TLR9 is triggered by viral  

and bacterial DNA (Kawai and Akira, 2007; Kumagai et al., 2008).  Additionally, surface 



TLR2 and TLR4 have been shown to sense, besides a variety of bacterial and fungal 

PAMPs, envelope proteins of certain viruses including measles virus (MV) or human 

cytomegalovirus (HCMV) (Kawai and Akira, 2006). 

 
 

Fig. 1: Initiation of the adaptive immune response and determination of the T cell phenotype. Modified from 

Kaiko et al. (2007). 

    

On the one hand, DCs are the key players in the induction of protective immunity to 

viral infections. On the other hand, DCs can also be exploited by viruses to circumvent the 

host immune response, induce immune suppression, or eventually even be employed as 

latent virus reservoirs (Pope et al., 1995; Grosjean et al., 1997; Fugier-Vivier et al., 1997; 

Kaiserlian and Dubois, 2001).  

Some viruses, such as MV or HIV, use DCs as ferries to secondary lymphatic 

organs, where they can switch to T cells after a formation of an infectious synapse in DC/T 

cell conjugates (McDonald et al., 2003; Pohl et al., 2007). Many viruses can inhibit DC 

maturation by interference with antigen processing or downmodulation of MHC 

molecules, induce apoptosis (Engelmayer et al., 1999; Servet-Delprat et al., 2000; Palmer 

et al., 2005), or affect DC trafficking often by impairment of chemokine receptor switching 

(Moutaftsi et al., 2004; Prechtel et al., 2005). Most of the viruses studied in connection 



with immune evasion have been shown to diminish the ability of DCs to stimulate naïve 

T cells. As mentioned above, such decreased capacity of efficient T cell priming can be 

due to the reduced expression of MHC molecules on DC surface. Similarly, expression of 

costimulatory molecules (including B7-1 and B7-2), which are known to amplify T cell 

receptor signalling, can be also targeted by viruses (Engelmayer et al., 1999; Servet-

Delprat et al., 2000). In addition, infected DCs may directly provide inhibitory stimuli to 

T cells, for instance via upregulation of inhibitory molecules of the B7 family, such as 

B7-H1, which has been shown to interact with PD-1 (programmed death 1) molecule on 

T cells. Indeed, functionally impaired virus specific CD8+ T cells, whose responses could 

be restored by blockage of PD-1/B7-H1 inhibitory pathway, have been recently observed 

in chronic viral infections (Barber et al., 2006). HCMV-infected DCs have been also 

shown to shed CD83 molecules. Such soluble CD83 have been reported to prevent 

efficient formation of DC/T cell conjugates and thus to inhibit T cell activation and 

proliferation (Lechmann et al., 2001; Sénéchal et al., 2004). Furthermore, the first 

pathogen noted to cause immunosupression, namely the MV, has been shown to inhibit 

T cell activation and proliferation directly through viral glycoproteins previously 

designated as T cell proliferation inhibiting factors (Schneider-Schaulies and Dittmer, 

2006).  

 Taken together, DCs are functionally flexible cells that suit their response to signals 

they get from the environment including cytokines, chemokines, nature of the invading 

pathogen, and T cell proximity. Nevertheless, viruses, as well as other pathogens, have 

evolved mechanisms to avoid their recognition by the immune system via modification of 

the DC maturation programme, efficiency of migration, antigen presentation capacity and 

the outcome of DC/T cell interactions. It stands to reason that the interaction between DCs 

and viruses is a tricky game orchestrated by a wide spectrum of additional variables and a 

deeper understanding of these relationships will be crucial for DC-based immunotherapy 

especially for chronic autoimmune diseases or cancer. 

 

 

 

 

 
 



 

 

 

2. Objectives 

 

The general aim of the thesis is to describe the main effects of the tick saliva exerted on the 

initiation of adaptive immune responses and the implications of these effects on 

TBEV-dendritic cell interactions. Particular objectives of the key papers are as follows: 

 

� to evaluate the effects of tick saliva exerted on dendritic cell phenotype and 

function in vitro and in vivo  

 

� to describe the impact of TBEV infection on dendritic cell biology and 

subsequently to evaluate possible alteration of virus-dendritic cell interactions due 

to the presence of I. ricinus tick saliva  
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Skallová A, Iezzi G, Ampenberger F, Kopf M, Kopecký J. Tick saliva inhibits dendritic 

cell migration, maturation, and function while promoting development of Th2 responses. 

J Immunol 2008, 180:6186-6192. 

 

Similarly to other blood-feeding arthropods, ticks have evolved immunosuppressive 

mechanisms enabling them to overcome the host immune system. Although the 

immunomodulatory effect of tick saliva on several cell populations of the immune system 

has been extensively studied, little is known about its impact on dendritic cells (DCs). We 

have examined the effect of Ixodes ricinus tick saliva on DC function in vitro and in vivo. 

Exposure of DCs to tick saliva in vitro resulted in impaired maturation, upon CD40 or 

TLR9, TLR3 and TLR7 ligation, as well as reduced Ag presentation capacity. 

Administration of tick saliva in vivo significantly inhibited maturation and early migration 

of DCs from inflamed skin to draining lymph nodes, and decreased the capacity of lymph 

node DCs to present soluble Ag to specific T cells. Moreover, saliva-exposed DCs failed to 

induce efficient Th1 and Th17 polarization and promoted development of Th2 responses. 

Our data reveal a complex inhibitory effect exerted by tick saliva on DC function. Given 

the role of DCs as the key instigators of adaptive immune responses, alteration of their 

function might represent a major mechanism of tick-mediated immune evasion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Skallová A, Cimburek Z, Iezzi G, Kopecký J. Ixodes ricinus tick saliva modulates tick-

borne encephalitis virus infection of dendritic cells. Manuscript submitted to the Journal of 

Infectious Diseases. 

 

Dendritic cells (DCs) are the early targets of tick-borne encephalitis virus (TBEV), an 

important human pathogen, naturally delivered into host skin via a tick bite. To examine 

the effect of TBEV on DC phenotype and function, we have cultured DCs with two TBEV 

strains of different virulence in the presence or absence of Ixodes ricinus tick saliva. We 

have demonstrated that TBEV induced IFN-β, TNF-α and IL-6 production, enhanced 

apoptosis and induced maturation of infected, but not bystander cells. Besides that, virus-

exposed DCs stimulated proliferation of syngeneic effector CD4+ T cells, but fail to prime 

naïve allogeneic T cells. Addition of the tick saliva enhanced proportion of TBEV-infected 

cells, led to a decrease in IFN-β, TNF-α and IL-6 levels, and reduced virus-induced 

apoptosis. Our data indicate that the tick saliva can modulate TBEV induced alterations in 

DCs, thus probably involving the early infection process in the host. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Růžek D, Salát J, Palus M, Gritsun TS, Gould EA, Dyková I, Skallová A, Jelínek J, 

Kopecký J, Grubhoffer L. CD8+ T-cells mediate immunopathology in tick-borne 

encephalitis. Virology 2009, 384:1-6. 

 

Epidemics of tick-borne encephalitis involving thousands of humans occur annually in the 

forested regions of Europe and Asia. Despite the importance of this disease, the underlying 

basis for the development of encephalitis remains undefined. Here, we prove the key role 

of CD8+ T-cells in the immunopathology of tickborne encephalitis, as demonstrated by 

prolonged survival of SCID or CD8−/− mice, following infection, when compared with 

immunocompetent mice or mice with adoptively transferred CD8+ T-cells. The results 

imply that tick-borne encephalitis is an immunopathological disease and that the 

inflammatory reaction significantly contributes to the fatal outcome of the infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. Summary and Conclusions 

 

Despite the crucial role of dendritic cells in immune responses to viral and parasitic 

infections, the interactions between these professional APCs and tick-borne viruses have 

not been evaluated so far. Similarly, only a few studies have focused on the effect of tick 

salivary bioactive molecules on DC biology. We described complex modulatory effects of 

Ixodes ricinus tick saliva on DC phenotype and function in vitro and in vivo. Additionally, 

we have shown that the presence of the tick saliva measurably involves outcome of DC 

infection by the TBEV. 

 In the first study, we have demonstrated that exposure of DCs to tick saliva in vitro 

led to impaired CD40L- or TLR ligand-induced maturation and to reduced antigen 

presentation capacity. Moreover, DCs incubated with the presence of saliva polarized 

naïve T cells preferentially to Th2 subset, whereas Th1 and Th17 polarization were 

significantly inhibited.  

Consistently with the in vitro experiments, DCs isolated from skin draining lymph 

nodes of saliva-treated mice exhibited a less mature phenotype than DCs from control 

mice, as assessed by flow cytometry analysis of the MHC II and B7-2 expression on the 

cell surface. Impairment of maturation was obvious not only in skin DCs that migrated into 

the lymph nodes in response to experimentally induced inflammation, but also in resident 

DCs. However, these results may not clearly manifest a direct inhibitory effect of tick 

saliva on resident DC maturation, but might also be a consequence of immature DC 

recruitment from blood to lymph nodes in response to repeated saliva exposure.  

Administration of the tick saliva in vivo further markedly diminished early 

migration of peripheral DCs from skin to draining lymph nodes under inflammatory 

conditions and decreased the capacity of lymph node DCs to present soluble antigens to 

specific T cells. It is supposed that migratory dermal DCs may play an important role in 

antigen delivery into draining lymph nodes, and, thus, in initiation of specific immune 

responses (Henri et al. 2007). Therefore, saliva-induced inhibition in DC migration could 

postpone the development of specific immunity to tick feeding. In addition, the poor 

antigen presentation capacity of saliva-exposed DCs might result in suboptimal activation 

of specific T cells. Indeed, we have observed significantly decreased CD4+ T cell 

proliferation mediated by DCs exposed to the tick saliva in vitro as well as in vivo. 

Furthermore, T cells activated by DCs isolated from control mice differentiated toward 

Th1, whilst T cells primed by DCs from saliva-treated mice predominantly underwent Th2 



polarization. Our findings support recent data published by Mejri and Brossard (2007), 

who suggest that murine spleen-derived DCs pulsed with I. ricinus tick saliva favour the 

Th2 differentiation of CD4+ T cells. Nevertheless, the design of this experiment does not 

give a clear evidence of saliva-induced Th2 polarization, since BALB/c mice used in this 

study tend to produce high levels of IL-4 in response to various signals including 

Leishmania and Mycobacterium infections (Huygen et al., 1992; Sacks and Noben-Trauth, 

2002). Therefore, the specificity of the observed effect should probably be judged more 

carefully in this case.  

As mentioned in the chapter Introduction, development of certain effector T helper 

lineages is shaped by a wide range of factors including the prevailing cytokine 

environment and character of co-stimulatory molecules expressed on DC surfaces 

(Constant et al., 1995; Kuchroo et al., 1995; Shortman and Liu, 2002; Kaiko et al., 2007). 

In our study, the decreased ability of tick saliva-exposed DCs to prime Th1 cells could be 

related to the inhibition of their capacity to produce cytokines after stimulation, as recently 

reported for BMDCs cells (Sá-Nunes et al., 2007). Consistent with these observations, we 

have also found reduced IL-6 and IL-12p70 concentrations in culture supernatants of CpG-

activated spleen DCs in the presence of the saliva. Additionally, it has been reported that 

decreased expression of MHC and costimulatory molecules on DC surface led to 

preferential expansion of Th2 effector cells (Constant et al., 1995; Kuchroo et al., 1995). 

Thus, impairment of phenotypic and functional maturation of DCs seems to be a crucial 

immunomodulatory effect of the tick saliva in consequence of its following impact on the 

fine-tuning of the specific immune responses.  

Differentiation into a Th2 subset is supposed to be advantageous for the tick. 

Indeed, an acute Th1-mediated inflammation of host skin may enhance the risk of parasite 

removal during grooming (Alexander, 1986) and development of the Th1-associated 

delayed-type hypersensitivity reaction at the tick bite-site is known to impact tick viability 

and fitness (Mosmann and Coffman, 1989; Ferreira et al., 2003). Additionally, it has been 

shown that polarization of the immune response toward the Th2 subset creates convenient 

conditions for the tick-transmitted spirochete Borrelia burgdorferi (Zeidner et al., 1997). 

These data suggest that tick saliva-induced alteration of DC function may be favourable 

not only for the tick, but also for certain tick-borne pathogens.  

Up to now, two molecules contained in the saliva of the tick I. scapularis have been 

found to impair cytokine production by DCs as well as their capacity to induce T cell 

proliferation, namely prostaglandin E2 (Sá-Nunes et al. 2007) and Salp15 (Hovius et al., 



2008b). Whether some of these molecules could influence DC-mediated T cell polarization 

has not been evaluated so far; nevertheless, neither PGE2 nor Salp15 has been shown to 

inhibit expression of MHC II and co-stimulatory molecules on the surface of DCs. The 

effect of Salp15 on DC migration also remains to be addressed, however, PGE2 has been 

reported to induce DC migration rather than diminish it (Legler et al., 2006). Thus, we 

suppose that some additional molecules might be further involved in the complex 

inhibition of DC biology observed in our experiments.  

Our following study was focused on the interactions among dendritic cells, tick 

saliva and TBEV. As mentioned above, TBEV is naturally delivered into the host skin 

during the blood sucking of an infected tick. At the infestation site, the virus has been 

shown to replicate in skin migratory DCs, as well as macrophages and neutrophils 

recruited from the blood (Labuda et al., 1996). However, the outcome of interactions 

between TBEV and DCs has not been evaluated so far. Considering that TBEV usually 

encounters the host together with bioactive tick salivary molecules, we decided to study 

not only the effects of TBEV infection on DC biology, but also possible alterations of these 

effects due to the presence of I. ricinus tick saliva.  

We have demonstrated that infection by both of the TBEV strains used, namely the 

highly virulent strain Hypr and less virulent strain Neudoerfl, led to DC maturation, IFN-β, 

TNF-α and IL-6 production, and to decreased viability of virus-exposed cells in 

comparison with mock-infected cells. Despite the observed DC maturation upon virus 

exposure, infection with the highly virulent strain Hypr resulted in decreased antigen 

presentation capacity of DCs in mixed lymphocyte reaction (MLR). However, Hypr-

exposed DCs were still able to prime effector syngeneic CD4+ T cells.  

In addition, we have shown that the proportion of TBEV-infected cells is enhanced 

in the presence of the tick saliva. The mechanism of this enhancement remains unknown; 

however, inflammatory cytokines, such as TNF-α, have been shown to down-regulate 

expression of DC-SIGN, a C-type lectin specific for human DCs (Relloso et al., 2002), 

which has been reported to play a critical role in binding of various pathogens including 

Dengue virus (Tassaneetrithep et al., 2003), HIV (Geijtenbeek et al., 2000), HCMV 

(Halary et al., 2002), Ebola virus (Baribaud et al., 2002) and Leishmania amastigotes 

(Colmenares et al., 2002) to host cells. We suggest that tick saliva-induced reduction in 

TNF-α production might lead to an increased expression of DC-SIGN or an equivalent 

molecule by mouse DCs, thus probably render DCs more permissive to flaviviral infection.  



The exposure of the tick saliva also led to decreased apoptosis and to a reduction in 

TNF-α and IL-6 levels in culture supernatants, but had only a minimal effect on the 

expression of MHC class II and co-stimulatory molecules on surface of DCs. Despite 

a weak influence on the maturation markers, the tick saliva partly restored the Hypr-

induced impairment of DC capacity to stimulate naïve CD4+ T cells in the MLR. We 

suppose that this effect might occur probably due to the reduced apoptosis in saliva-treated 

cultures. 

To our knowledge this study described for the first time the outcome of interactions 

between DCs and TBEV. Moreover, our findings indicate that TBEV induced alterations in 

mouse DC phenotype and function can be significantly modulated by the presence of the 

I. ricinus tick saliva. The tick saliva enhanced proportion of infected cells and markedly 

reduced production of proinflammatory cytokines, such as TNF- α. Together with IL-1, 

TNF- α is known to promote DC migration from the skin into regional lymph nodes 

(Roake et al., 1995; Cumberbatch et al., 1997). Indeed, in our first study summarized 

above, we have shown that the tick saliva impaired the early migration of skin DCs from 

inflamed skin. Considering that the saliva also reduced TBEV-mediated DC apoptosis, this 

data may suggest that in the presence of the tick saliva, infected DCs might stay in the 

infested skin for a prolonged time as a further source of the virus ready to be taken up by 

its tick vector. Thus, the tick saliva could in this way enhance the possibility of TBEV 

transmission among infected and uninfected ticks during their co-feeding on the same host. 

Nevertheless, whether or not the interactions among DCs, TBEV and the saliva of its tick 

vector could significantly involve the initial stage of virus replication or virus accessibility 

for feeding ticks in vivo needs further examination. 

Taken together, we suggest that a substantial part of the tick saliva-mediated effects 

on host adaptive immune responses might have their origin in modulation of dendritic cell 

function. Indeed, DCs are known to initiate and shape adaptive immunity by priming and 

polarizing naïve T cells into effector or regulatory subtypes; thus, alteration of their 

phenotype and function may be enough for a significant shift of the final immune response 

in a direction that is favourable for the tick. Additionally, tick-friendly environments may 

also be advantageous for tick-borne pathogens, since DCs with impaired antigen 

presentation capacity due to the activities of the tick saliva fail to present not only salivary 

antigens, but also antigens derived from hitch-hikers, such as TBEV, delivered into the 

bargain to the host during tick feeding. In this regard tick saliva might help tick-borne 



pathogens to evade the host immune system and possibly facilitate their transmission to 

new, uninfected ticks. 
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