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Annotation

Ticks are increasingly important vectors of human and animal disease; however, the role of
their glycans and glycoconjugates in host interaction, pathogen transmission and allergy remains
insufficiently understood. This study describes the presence, localisation and origin of sialylated
glycans in Ixodes ricinus ticks, their organs, and the tick cell line.

Using a combination of microscopic techniques, mass spectrometry, and biochemical
analyses, sialylated glycans were found to localise predominantly in salivary glands and the gut,
suggesting that most sialylated structures are host-derived and are transported from the blood meal
through the gut to the salivary glands. Quantitative analyses of sialic acid, including its
metabolically incorporated analogues, further demonstrate that most of the sialylated molecules in
adult ticks originate from host blood rather than de novo synthesis, a conclusion supported by
similar observations in tick cell cultures.

Despite earlier reports indicating minimal sialic acid presence in arthropods, genomic and
biochemical analyses in this study identified active sialyltransferase genes and confirmed the tick’s
capacity to synthesise its own sialylated glycoproteins, further demonstrated through in vitro
feeding experiments and Click chemistry-based confirming tick-origin sialylated glycoproteins in

all life stages, from eggs and larvae to adult females.
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1. Introduction



1.1 General background on Ixodes ricinus and its medical
importance

1.1.1 Tick systematics

Ticks, together with mites, belong to the subclass Acari, class Arachnida, subclass Chelicerata,
phylum Arthropoda. According to Guglielmone and co-authors (2010), the order Ixodida consists of
896 species divided into 3 families: Argasidae, Ixodidae, and Nuttalliellidae. Nuttalliellidae is a
monospecific family represented by a single species, Nuttaliella namaqua, which is known only from
specific areas of South Africa and Tanzania (Mans et al., 2011). The family Argasidae, sometimes called
“soft ticks”, includes 193 species, distributed across the genera Antricola, Argas, Nothoaspis,
Ornithodoros, and Otobius. The family Ixodidae, called also “hard ticks”, comprises 702 species in 14
genera:  Amblyomma,  Anomalohimalaya,  Bothriocroton,  Cosmiomma,  Cornupalpatum,
Compluriscutula, Dermacentor, Haemaphysalis, Hyalomma, Ixodes, Margaropus, Nosomma,
Rhipicentor, and Rhipicephalus (formerly Boophilus). Argasidae and Ixodidae differ significantly not
only on the molecular level but also morphologically, in their life cycles, feeding strategies, and the

pathogens they transmit.

1.1.2 Ixodes ricinus and other tick species in the Czech Republic

Ixodes ricinus, the castor bean tick, is the most widespread and abundant tick in the Czech
Republic. The distribution of 1. ricinus extends beyond the Czech Republic into much of Europe, as well
as neighbouring areas of North Africa and the Middle East, northward to Iceland and eastward into
Russia. Its wide geographic range suggests it can live in diverse environmental conditions. /. ricinus
occurs mainly in forests, grasslands, parks, and gardens, where suitable hosts are abundant. It prefers
high-humidity areas and is largely absent from the Mediterranean, where hot and dry summers prevail.
1 ricinus ticks don't have eyes, ornamental signs and lack festoons along the back part of the body. They
possess a tough scutum that covers part of the female body and the whole male body (Sonenshine &
Roe, 2014).

1. ricinus can transmit a variety of pathogens, mainly tick-borne encephalitis virus, Borrelia
burgdorferi sensu lato (s.l.), Anaplasma phagocytophilum, Babesia spp., and Rickettsia spp. upon their
infection while feeding on an infected host to another host in the next life-stage (transstadial
transmission) or larvae upon infection of eggs by an infected female (transovarial transmission).

Another Ixodid tick present in the Czech Republic/Central Europe is Dermacentor reticulatus
(ornate cow tick, meadow tick), associated with wetlands, meadows, and floodplains, currently

expanding to the lowlands of the Czech/Slovak Republic, and a vector of B. canis and R. raoultii
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(Kubelova et al., 2011); D. marginatus can also be found in Central Europe, but only rarely. Two
bird-associated Ixodid species, I. arboricola and H. concinna, co-occur with the hedgehog tick,
1. hexagonus, in the Czech Republic (Ghodrati et al., 2025). These animal-associated species can

transmit Rickettsia spp. or, rarely B. burgdorferi s.l. (Spitalska et al., 2011).

1.1.3 Life cycle and feeding of Ixodidae

The family Ixodidae is defined by the presence of a scutum. This sclerotised shield covers part
of the female's dorsal surface and the entire male's surface. Ixodidae undergo developmental stages: egg,
larva, nymph, and male and female adults. Larva differs from the other active stages in having six legs,
whereas both the nymphal and adult stages have eight.

1 ricinus is a three-host tick as each of the active life stages (larvae, nymphs, adult females)
feeds on various hosts that range from insectivores, rodents, birds, pets, deer, to horses, and humans.
Females after/during mating, ingest a significant volume of blood and increase the size of their bodies
to more than 100 times their initial weight (Sauer et al., 1995). I ricinus ticks and the vast majority of

Ixodidae have a 3-host cycle (Fig. 1).
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Figure 1. Three-host life cycle of Ixodidae. Larvae feed on a first host, drop off and moult into nymphs. Nymphs

questi

then find a second host, feed, detach, and moult into adults. Adult females feed on the third host, mate, and, once

fully engorged, drop off the host to lay eggs before dying.

All stages that can suck blood feed on various animals and live freely between feeding intervals.
Unfed larvae seek their first host, which is usually a rodent or a lizard. After feeding (2-4 days), larvae

drop off from the host and moult to the nymphal stage. Unfed nymphs seek a host, may attach to the
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same or a different host, feed (3-5 days), drop off, and moult to the adult stage. Adults find their host;
females feed for 7-10 days and mate. After reaching full engorgement, females detach from their host,
lay thousands of eggs, and then die. The entire life cycle typically spans 4 to 6 years, but only 2 to 3
years in the southern regions of its territory (Kahl & Gray, 2023). All three blood-sucking stages are
parasitic and capable of transmitting tick-borne pathogens.

During evolution, ticks have developed mechanisms to enable prolonged feeding and to
overcome the host’s immune and defence responses. Ticks suppress host defence mechanisms during
feeding through a sophisticated array of salivary molecules that target multiple components of the
immune system (Ribeiro, 1995). They produce a range of molecules that suppress the host's natural
blood-clotting system, ensure proper blood circulation, and prevent or modulate immune responses
(summarised in detail in Brossard & Wikel, 2004; Ribeiro, 1987; Schoeler & Wikel, 2001; Wikel, 2013).

Several Ixodid ticks exhibit a two- or one-host cycle. A tick with a two-host life cycle stays on
the host in the larval stage and moults into a nymph, which feeds, engorges, and drops off the host. A fed
nymph moults into an adult in the environment. An adult tick attaches to a second host, feeds and mates.
Females drop off to lay eggs and die. The representatives are, for example, H. anatolicum and R. bursa.
In the case of one-host life cycle ticks, all parasitic stages (larva, nymph, and adult) feed and moult on
the same individual host. The tick remains on that host continuously until the adult female drops off to

lay eggs. The representatives include R. microplus and D. nitens (Apanaskevich & Oliver, 2014).

1.1.4 Feeding of Ixodidae

Generally, Ixodid ticks are considered 'slow feeders,' requiring several days or even weeks to
become fully engorged. As a result, they feed on blood in a manner distinct from other blood-feeding
parasites in the phylum Arthropoda. To successfully feed for such a long time, ticks must overcome
mechanical, physiological and immunological barriers.

Starving ticks use Haller's organ to locate their hosts by detecting carbon dioxide (CO2), heat,
and other chemical cues. Once on the host, the tick's hypostome penetrates the host's skin. This structure
is equipped with backwards-facing barbs that act as an anchoring mechanism, securely holding the tick
in place while it feeds. The hypostome tears host tissues, creating a feeding lesion. As pool feeders,
blood and tissue fluids accumulate around the mouthparts.

Detailed 3D reconstructions of the /. ricinus feeding apparatus, provided by Vancova and
colleagues (2020), illustrated how the tick cuts and damages the host’s skin and dermal vessels and
cycles between salivation and blood uptake during engorgement. During feeding, saliva is injected into
the lesion, while blood is aspirated into the pharynx without mixing with saliva. This process is enabled
by coordinated muscular contractions of the salivarium and the pharyngeal valve (Vancova et al., 2020).

Additionally, ticks of the Ixodidae family produce a cement-like substance that enhances their

4.



attachment, allowing them to remain on the host and feed slowly for several days to weeks (Kemp et
al., 1982).

In the first 24 hours of feeding, the body mass of the female tick increases only slightly. Then, a
phase of slow engorgement occurs, during which a new cuticle is produced to accommodate all
incoming blood meals. Over the last 12 to 36 hours, the female organism consumes most of its blood
meal (Sonenshine et al., 2014). This allows it to ingest a significant amount of food and increase its
body mass by 100-200 times its unfed weight. As a result, ticks must cope with oxidative stress, detoxify
host-derived molecules, and restore tissues (summarised in Lou et al., 2026). Transcriptomic studies of
1. persulcatus reveal significant shifts in metabolic pathways across the unfed, semi-engorged, and fully
engorged stages (Lou et al., 2026).

The process of acquiring blood is not simply about consuming blood; it involves a precisely
regulated, dynamic exchange of fluid, ions, and molecules between the parasite and the host, which is
under the tick's control. The blood is concentrated 2—-3 times, while excess water, Na*, and Cl- are
returned to the host by the salivary glands, as the main aim is to acquire sufficient nutrients (Bowman
& Sauer, 2004). After the successful feeding, the female drops off the host and lays thousands of eggs.
Male /. ricinus can attach to the host and take small amounts of blood, but their primary goal is to find

a female to mate with.

1.1.5 Tick salivary glands, saliva composition, and
immunomodulatory effects

Tick salivary glands

Tick salivary glands (SG) and saliva play central roles during tick feeding, host immune
modulation, and pathogen transmission. Structurally, SGs consist of multiple cell clusters called acini,
categorised into types I-1V depending on tick species and sex. These acini contain specialised cells that
produce, secrete, and store saliva during feeding, which contribute to distinct physiological functions.

In Ixodid ticks, females possess acini types I, II, and I1I; males also have acini type IV (Kaufman,
1989; Kemp et al., 1982; Nuttall, 2019). Acini type I play an important role in water and ion absorption,
particularly during periods when ticks are not feeding. They are responsible for maintaining water
balance, allowing the ticks to correct fluid imbalance when they are not sucked into the host (Kaufman
& Phillips, 1973a, 1973b, 1973c). During the feeding phase, type II and III acini enlarge and regulate
the absorption of water and electrolytes from the surrounding haemolymph through their epithelial layer,
while simultaneously secreting excess fluid back into the host (Fawcett et al., 1981; Meredith &
Kaufman, 1973). Moreover, acini type Il express cement proteins with many glycine residues that firmly
anchor the tick to the host’s epidermis, ensuring stable attachment for prolonged feeding (Kemp et al.,

1982). Acini type IV play a role in male tick mating and contribute to the successful transfer of the
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spermatophore to the female genitalia (Sonenshine & Roe, 2014).

Tick saliva composition and function

Tick saliva represents a unique liquid in which, after tick feeding, dozens to hundreds of host
and tick bioactive molecules are mixed. It is rich in water and ions (Na*, C17), derived from the host's
blood. It also contains non-peptidic molecules, such as adenosine, prostaglandins, endocannabinoids,
and microRNAs (Anatriello et al., 2017; Fezza et al., 2003; Hermance et al., 2019; Sa-Nunes et al.,
2007). Additionally, tick saliva includes various tick peptides, such as variegins, hyalomins, and
madanins (Iwanaga et al., 2003; Koh et al., 2007; Wu et al., 2010), as well as several tick proteins,
including chitinases, mucins, ixostatins, cystatins, defensins, glycine-rich proteins, hyaluronidases,
Kunitz-type proteins, lipocalins, and metalloproteases (Beaufays et al., 2008; Francischetti et al., 2002).
Furthermore, it encompasses host proteins like immunoglobulins, haptoglobin, transferrin, and
exosomes. As a complex biochemical cocktail produced by salivary glands during tick feeding, tick
saliva accompanies important processes connected to tick feeding, pathogen transmission and host
response.

During feeding, ticks acquire a large volume of host blood; for example, D. marginatus females
can process 400 times their body weight in blood (Kaufman & Sauer, 1982). For this reason, maintaining
homeostasis through the salivary glands and saliva is critical for Ixodid ticks. In females, the salivary
glands function as key osmoregulatory organs, regulating internal hydrostatic pressure by eliminating
excess water and electrolytes absorbed during blood feeding (Bowman et al., 2008). Moreover, SGs also
produce rehydration saliva, which enables unfed ticks to absorb atmospheric water vapour and thereby
avoid desiccation.

Soon after the hypostome penetrates the host skin, ticks produce a white substance that rapidly
polymerises into a solid cement cone, sealing the feeding site, preventing fluid loss, and anchoring the
tick for prolonged attachment (Gregson, 1960; Kemp et al., 1982). Different tick species also differ in
the composition of the cement cone, although the glycine-rich cement proteins remain the main common
component (summarised in Suppan et al., 2018). Other functions of cement-associated proteins include
roles in embryo development (Leal et al., 2018) and in pathogen transmission, which are potentially
interesting for anti-tick vaccines and biomedical adhesive applications (summarised in de Souza et al.,
2024).

Regulation of host responses is an important part of saliva's functional repertoire. As a cocktail
of various bioactive molecules, it can control host pain, blood clotting, inflammation, immune responses
and wound healing. All these functions overlap, creating significant complexity. Before the beginning
of feeding, ticks irritate the skin of the host using hook-shaped chelicerae and sink the chelicerae into

the wound. Tissue damage activates coagulation factor XII (fXII), triggering a cascade that releases
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bradykinin, which induces the pain sensation. To suppress painful skin disruption, ticks excrete
analgesics, such as endocannabinoids and bradykinin inhibitors (Fezza et al., 2003; Ribeiro & Mather,
1998).

The components of tick saliva also suppress host haemostasis to maintain prolonged and
uninterrupted feeding. By producing a bunch of anti-haemostatic molecules secreted into the wound,
the whole process, including clot formation, is affected at several levels: inhibition of platelet function,
disruption of the coagulation cascade, and promotion of fibrinolysis.

To prevent platelet adhesion, activation, and aggregation at the site of skin disruption, ticks
produce molecules that inhibit ADP- (adenosine diphosphate), collagen-, and/or thrombin-induced
aggregation. Extracellular ADP is one of the components on which platelet aggregation relies. 1. ricinus,
1. scapularis, and ticks from the group Rhipicephalus spp. express in their saliva apyrases that hydrolyse
ADP and ATP (adenosine triphosphate) into AMP (adenosine monophosphate), thereby inhibiting
platelet production (summarised in Stibrdniova et al., 2013). Among other platelet aggregation inhibitors
are disintegrins and RGD (Arginine-Glycine-Aspartic acid)-containing proteins. Many of these block
allbB3 (GPIIb/IIa), such as Variabilin from D. variabilis saliva. Variabilin binds this integrin via its
RGD motif and competitively blocks fibrinogen binding (Wang et al., 1996).

In the subsequent phase of haemostasis, both the extrinsic and intrinsic coagulation pathways,
as well as clot stabilisation, are inhibited by tick salivary proteins that primarily target thrombin and
factor Xa (fXa). These central enzymes are essential for the conversion of fibrinogen into fibrin and are
effectively blocked during tick feeding by serine protease inhibitors (serpins), thereby preventing fibrin
formation and maintaining blood fluidity at the feeding site (Blisnick et al., 2017; Chmelaft et al., 2017).

A variety of inhibitors of factor X and factor Xa were identified in Ixodid ticks. . scapularis
protein Penthalaris inhibits the activation of fXa by the complex of tissue factor (TF) and activated
factor VII (fVIla). A new mechanism in thrombin initiation, the factor Xa (fXa)-activated factor V (fV)
pathway, was described by the identification of the Tick Inhibitor of fXa towards fV protein (Schuijt et
al., 2013). Additionally, I. scapularis proteins, including fXa inhibitor Salp14 and Ixolaris, that bind fX
and fXa and inhibit the complex TF/fVIla complex, likely act together to suppress coagulation at
multiple points (Francischetti et al., 2002). Regarding thrombin inhibitors, several molecules have been
described. R. microplus ticks produce Boopihilin, a Kunitz-type protease inhibitor that blocks both
active site and exosite I of thrombin (Macedo-Ribeiro et al., 2008), and Microphilin, a 3 kDa inhibitor
(Ciprandi et al., 2006), and Boophilus microplus anticoagulant protein (BmAP) (Horn et al., 2000).
Moreover, Variegin (Koh et al., 2007) and Avathrin (Iyer et al., 2017) were described as components of

A. variegatum saliva/salivary glands that function as thrombin inhibitors.



Tick modulation of the host immune system during the feeding

Besides enabling prolonged feeding, ticks have evolved mechanisms to overcome the host’s
immune defences (Ribeiro, 1995). The key players are immunomodulatory molecules secreted from tick
saliva into the host during feeding. These bioactive molecules include anticoagulants, vasodilators, and
immunomodulators. Vasodilators and anticoagulants maintain blood flow and inhibit clot formation at
the feeding site; immunomodulatory proteins suppress host immune responses (summarised in Ribeiro,
1987; Sauer et al., 1995). Furthermore, the salivary glands and saliva serve as pathways for pathogen
transmission.

In the early stage of feeding, immediately after the skin has been damaged by the tick's
hypostome, the components of innate immunity migrate to the site of injury. In response to the host's
early inflammatory immune response, ticks produce numerous immunomodulatory molecules.
Sialostatin L from /. scapularis inhibits neutrophil infiltration (Kotsyfakis et al., 2006) while 1. ricinus
Serpin-2 (IRS-2) and Iripin-1 suppress neutrophil and monocyte recruitment (Chlastdkova et al., 2023;
Chmelar et al., 2011). I. ricinus Iripin-3 reduces inflammation by lowering macrophage I1L-6 production
(Chlastakova et al., 2021). Some molecules have more than one function, and some of them also affect
adaptive immune responses. For example, Iristatin from I ricinus inhibits adaptive immunity by
blocking cathepsins, reducing ROS, and decreasing cytokine levels (Kotal et al., 2019). Ricistatin from
L ricinus and Sialostatin L from 1. scapularis block dendritic cell maturation (Lieskovska et al., 2015;
Martins et al., 2023; Sa-Nunes et al., 2009). Moreover, Sialostatin L suppresses interleukin-9 expression
in mast cells and cytokine secretion (Klein et al., 2015). Ricistatin has been shown to decrease pro-
inflammatory cytokines in macrophages (Martins et al., 2023), and R. sanguineus Evasins inhibit the
movement of immune cells by targeting both CC and CXC chemokines. The combined action of these
molecules results in lowered inflammation and accumulation of immune cells at the sites of tick bites
(Déruaz et al., 2008; Frauenschuh et al., 2007).

The host immune response includes complement activation, which is counteracted by tick
salivary molecules. CripA from R. pulchellus inhibits Properdin, whereas /. ricinus anti-complement
proteins I and II (IRAC I, IRAC 1I), I scapularis anti-complement (ISAC), and salivary protein 20
(Salp20), inhibit the alternative complement pathway (Braunger et al., 2022; Daix et al., 2007; Hourcade
etal., 2016; Valenzuela et al., 2000). In addition, the 1. ricinus serpins Iripin-5 and Iripin-8 also function
as complement (Kascakova et al., 2021; Kotal et al., 2021).

During the prolonged feeding phase, adaptive immune responses are activated to evade an
unwanted ectoparasite. However, tick saliva contains molecules that affect T cell and B cell responses
in multiple ways. T cells can be suppressed by Sialostatin L and Iristatin (mentioned earlier), or by IrSPI
(Ixodes ricinus Serine Protease Inhibitor) and IRS-2 (Ixodes ricinus serpin 2), which both suppress Th

responses (Blisnick et al., 2019; Palenikova et al., 2015) or by Iripin-3, which reduces CD4" T cell

-8-



survival and Th1 response (Chlastakova et al., 2021). The well-characterised 1. scapularis Salp15 affects
T cells on various levels. It blocks calcium signalling and transcription factors (NF-AT, NF-kB), binds
directly to CD4, and promotes the expression of CD73 and adenosine production. It also interacts with
DC-SIGN on dendritic cells, thereby attenuating T cell activation, proliferation, and cytokine production
(Anguita et al., 2002; Hovius et al., 2008; Tomés-Cortazar et al., 2017).

Salivary gland molecules also affect B cells, which play a significant role in the tick's
antimicrobial immune response. During the feeding of Ixodid ticks infected with B. burgdorferi, the
B-cell inhibitory protein (BIP) was found to interact with B cells. BIP was identified in 1. ricinus saliva
as the factor responsible for saliva-mediated suppression of B-cell proliferation. Hannier and colleagues
(2003, 2004) showed that BIP suppresses LPS-induced B-cell proliferation by inhibiting B-cell
responses to OspA and OspC. BIP was identified and described in Hyalomma asiaticum asiaticum, and

its role as an inhibitor of LPS-induced murine B-cell proliferation was shown (Yu et al., 2006).

1.1.6 Ixodidae and their role as a vector of pathogens

Generally, Ixodid ticks are highly effective carriers of pathogens, and their transmission
mechanisms are closely linked to their feeding behaviour and saliva composition. They infest every
class of terrestrial vertebrates — including mammals, birds, reptiles, and amphibians. Among arthropods,
they transmit the greatest variety of disease-causing medically and veterinary important pathogens.

Tick-borne viruses transmitted by Ixodida include several medically important members of
different viral families. The pathogen repertoire includes mostly RNA viruses that can cause encephalitis
or haemorrhagic disease. Within the family Flaviviridae, ticks transmit tick-borne encephalitis virus
(TBEV), mainly transmitted by 1. ricinus and I. persulcatus, which causes encephalitis and represents a
major public health problem in Central and Eastern Europe and Russia. Other flaviviruses transmitted
by ticks include Powassan virus, vectored by /. scapularis in North America (Ebel, 2010; Hermance &
Thangamani, 2017), as well as Omsk haemorrhagic fever virus transmitted by genus Dermacentor
(summarised by Rizek et al., 2010) and Kyasanur Forest disease virus vectored by
genus Haemaphysalis (Chakraborty et al., 2019), which are responsible for severe febrile and
haemorrhagic illnesses in endemic regions.

Within the family Nairoviridae, ticks, particularly species of the genus Hyalomma, transmit
Crimean-Congo haemorrhagic fever virus (summarised in Gargili et al., 2017), a highly pathogenic virus
that causes severe haemorrhagic disease with high fatality rates. The family Phenuiviridae, which
includes additional tick-borne viruses such as severe fever with thrombocytopenia syndrome virus, is
transmitted by H. longicornis and R. microplus (Yu et al., 2011), and Heartland virus is transmitted by

A. americanum (Pastula et al., 2014), both associated with acute febrile illness, thrombocytopenia, and
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leukopenia. Finally, Ixodid ticks also transmit viruses from the family Reoviridae, most notably
Colorado tick fever virus transmitted by D. andersoni (Florio et al., 1950), which causes a biphasic
febrile illness and can be associated with neurological complications.

Among the bacterial pathogens, Ixodid ticks serve as vectors for the Borrelia burgdorferi sensu
lato complex (B. burgdorferi s.s., B. afzelii, and B. garinii), the causative agents of Lyme borreliosis, as
well as for Relapsing fever Borrelia, such as B. miyamotoi or B. recurrentis. Another major group
comprises bacteria of the order Rickettsiales, such as Anaplasma phagocytophilum, responsible for
human granulocytic anaplasmosis, and Ehrlichia chaffeensis and E. ewingii, which cause different forms
of ehrlichiosis. In addition, numerous species of the genus Rickettsia are transmitted by Ixodid ticks,
including R. rickettsii, R. conorii, and R. helvetica, leading to spotted fever and related rickettsioses.
Ticks also serve as vectors for bacteria of the family Francisellaceae, most notably Francisella
tularensis, the etiological agent of tularaemia. Furthermore, they act as natural reservoirs for Coxiella
burnetii, a bacterium that causes Q fever; although ticks play an important role in maintaining this
bacterium in nature, transmission to humans occurs predominantly via inhalation of contaminated
aerosols (summarised in Sonenshine & Roe, Chapters §, 9, 10, 2014).

Hard ticks transmit several protozoan pathogens belonging mainly to the phyla Apicomplexa
and Kinetoplastida. Among the Apicomplexa, Babesia spp, including B. microti, B. divergens, and
B. venatorum, are of major medical importance, as they cause babesiosis, a disease characterised by
fever, haemolytic anaemia, and flu-like symptoms. In addition, Theileria spp., which are also
transmitted by hard ticks, are of major veterinary importance, causing severe and often fatal diseases in
domestic and wild ruminants (Pérez de Ledn et al., 2014).

Pathogens can be transmitted transstadially, transovarially, via saliva-assisted and co-feeding
transmission. Additionally, Ixodid ticks can carry multiple pathogens simultaneously, leading to co-
infection. Pathogens enter the midgut of ticks when ticks feed on infected hosts. Bacterial pathogens
multiply in the gut, then they cross the gut epithelium into the hemocoel and further to the salivary
glands. Viral pathogens try to escape from the gut as soon as possible to avoid digestion and tick immune
responses. This step is critical for the viruses. If viral pathogens evade tick immunity and reach the
salivary glands, they replicate there. For all types of pathogenic agents, SGs are the main site where
pathogens settle and wait until the subsequent feeding, when they are released into the new host. The
extended feeding period allows pathogens to be transferred either from host to tick or from tick to host.
The main helper in this process is tick saliva, which contains a mixture of bioactive molecules that help
enhance infectivity, suppress host immune responses and create a favourable environment for pathogen
survival and transmission. This process is called saliva-assisted transmission (SAT).

Pathogens manipulate both tick biology and host immunity to promote their own survival,

transmission, and replication. For instance, Kim and colleagues (2021) demonstrated that 1. scapularis
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salivary protein levels rise following infection with B. burgdorferi and Hoxmeier and colleagues (2017)
identified 114 metabolites differentially regulated in B. burgdorferi-infected versus uninfected
1 scapularis nymphs. B. burgdorferi alters tick metabolism, leading to the production of salivary
proteins such as [sC1ql3 (Ixodes scapularis complement C1q-like protein 3), TSLPI (tick salivary lectin
pathway inhibitor), and IpSAP (Ixodes persulcatus salivary protein), which suppress host immune
responses by interfering with complement activation and T cell signalling (Jin et al., 2022; Schuijt et
al., 2011; Tang et al., 2022).

Moreover, Salpl5 and its homologs bind to Borrelia surface proteins, enabling the spirochetes
to evade antibody-mediated killing (Bierwagen et al., 2021). In addition, the tick serpins IxsS41 (Ixodes
scapularis salivary serpin 41) and IxsS17 (Ixodes scapularis salivary serpin 17) inhibit inflammatory
and complement-related proteases, which further protect Borrelia and support host colonisation
(Bencosme-Cuevas et al., 2023; Nguyen et al., 2024).

Several tick-borne viruses utilise tick saliva to suppress host immunity and enhance
transmission. Tick saliva rapidly reduces early skin inflammation and antiviral T cell responses, thereby
facilitating viral replication (Magbool et al., 2022). Tick-borne encephalitis virus (TBEV) and Crimean-
Congo haemorrhagic fever virus (CCHFV) interact with dendritic cells to modify adaptive immune
response (Lieskovskd et al., 2018; Rodriguez et al., 2018). Moreover, TBEV interferes with
sphingomyelinase D in 1. scapularis, leading to lipid accumulation that supports membrane-associated
viral replication (Regmi et al., 2020).

Non-protein components of tick saliva, such as extracellular vesicles and microRNAs, can alter
host immunity during both bacterial and viral infections. For instance, extracellular vesicles from
L scapularis can interact with macrophages, thereby enhancing the ability of A. phagocytophilum to
infect the host. On the other hand, they help reduce F. tularensis infection (Oliva Chavez et al., 2021).
Furthermore, tick saliva microRNAs (miRNAs) influence host responses during Powassan virus
infection, possibly facilitating viral dissemination (Hermance et al., 2019).

Several studies also showed the importance of salivary gland components during the
transmission/infection of protozoan pathogens. A study performed by Antunes and colleagues (2018)
identified 36 genes in R. bursa salivary glands that were differentially regulated during infection with
B. ovis. Silencing three genes for vitellogenin-3, a cement protein, and lachesin led to higher tick

mortality, unsuccessful tick attachment, and reduced Babesia levels present in tick SG.
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1.2 Glycobiology Basics Relevant to Arthropods and
Vertebrates

1.2.1 Glycosylation

The fundamental principle, known as the central dogma, accompanies research in molecular
biology. It states that biological information is carried from DNA to RNA to protein. This concept is
unique because it is precision-based on the DNA template, enabling us to manipulate one type of
molecule by understanding another. Many proteins are, after translation, converted into glycoproteins
in the ER by covalent attachment of short oligosaccharide side chains. This process is carried out by
glycosylation enzymes (glycosyltransferases and glycosidases), and it is one of the major co- and post-
translational processes in proteosynthesis in Eukaryotes.

Glycosylation (the attachment of glycans/saccharide chains) is a common and important protein
modification that occurs in more than 50 % of all proteins in eukaryotic organisms, and it also rarely
occurs in Eubacteria and Archaea. The biological roles of glycans include functions crucial to the
development, growth, functioning, or survival of the organism (Varki et al., 1999). The conformation
of monosaccharide rings, their orientation around a glycosidic bond, and the placement of side chains
attached to these rings affect molecular shape, distribution of partial charges, intra- and inter-residual
hydrogen bonding, solvent accessibility, and the capacity to interact with various biomolecules (Rao,
2019). The variability of glycans is so great and has such potential that it is possible to observe different
glycosylation patterns even between evolutionarily related organisms, and these patterns differ even
further between tissues within the same organism.

The biological functions of glycans are diverse, ranging from those of little importance to those
essential for the development, growth, functioning, or survival of the organism that produces them. The
functions of glycans can be divided into two categories: modifications of protein structure and specific
interactions of glycans with other molecules. In some cases, glycosylation appears to enhance a protein's
primary function rather than, for example, triggering or blocking it. On the other hand, glycosylation

enhances the basic properties and functions of proteins (summarised in Varki et al., 1999).

1.2.2 Types of glycosylation

The linkage between the first monosaccharide of a glycan part and the amino acid of a protein
part defines the glycosylation class. The linkages could be via the nitrogen atom of the Asn amino group
(N-glycans) or the oxygen atom of the Ser or Thr hydroxyl group (O-glycans). N- and O-glycosylation
are the most common types and contain most of the glycosylation machinery associated with the

pathogenesis and progression of disease.
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O-glycosylation

The O-glycosylation process is initiated in the endoplasmic reticulum (ER) or in the Golgi
apparatus (GA) with the addition of a glycan to Ser/Thr residues by GalNAc transferases. The first
GalNAc can be extended by various monosaccharides, and the formed disaccharide represents the core
structure of eight basic mucin-type glycan classes. Depending on the first glycan being attached, the
glycans form groups as mucin-type O-GalNAc (N-acetylgalactosamine), O-GlcNAc (N-
acetylglucosamine), O-Mannose (O-Man), O-Fucose (O-Fuc), O-Galactose (O-Gal), and O-Glucose (O-
Gle) glycans (Patsos & Corfield, 2009). Sialic acid is often added to O-glycans at the final stages of

biosynthesis, resulting in the formation of sialylated O-glycans.

0-GalNAc (Mucin type)

Mucins are classified among glycans characterised by the addition of GalNAc to the protein
chain. The length of O-GalNAc glycans varies from a single GalNAc residue to more than twenty sugar
residues and may include blood group and other glycan epitopes (Patsos & Corfield, 2009). The
attachment of GalNAc to Ser/Thr is regulated by O-GalNAc transferase, which creates an O-glycosidic
bond. Typically, mucins are involved in normal cell-cell and cell-matrix interactions, moisture retention,
and barrier formation in the respiratory, gastrointestinal, and urogenital tracts; however, abnormal
glycosylation occurs in various tumours, autoimmune disorders, and neurodegenerative diseases

(summarised in Yue et al., 2023; Zhang et al., 2022).

0O-GIcNAc

O-GlcNAc glycosylation is a dynamic modification of proteins with nucleolar, mitochondrial,
and cytoplasmic localisation in various multicellular organisms. During this process, O-GlcNAc is
added/removed rapidly due to the activity of O-GIcNAc transferase (OGT) and O-GlcNAcase (OGA)
(Hart, 1997; Hart et al., 1989). OGT adds the GIcNAc moiety to proteins using UDP-GIcNAc as the
donor sugar, while OGA removes it, rendering this modification reversible and highly dynamic (Varki
& Press, 2022). O-GlcNAc-type glycosylation was documented in fungi, worms, insects, plants, and
humans. It seems that O-GlcNAc is also present in several prokaryotes, such as Listeria monocytogenes
(Schirm et al., 2004), but OGT and OGA enzymes are absent in yeast Saccharomyces cerevisiae or

Schizosaccharomyces pombe (Kreppel et al., 1997; Lubas et al., 1997).

O-Man
O-mannosylated glycans were reported in various species, from fungi to humans (summarised

in Haltiwanger et al., 2022). O-Man can be further decorated with various monosaccharides, such as
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GalNAc, GlcNAc, Sia, and Fuc. It is characteristic of certain mammalian tissues (neural tissues), where
it represents one-third of all O-glycans. Changes in O-mannosylation in humans are also connected with
several diseases. For example, impaired O-mannosylation of a-dystroglycan leads to several types of
congenital muscular dystrophy (CMD), and the loss of these glycan structures has been associated with
cancer metastasis (summarised in Losasso et al., 2000; Martin, 2007). The structures of O-Man-type
glycans vary significantly. Mammalian O-Man glycans can be complex or simple, whereas in yeast,
they form poly-mannose chains. Nevertheless, the O-Man glycans in yeasts and prokaryotes are poorly

understood to date.

0-Gal

O-galactosylated structures commonly decorate hydroxylysine residues in collagen or proteins
with collagen-like structures. The monosaccharide is attached by galactosyltransferase in the Golgi
apparatus (GA). The glycan modification often continues by the attachment of Glc upon formation of
the disaccharide Glcal-2Galp- (Spiro, 1967). The O-Gal modification is crucial for maintaining
collagen stability and ensuring the integrity of the extracellular matrix. O-Gal has been identified in
collagens from different organisms, including invertebrates (e.g., Muir & Lee, 1970; Spiro & Bhoyroo,
1980), bacteria (Gerwig et al., 1993), plants (Lamport et al., 1973), and humans (summarised in
Haltiwanger et al., 2022).

O-Fuc

L-Fuc is added to the Ser/Thr in the specific domains of the protein backbone. The process takes
place in the ER with the help of fucosyltransferases that mainly target Epidermal Growth Factor-like
domains in metazoans (Luo & Haltiwanger, 2005), Thrombospondin Type 1 Repeats (TSR) (Hofsteenge
et al., 2001), and newly found Elastin Microfibril Interface domains (Houlahan et al., 2024).
O-fucosylation impacts the folding and secretion of proteins containing TSR, including Notch receptors,
and affects ligand binding and signalling, which, in turn, influence cell fate, proliferation, and
differentiation. Defects in O-Fuc lead to the formation of congenital disorders, bone malformations, and

cancers.

C-mannosylation

C-mannosylation is a unique type of glycosylation in which mannose is attached to the indole
ring of the first Trp in the sequence Trp-Xxx-Xxx-Trp/Cys via a rare C-C bond in the ER (Krieg et al.,
1998). The process is catalysed by C-mannosyltransferase, originally discovered in C. elegans (Buettner
et al., 2013). Later, several homologs were found in mammals and other animals, but not in bacteria and

yeast. C-mannosylated proteins belong mainly to the TSR and type I cytokine families (summarised in
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Haltiwanger et al., 2022). There is limited knowledge about the biological function of C-mannosylation,
but it is known to influence protein folding, stability, and secretion (Shcherbakova et al., 2019). In
Plasmodium, C-mannosylation is crucial for transmission (Lopaticki et al., 2022), and in humans, it may

serve as a receptor in some types of cancer (Kobayashi et al., 2025; Mizuta et al., 2019).

N-glycosylation

N-glycan biosynthesis is a complex process that occurs in the ER and the GA. N-glycans are
bound via GIcNAc to the amide nitrogen in the Asp side chain in a specific signal sequence, called a
sequon. In eukaryotic organisms, this sequence is Asn-Xxx-Ser/Thr (Marshall, 1974), where Xxx can
be any amino acid except Pro. N-glycans may be of the oligomannose, complex, or hybrid type,

depending on monosaccharides attached to the first GIcNAc and their bonding.

N-linked glvcans biosynthesis

Synthesis of Dolichol-linked oligosaccharide precursor

The process consists of several key steps and starts with the synthesis of the Dolichol-linked
oligosaccharide precursor (Dwek, 1996; Lis & Sharon, 1993; Mitra et al., 2006). Two GlcNAc residues
are added to Dol-P, followed by the addition of five mannose residues, forming Dol-PP-GlcNAc:Mans.
The glycolipid is then flipped to the ER lumen, where four more mannoses and three glucoses are added,
creating the final Dol-P-P-GIcNAc2ManoGles precursor (Helenius & Aebi, 2004; Kornfeld & Kornfeld,
1985). Oligosaccharide precursor is then transferred to the Asn within the sequon Asn-X-Ser/Thr by
Oligosaccharyltransferases (OSTs). In Eukaryotes, OST is a complex of transmembrane subunits that is
highly conserved from yeast to humans. The yeast OST complex was among the first to have its
individual components identified (Karaoglu et al., 1997; Spirig et al., 1997). It possesses several
subunits (Ostlp, Ost2p, Ost3p/Ost6p, Ostdp, Ost5p, Stt3p, Wbplp, and Swplp) that have homologs in
mammals (ribophorin I, DADI1, N33/IAP, OST4, STT3A/STT3B, Ost48, and ribophorin II)
(summarised in Kelleher & Gilmore, 2006). The STT3 subunit possesses catalytic activity, while other
components aid in stability, substrate delivery, and regulation of specificity (Roboti & High, 2012).
STT3 has STT3A and STT3B isoforms. STT3A attaches N-glycans to the nascent proteins during
translation (co-translationally). STT3B can attach glycans to the sequons that STT3A skips during
translation, or it can add N-glycans to the sequons located at the C-terminus after translation is complete

(post-translationally) (Ruiz-Canada et al., 2009).

Trimming and elongation, oligomannose type N-glycans
After the attachment of the tetradecameric N-glycan precursor to the protein, further reactions

are required to trim and consequently elongate the glycan to produce the final structure. Trimming starts
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in the lumen of the ER almost immediately after the attachment of the oligosaccharide precursor to the
nascent protein, where the a-glucosidases I and II sequentially remove glucose molecules. a-glucosidase
I hydrolyses the terminal al,2-linked glucose; a-glucosidase II removes the two inner al-3 glucoses;
and the proteins are controlled to ensure they fold correctly by the calnexin/calreticulin system. If the
protein is properly folded, al,2-mannosidase cleaves the terminal mannose from the central arm to
obtain MansGIcNAca, after which the protein is translocated into the Golgi apparatus. Trimming of
a1-2Man residues proceeds in the cis-Golgi by MAN1A1, MAN1A2, and MAN1CI1 mannosidases. The
resulting MansGlcNAc: is called the core structure of N-glycans and is a crucial intermediate in the
process of producing hybrid and complex N-glycans. Some Mans-9GlcNAc2 glycans are not processed
in the cis-Golgi and remain as oligomannose-type N-glycans attached to the mature proteins (Zuber &

Roth, 2009).

Complex and hybrid type N-glycans

The biosynthesis of hybrid and complex N-glycans starts in the medial-Golgi with the MGAT1
transferase, which attaches a GIcNAc in an al-3 bond to Man of the core. Then, a-mannosidase 11
enzymes trim N-glycans by removing specific terminal al-3Man and al-6Man, forming
GlcNAcMan3GleNAc:. This trimming can only occur if MGAT1 has acted first. Next, MGAT2 attaches
another GIcNAc in an a1-6 bond to Man in the other arm of the core to create the precursor for complex
N-glycans, GlcNAc2Man3GlcNAcz. Hybrid N-glycans form if a-mannosidase II does not act on the
glycan, resulting in hybrid forms like GlcNAcMansGlcNAcz. If peripheral GIcNAc is cleaved,
paucimannose glycans are formed (Stanley et al., 2022). They are present in plants, in invertebrates, and
in vertebrates. In mammals, their levels can be increased in response to cancer, inflammation, and during
the development of stem cells.

Di-antennary complex N-glycans are formed by prolonging the two branches of the
GlcNAc2Man3GleNAc: glycan, while complex glycans with more branches are the result of further
branching by the addition of Man in al-3 (MGAT4A, MGAT4B, MGAT4C) or al-6 bonds (MGATSY)
(Abdel Rahman et al., 2015).

Maturation of N-Glycans

During the maturation of N-glycans in the Golgi complex, monosaccharides can be attached to
the glycan core and/or the GIcNAc branches can be extended. In most of the complex and hybrid
glycans, branch extension occurs through the addition of Gal to the initiating GlcNAc. The resulting
GalB1-4GlcNAc (LacNAc) may be added sequentially. B-linked GalNAc, instead of Gal, is attached to
the initiating GIcNAc, forming the LacdiNAc (Stanley et al., 2022). Elongated branches can be further

decorated. The monosaccharides usually present in animal N-glycans are Man, Gal, Gle, GlcNAc,
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GalNAc, Fuc, and sialic acids, which are usually formed by a-linkages.

Moreover, further addition of these monosaccharides during glycan maturation expands the
limited repertoire and creates a wide range of hybrid and complex mature glycans that affect various
biological processes.

Fucosylation is a typical modification. In vertebrates, fucose is typically attached to the terminal
or internal Gal/GalNAc residues, or to internal GIcNAc in various types of glycans found in
glycoproteins and glycolipids. Vertebrate N-glycans typically undergo fucosylation at the N-glycan core
in the al1-6 position by FUTS. Fuc can also be added as a terminal saccharide, preferentially to the al-

2, al-3, or to the a1-4 position (Grewal et al., 2021).

1.2.3 Sialic acid

Sialic acids (Sia) are a type of a-keto acid monosaccharide that consists of a 9-carbon backbone.
To this date, more than 90 forms of Sia have been documented (summarised in Guin et al., 2022). They
are found across a wide range of organisms, primarily in higher Eukaryotes, especially mammals and
humans. Sia is widely found on the surfaces of vertebrate cells as a component of glycoproteins,
glycolipids, and oligosaccharides. They play key roles in neural transmission, immune response, and
cellular recognition, and are also present at lower levels in invertebrates (Ghosh, 2018; Paschinger &

Wilson, 2019), microorganisms (Dudek et al., 2022), and microalgae (Wagstaff et al., 2018).

Diversity of sialic acids

The complete repertoire of sialylated glycans on a particular cell is called the sialome. Sia is
attached terminally to the N-glycans, O-glycans, glycolipids, and GPI anchors. Even within the same
organism, the sialome can differ between cell types, tissues, or regions of the same cell. This high
variability is evident at both the structural and functional levels; it is dynamic, and the composition of
the sialome can change in response to environmental changes. The complexity of Sia occurs at several
levels: Sia structure, linkage, the underlying glycan chain, glycan class, and spatial organisation at the

cell surface (Cohen & Varki, 2010; Lewis & Varki, 2009).

Sia synthesis and structure

All Sia have a common core structure comprising a carboxyl group at C1, giving it a negative
charge at physiological pH, and a glycerol side chain at C6—C7—C8—C9. The most commonly occurring
Sia structures are 2-keto-3-deoxynononic acid (Kdn) and two derivatives of neuraminic acid:
N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). All of them have a nine-

carbon structure with the difference at the C5 position in Kdn and Neu (Fig.2).
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Figure 2. The most common types of neuraminic acid (adapted from Lewis et al., 2022).

Sia synthesis

In vertebrates, NeuAc synthesis begins when the precursor UDP-GIcNAc is converted to
ManNAc-6-P by UDP-GIcNAc-2-epimerase/N-acetylmannosamine kinase (Varki & Press, 2022).
Then, Neu5Ac-9-P is formed after the reaction of ManNAc-6-P with phosphoenolpyruvate by Neu5Ac-
9-P synthase. Finally, the phosphate group is removed from the molecule, and Neu5Ac is released into

the cytoplasm. To form Kdn using the same pathway, Man-6-P is used instead of ManNAc-6-P.

Modifications of Sia

2-keto-3-deoxynononic acid, Kdn

Kdn is also referred to as deaminated neuraminic acid. It is biosynthesised de novo from
mannose. Man is converted to Man-6-P, which is then further converted to CMP-Kdn, an activated form.
Using Kdn transferases, Kdn is transferred to an acceptor glycan to a terminal position. Kdn is widely
present in amphibian eggs (Iwasaki et al., 1990; Maes et al., 1995; Strecker et al., 1992), fish gametes
(Nadano et al., 1986; Song et al., 1991), and skin mucus (Kimura et al., 1994; Nakagawa et al., 2001).
Moreover, Kdn was found in capsules and cell envelopes of pathogenic bacteria (Gil-Serrano et al.,
1998; Knirel et al., 1989), in toxin-producing microalgae (Wagstaff et al., 2018). In mammals, Kdn
represents a relatively uncommon type of Sia. It was found in pig submaxillary glands (Inoue et al.,
1996) and in rat liver (Angata et al., 1998). In humans, it exists as a free glycan, with elevated levels in
foetal red blood cells and cancer cells (Inoue et al., 2011; Inoue et al., 1998; Yabu et al., 2013) compared
to maternal and normal cells. Its location indicates that it may play a role in various cancer types, as

well as in reproduction and embryonic development.

Neuraminic acid
Neuraminic acid is widely distributed in vertebrates, including humans. In vertebrates, two
variants  predominantly occur: N-acetylneuraminic acid and its hydroxylated form,

N-glycolylneuraminic acid (Fig. 3) (Angata & Varki, 2002).
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Figure 3. Two predominant forms of sialic acid in vertebrates — N-acetylneuraminic acid and its derivative
N-glycolylneuraminic acid, formed by CMP-N-acetylneuraminic acid hydroxylase (CMAH) (adapted from
Sterbova et al. 2026a).

N-acetylneuraminic acid, NeuSAc

N-acetylneuraminic acid is the most prevalent Sia (Lundgren & Boddy, 2007; McNaught, 1997).
The backbone is chemically composed of nine carbons with a carboxyl group and an N-acetyl group
that plays a crucial role in facilitating hydrophobic interactions. The side chain C7-C9, with a hydroxyl
group attached to each carbon, enables hydrogen bonding. Each of these components plays a role in the
binding specificity of Sia-binding proteins and the functions of glycans containing Sia. Neu5Ac is found
in a wide range of organisms, from bacteria and fungi to protozoa and higher animals, including humans
(summarised in Ghosh, 2018).

It is a predominant glycan in higher animals, including humans. As a crucial component of cell
surface molecules, secreted glycoproteins, glycolipids, and bacterial surfaces, it mediates various
intracellular interactions, including cellular recognition, cell-cell interactions, and cell-pathogen

interactions.

N-glycolylneuraminic acid, Neu5Gce

Neu5Ge is a sialic acid whose presence across organisms is largely determined by whether they
encode a functional Cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) enzyme,
which converts CMP-NeuSAc to CMP-Neu5Gc. Neu5Gc i1s widely produced by most mammals, but it
is also present in many fish, amphibians, reptiles, and birds. CMAH enzyme has been found in
Echinoderms, such as starfish and sea cucumbers (Gollub & Shaw, 2003; Peri et al., 2018). Among
organisms that do not synthesise Neu5Gce are Old World monkeys and apes, which lost the ability to
synthesise it during evolution. Humans possess a nonfunctional CMAH pseudogene with a fixed single-
exon deletion (Varki, 2001). As a result, humans do not synthesise Neu5Gc endogenously; however,
small amounts are present in human cells and tissues (Bardor et al., 2005; Tangvoranuntakul et al.,
2003). These traces come from ingested food, as Neu5Gc levels in mammals are significant. Healthy

humans then possess anti-Neu5Gc antibodies that can interact with another Neu5Gc derived from food.
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The triggered immune response, called xenosialitis, may contribute to the development of inflammation
and atherosclerotic cardiovascular disease (Kawanishi et al., 2019). Moreover, Neu5Gc can contribute
to the elevated risk of colorectal cancer progression (Lopes et al., 2025; Samraj et al., 2018; Samraj et

al., 2015). Due to these consequences, Neu5Gec is used as a cancer marker.

Sia linkage

The complexity of the sialome partly arises from various a-linkages between Sia C-2 and the
underlying structures; Sia can be attached via a2-3 linkage to Gal or via a2-6 linkage to Gal/GalNAc,
or via a2-8 to another Sia (Lewis et al., 2022). The attachment is mediated by various sialyltransferases.
The differences between linkages reflect the different recognition by glycan-binding proteins (GBPs).
Moreover, a combination of Sia attachment and specific modification of underlying glycans, such as the
attachment of Fuc or sulphate groups, together with the possibility of attachment of such epitopes to
different glycan classes (N-glycans, O-glycans, glycosphingolipids), contributes to increased diversity.
The type of glycan class can influence the presentation, localisation, and density of Sia. For example,
erythrocyte-binding antigen EBA-175 from malaria parasite Plasmodium falciparum binds specifically
to Neu5Aca2-3Gal on O-linked tri- and tetra-saccharides present in the mucine domain of glycophorin
A of human erythrocytes (Tolia et al., 2005).

Additional Sia derivatives, originating from the primary core structures mentioned above, can
arise by modification at one or more -OH groups located on C-4, C-7, C-8, and C-9 with O-acetyl,
O-methyl, O-sulphate, O-lactyl, or phosphate groups (summarised in Cohen & Varki, 2010). All these
modifications can influence how Sias are recognised by proteins, as well as their biological roles and

recognition by pathogens or immune cells.

Sia functions in mammals/humans

Sia-containing glycans belong to the most abundant glycans of mammals, predominantly
decorating the surface of almost every mammalian cell. Their strategic location, abundance, and
chemical properties enable them to perform a wide range of biological functions. Sias at the terminal
positions of various molecules functions as an imaginary bridge between cells and their extracellular
matrix. Sialoglycans affect biological processes via carbohydrate-protein interactions and/or their
negative charge. The negative charge characteristic of Sias creates electrostatic repulsion, giving the
cells anti-adhesive properties. For example, it helps red blood cells move freely through blood vessels
without interacting with other molecules or with each other (Eylar et al., 1962; Pollack & Reckel, 1977).
Sia is also commonly present at high density on mucins as part of O-GalNAc-type glycans in the
airways, gastrointestinal and urogenital tract. The hydrophilic properties of O-GalNAc, along with the

anionic charge of Sia, allow them to serve as a hydrating and protective barrier at tissue surfaces in
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contact with the environment (Lewis et al., 2022).

Sialylation also plays an indispensable role in the vertebrate immune system at multiple levels.
Receptors for Sia recognise sialylated molecules as “self,” inhibiting immune system activation and
preventing the immune system from attacking its own tissues. Firstly, a well-known mechanism
involves Factor H, which binds to “self” cell surfaces and thereby suppresses activation of the alternative
complement pathway (Blaum et al., 2015). Notably, the type of glycosidic bond through which Sia is
connected to the glycan affects the effectiveness of Factor H binding (Johnston et al., 2008; Ram et al.,
2011). Secondly, Sia receptors known as Siglecs (Sialic acid-binding immunoglobulin-like lectins)
expressed on immune cells can influence immune response regulation. Siglecs are present on
macrophages and leukocytes, and their activation may either suppress or promote inflammation (Angata
et al.,, 2022). Thirdly, the interaction between Sia and selectins (heavily glycosylated membrane
proteins) is essential for guiding the leucocytes during the early steps of their movement during the
immune response (Sperandio, 2012).

And finally, the increased sialylation of Fc fragments of immunoglobulin G (IgG) negatively
affects their functionality. IgGs can mediate Ab-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (Scallon et al., 2007). Moreover, IgG Fc fragments with a2,6-
linked Sia exhibit enhanced anti-inflammatory effects (Anthony & Ravetch, 2010).

Sia is also a promising drug target for the treatment of cancer, viral infections, and neurological
disorders at multiple levels. In cancer, Sia-based strategies focus on targeted drug delivery, nanoparticle
conjugation, and the development of antimetastatic drugs. In viral infections, Sia-based drugs inhibit
viral entry and sialidase activity. Sias are further investigated as markers of inflammation, for example,

in Alzheimer’s and autoimmune diseases.

Sia in cancer

Sialylation is a player with multiple roles in the whole cancer process, with an abnormal
sialylation as a typical feature of cancer cells. The upregulation of sialyltransferase expression that
causes hypersialylation guides cancer progression, metastasis, and immune evasion in a variety of
cancer types (breast, lung, pancreatic). For these reasons, Sias are an excellent candidate as biomarkers
and therapeutic targets.

The key feature of cancer progression is increased levels of a2,6-sialylation caused by the
overexpression of ST6Gall (a2,6-galactoside  sialyltransferase 1) and ST6GalNAcl
(N-acetylgalactosaminide alpha-2,6-sialyltransferase 1), described in various types of carcinomas
(Akamine et al., 2004; Amado et al., 1998; Gc et al., 2022; Liu et al., 2011; Munkley et al., 2015).

Cancer cells with aberrant sialylation can also bind to Siglecs to protect themselves from immune

cell-mediated destruction (Ghasempour & Freeman, 2023; Hudak et al., 2014). Various authors have
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shown that elevated sialylation enables cancer cells to bind to macrophage or natural killer cell receptors,
thereby sending a "don't eat me" signal (Barkal et al., 2019; Huang et al., 2024; Ibarlucea-Benitez et al.,
2021), which can inhibit their uptake (Hudak et al., 2014). a2,6-Sia linked to the terminal Gal on N-
glycans can also inhibit the galectin pathway by covering Gal epitopes. Using this strategy, tumour cells
from various cancers can progress, evade the immune system, and metastasise (Cagnoni et al., 2016;
Peixoto et al., 2019; Zhuo & Bellis, 2011).

Hypersialylation also alters the physical properties of the glycocalyx, which, when Sia levels are
elevated, strongly influence membrane dynamics, tension, and signalling. A thick glycocalyx, rich in
sialylated and bulky glycans, forms, often accompanied by elevated mucin expression (Woods et al.,
2017). Elevated O-glycan sialylation also drives cancer aggressiveness, while its reduction decreases
tumour progression at multiple stages (Park et al., 2024).

Neu5Gc was also found to be incorporated into the glycocalyx of rapidly dividing cancer cells,
altering their immunogenicity by making them targets for circulating anti-Neu5Gc antibodies (Altman
& Gagneux, 2019). Additionally, in a mouse model lacking CMAH, anti-Neu5Gc antibodies probably
promote the growth of new tumours by increasing tumour-associated inflammation through the

induction of “xenosialitis” in the humanised mouse model (summarised in Dhar et al., 2019).

Sia in neurological diseases

Sialylation is highly prevalent in the vertebrate central nervous system (CNS), particularly in
gangliosides (65 %) and glycoproteins (35 %) such as NCAM (Brunngraber et al., 1972). Polysialic acid
is present in glycans of specific neural cell types, such as neurons, Schwann cells, and stem cells. The
dynamic regulation of sialylation affects memory formation, stress responses, and various neurological
diseases (summarised in Liinemann et al., 2021).

For example, elevated ST6Gall activity leads to over-sialylation of the amyloid precursor
protein (APP) and thus increases the extracellular levels of the amyloid-beta peptide (Abeta), which
arises from sequential cleavage of APP (Nakagawa et al., 2006). Abeta is the crucial component of
amyloid plaque characteristic of Alzheimer's disease. Amyloid plaques are suggested to affect neuronal
activity and reduce cognitive abilities (Sadigh-Eteghad et al., 2015). The infectious prion protein PrP%°,
which causes prion disease, appears to be highly influenced by sialylation. The infectious form is
composed of misfolded and aggregated PrPC, and the negative charge of Sia on PrP proteins affects the
interactions between PrPS¢ and PrP¢, particularly the structure and infectivity of PrPS¢ (Katorcha et al.,
2015; Katorcha et al., 2014). Partially desialylated PrP> fails to induce prion disease in animal models,
with no prions detected in their brains (Srivastava et al., 2017). Moreover, Bate and colleagues (2016)
showed that PrP¢ with unsialylated glycosylphosphatidylinositol (GPI) anchor resists conversion to the

disease-associated PrPSe.
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Receptors for pathogens

As Sia is a major terminal modification of glycans on the surface of mammalian cells, many
pathogens use it as a receptor. Viruses attach to sialylated glycans to enter cells; bacteria synthesise
adhesins or toxins that bind to host cell sialic acids; and protozoa utilise them to avoid immune

responses.

Viruses

Influenza viruses have several molecules that play key roles during infection of the host.
Hemagglutinins (HA), neuraminidases (NA), and the hemagglutinin esterase fusion protein (HEF) are
the major viral surface proteins that interact with Sia, which serves as a receptor for all influenza virus
subtypes (Gamblin & Skehel, 2010; Shah, 2004). Sia linkage (02,3- vs 02,6-) and the underlying sugar
chain structure are critical for viral recognition by hemagglutinins (HA). HA of avian Influenza virus
type A (IAV) recognises a-2,3-linked Neu5Ac (Nobusawa et al., 1991; Rogers & Paulson, 1983) while
human TAV binds mainly a-2,6-linked Sias (Gambaryan et al., 1997; Matrosovich et al., 2000). Viral
neuraminidases cleave Sia residues from host glycoproteins, helping release newly formed viral
particles from infected cells and facilitating viral entry into new cells (Air & Laver, 1989; Matrosovich
et al., 2004). From the other Sia-binding viruses, the Middle East respiratory syndrome coronavirus
(MERS-CoV) binds a-2,3-linked Neu5Ac (Li et al., 2017). In the case of SARS-CoV, sialic acids appear
to inhibit infection, whereas in SARS-CoV-2, the spike protein interacts with a2-6-linked Sia (Saso et
al., 2022). SV40 virus attaches to the Sia-containing GM1 ganglioside via its VP1 pentameric capsid
proteins and binds more strongly to NeuSGc-GM1 than to Neu5Ac-GM1 (Campanero-Rhodes et al.,
2007).

Bacteria

Bacterial species that use Sia as a receptor use two different strategies. First, they produce
molecules, usually toxins with affinity for Sia; second, they produce sialidases that hydrolyse Sia,
revealing the rest of the glycan and thus facilitating adhesion to host tissues, biofilm formation, and/or
tissue invasion.

Salmonella typhi produces a two-subunit ABS six-component toxin type that binds to Neu5Ac
(Song et al., 2013). The production of this highly immunogenic toxin is significantly increased upon
bacterial invasion of host cells (Spano et al., 2008). Another member of the ABS5 toxin family is the
subtilase cytotoxin, produced by Shiga toxin-producing Escherichia coli (STEC). It binds to sialylated
glycolipids decorated with terminal a-2,3-linked Neu5Gec. Interestingly, as Neu5Gc is not synthesised
in humans, the presence of such a receptor is influenced by the host’s metabolism, which incorporates

Neu5Ge from dietary sources. This makes the toxin’s target dependent on external nutritional factors
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(Byres et al., 2008). Helicobacter pylori expresses several adhesins specific for sialylated gangliosides,
such as the SabA adhesin, which shows a preference for a-2,3-linked NeuSAc in the sialyl-Lewis x
antigen (Mahdavi et al., 2002). Pseudomonas aeruginosa uses sialidase (NEU 1) to remove Sia from
mucin 1 to interact with human airway epithelial cells and immune cells (Jeffries et al., 2016; Lillehoj
et al., 2015). Clostridium botulinum produces a toxin complex that includes the botulinum neurotoxin,
hemagglutinin components (HA), and some other components. The HA portion can bind to a2-3- and
a2-6-Neu5Ac on intestinal epithelial cells, facilitating the absorption of the entire toxin complex into
the body and enhancing the toxin's oral toxicity (Nakamura et al., 2008; Yamashita et al., 2012). Vibrio
cholerae uses both strategies mentioned above. It produces cholera toxin (CTx) and a neuraminidase
enzyme (VcN). CTx is part of the ABS5 toxin group and specifically binds to GM1 gangliosides that are
monosialylated with Neu5Ac or Neu5Gc (Lanne et al., 1994; Merritt et al., 1994). However, human
epithelial cells predominantly express gangliosides with two or three sialic acid residues. To overcome
this, V. cholerae uses its sialidase to cleave a-2,3 and a-2,8- Sia, converting complex gangliosides into
GM1, which facilitates toxin binding (Moustafa et al., 2004). Streptococcus pneumoniae possesses
several virulence factors, among them sialidases. They cleave both a-2,3- and a-2,6-NeuSAc on the
T-antigen surface (Coats et al., 2011). This triggers an immunological reaction, resulting in

pneumococcal haemolytic uremic syndrome.

Protozoa

Protozoan parasites that cause severe diseases in humans and animals often produce sialidases
or proteins that specifically recognise Sia. In contrast to viruses, protozoa seem to use more sophisticated
strategies during their interactions with hosts. Entamoeba histolytica uses its transmembrane sialidase
to hydrolyse a-2,3-Neu5Ac and a-2,8-NeuSAc (colonic acid) (Nok & Rivera, 2003). The removal of
Sia exposes the host receptors that facilitate binding of the E. hystolytica toxin (Feingold et al., 1985).
Toxoplasma gondii secretes several microneme proteins that bind to Sia on the host surface — TgMICl1
binds a-2,3 Sias, TgMIC13 binds 4-O-acetylated Sias and a-2,9 Sias (Baba et al., 2015; Friedrich et al.,
2010). Moreover, the TgTCP-1 chaperonin and the tachyzoite surface Sia-binding protein 1 interact with
Sia. P. falciparum uses EBA-175 and EBA-140 proteins to bind Neu5Ac to invade the host erythrocytes
(Klotz et al., 1992; Orlandi et al., 1992). Moreover, experiments with human erythrocytes enriched with
Neu5Ge showed that P. falciparum can bind Neu5Gce as well as NeuSAc without preference for one or

another.

Molecular mimicry

Another pathogen strategy is to use Sia on its own glycans to evade host immunity. Sia can be

acquired by the pathogen from the environment or the host (e.g., P. aeruginosa, Haemophilus
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influenzae) or synthesised by the pathogen itself (E. coli K1, Neisseria meningitidis, Campylobacter
jejuni, H. pylori). Pathogens coated with Sia can hide their antigenic sites, leading to immune cells
receiving inhibitory signals and reducing innate immunity. 77ypanosoma cruzi, for example, expresses
a transsialidase TcTS, which cleaves a-2,3-linked NeuSAc or Neu5Gce from host cells. Then it transfers
them to the B-Gal on parasites’ mucins, maintaining the same a-2,3 linkage, thus aiding immune

response evasion (Agusti et al., 2007; Ruiz Diaz et al., 2015).

The differences between vertebrate and invertebrate glycans

Bacterial species that invade the vertebrate host display Sia, usually on capsules and
lipopolysaccharide O-antigens, or as part of flagella, pili, the cell wall, or the S-layer. E. coli K1 and N.
meningitidis, for example, express capsular a2-8-polySia (Hammerschmidt et al., 1996; Vimr et al.,
1995). Group B streptococci display 02-3-linked NeuSAc on their surface (Carlin et al., 2007), which is
further modified by O-acetylation (Lewis et al., 2004). H. influenzae incorporates Neu5Gc to its surface
glycans (Taylor et al., 2010). These sialylated bacterial glycans can then interact with Siglecs on host
immune cells, thereby suppressing immune signalling. The host immune system also responds to
bacterial mimicry by producing ficolins, which recognise Sia and trigger the lectin complement pathway
(summarised in Kjaer et al.,, 2011; Matsushita & Fujita, 2001). The representatives of the group
Tripanosomatids (genera Trypanosoma and Leishmania) evade the host immune system by utilising
host Sia with a2-3 and a2-6 linkages and incorporating it into their own surface glycans (summarised
in Cavalcante et al., 2021).

Vertebrate and invertebrate glycans differ significantly in their structural complexity, terminal
sugar residues, and anionic modifications; while vertebrates exhibit complex sialylated glycans,
invertebrates often exhibit simpler mannosylated structures, high levels of fucose, and diverse, non-Sia-
originating negative charges.

Sialic acids are common terminal residues on vertebrate N- and O-glycans, essential for various
cellular processes. In contrast, Sias are rare in most invertebrates, occurring only in specific tissues or
at early developmental stages. While Fuc is present in both vertebrates and invertebrates, it is more
dominant and diverse in invertebrates. Invertebrate N-glycans frequently contain core al,3-Fuc, along
with al,6-Fuc, which is commonly present in invertebrates (Thomeés & Bojar, 2021). Vertebrates
generally use Sia to provide a negative charge, whereas invertebrates usually rely on alternative
modifications to generate a similar charge, such as sulphation, glucuronic acid (GlcA), or zwitterionic
groups like phosphorylcholine, phosphoethanolamine, and aminoethylphosphonate (Paschinger &
Wilson, 2019). Finally, vertebrate glycans are generally characterised by complex and hybrid type
N-glycans with antennal elongation. Invertebrate N-glycans are often dominated by high mannose and

paucimannose types.
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1.3 Glycosylation and glycans of arthropods

The investigation of glycomes in arthropods over the last decade has experienced a boom,
coinciding with improvements in mass spectrometry (MS) analytical methods. It revealed high glycans
variability, especially among insects. As many arthropods are hosts, vectors, or parasites themselves, it
is not surprising that they possess a wide range of N- and O-glycans that may be involved in various

Processces.

1.3.1 N-glycans in Arthropods

Generally, high-mannosylated/paucimannosidic, hybrid/pseudohybrid, and complex glycans
constitute most structures identified in arthropod glycomes. Additionally, unique modifications
indicating the extensive diversity of N-glycans have also been described. The most in-depth analyses
were conducted in mosquitoes and D. melanogaster.

Highly mannosylated/paucimannosidic glycans are typical and dominant glycans of
invertebrates, found across different arthropod species, especially in insects. A large amount of these
glycans bear core-fucose attached in the a1,6- and/or al,3-position. Paucimannosidic glycans were first
identified on bee venom glycoproteins (Kubelka et al., 1993), and later also in 4. gambiae and A. aegypti
larvae (Kurz et al., 2015), D. melanogaster with and without fucosylation (Aoki et al., 2007), and in
T. castaneum (Walski et al., 2016).

Moreover, in some species, N-glycosylation was shown to be essential for the transition between
developmental stages. For example, T. castaneum N-glycans participate in metamorphosis, and the
N-glycan composition changes during the development from pupa to adult towards more trimmed
glycans (Walski et al., 2016). N-glycome featured a high proportion of highly mannosylated glycans,
which comprised 70 % in the larval stage, but only 40 % in the adult stage. In comparison, Tribolium
larvae and adults produce significantly more difucosylated glycans (up to 17%) than D. melanogaster
(Walski et al., 2016).

In addition to trimmed glycan structures, bi- and tri-antennary complex N-glycans have been
reported in 4. gambiae and A. aegypti larvae, further modified with fucose and, unusually, with sulphate
or GIcA residues. Anionic modifications were also observed in the glycans of D. melanogaster larvae
and lepidopteran species. Glycans with GIcA attached terminally were confirmed in D. melanogaster
(Aoki & Tiemeyer, 2010). Kurz and colleagues (Kurz et al., 2015) showed the presence of sulphate on
al,6-linked Man and GlcA on non-reducing f1,3-Gal. The authors also speculate that these glycosylated
structures function as anionic ligands in the parasite-host relationship. In the D. melanogaster genome,
Kim and colleagues (2003) identified three glucuronyltransferases and showed that they are catalytically
active. Furthermore, in-depth MS analysis of cabbage looper (7richoplusia ni) larvae, cabbage looper

High Five cells, and Lymantria dispar larvae revealed al,3-fucose and up to 5 % of anionic and/or
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zwitterionic glycans (Stanton et al., 2017).

Fucosylated glycans are attached to the invertebrate glycans in three different ways: al,6-
glycosidic linkage to proximal GlcNAc (common in mammals), al,3- linkage to proximal GlcNAc
(common in plants and insects), and formation of a LacdiNAc structure with al,3-bound Fuc. In the
phospholipase A2 of the bee Apis mellifera, all three types of fucosylated glycans have been found
(Kubelka et al., 1993), as well as core-difucosylated N-glycans (Staudacher et al., 1992). Subsequently,
difucosylated glycans have been described in other bee (Kubelka et al., 1995), hornet (Kolarich et al.,
2005), D. melanogaster (Rendi¢ et al., 2010), mosquito (Kurz et al., 2016) and tick (Park et al., 2020)
glycoproteins. Core-fucosylated glycans were also found in C. elegans, but only in a minority (Natsuka

et al., 2002).

1.3.2 O-glycans in Arthropods

Identification of O-glycans is more complicated than that of N-glycans because O-glycans have
several different cores. They can be categorised into several types based on the identity of the first
monosaccharide that is attached to them. O-glycan profiles have been primarily studied in model
organisms such as D. melanogaster (Aoki et al., 2008; Kurz et al., 2015), T. castaneum (Li et al., 2022),
mosquito (Kurz et al., 2016), and silkworm (Soya et al., 2016). The published glycomic data showed
that O-glycans are composed mainly of GalNAc, Gal, GIcNAc, Fuc, Man, Glc, GlcA, and Xyl (xylose)
monosaccharides (summarised in Li et al., 2020). There is limited knowledge about O-glycosylation
during the entire life cycle of arthropods. The O-glycan profile across various developmental stages has
been investigated only in 7. castaneum (Lewis et al., 2022).

The most detailed studies, performed on the D. melanogaster embryo and all developmental
stages of T. castaneumi, show that mucin-type O-glycans are dominantly present. Aoki and colleagues
(2008) identified predominantly core 1-type O-glycans, and further core 2-type O-glycans, a single
O-Fuc glycan, and other glycans with HexNAc-HexNAc cores in D. melanogaster. O-linked GalNAc,
GlcNAc, Glc, Man monosaccharides, as well as the Xyl-Glc disaccharide, were also observed.
Corresponding transferase enzymes in D. melanogaster were identified and characterised (summarised
in Zhang & Ten Hagen, 2019).

Mucine-type O-glycans are characterised by the attachment of a single GalNAc to the peptide.
If a single GalNAc is added to the amino acid, it is called the Tn antigen. O-GalNAc can be further
extended with Gal to create core 1-type O-glycan (T antigen) (Lin et al., 2008; Miiller et al., 2005;
Yoshida et al., 2008).

The corresponding enzymes are produced in certain tissues during various developmental stages
(Tran & Ten Hagen, 2013). O-GlcNAc modification is catalysed by O-GIcNAc transferase, which is
present at very low abundance in D. melanogaster embryos (Aoki et al., 2008); besides that, O-GlcNAc
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is involved in neural processes (Hart et al., 2011), it is important for viability (Sinclair et al., 2009) and
embryonal development (Radermacher et al., 2014). In 7. castaneum O-glycome, mucin-type O-glycans
dominate, making up more than 80 % of total glycans. Tetra- and pentasaccharide mucin-type O-glycans
were present in high amounts during the pupa stage, indicating a change in the O-glycan profile during
the metamorphosis of 7. castaneum. In total, O-GalNAc and O-GIcNAc glycans covered 16 % of
identified glycans (Li et al., 2022). Mucine-type O-glycans with the chains extended with
HexNAc-Hex-HexA were also identified in A. gambiae and A. aegypti larvae with or without terminal
sulphate or internal phosphoethanolamine (Kurz et al., 2015).

O-Fuc-type glycans were found in D. melanogaster as well as in T. castaneum (Aoki et al., 2008;
Li et al., 2022). One Fuc extended with GlcNAc and GIcA constitutes 17 % of the Tribolium glycome.
In D. melanogaster, Aoki and colleagues (2008) detected O-Fuc glycan structures, accounting for 11 %
of the total glycan content. Furthermore, O-Fuc extended with Glc or GIcNAc was identified (Li et al.,
2022). O-Fuc is attached either to EGF repeats or to thrombospondin type 1 repeats (TSR). O-Fuc
attached to the EGF repeats of Notch can be further modified by GlcNAc, which is transferred to the
target protein thanks to the Fringe transferase (3-beta-N-acetylglucosaminyltransferase) (Moloney et al.,
2000); Correia and colleagues (2003) showed that the loss of Fringe is lethal for Drosophila.

Although O-Man was identified in D. melanogaster at less than 1 % of total O-glycans, it is
crucial for Drosophila viability. O-mannosylation is carried out by dAPOMT1 and dPOMT?2 (Ichimiya
et al., 2004; Lyalin et al., 2006), homologs of mammalian O-mannosyltransferases. O-mannosylation is
essential for muscle development and for the proper function of dystroglycan (DG), a glycoprotein
involved in muscle integrity and interactions with the extracellular matrix (Haines et al., 2007;
Nakamura et al., 2010).

O-glucosylation, a special type of O-glycosylation, is catalysed by the glycosyltransferase Rumi,
which transfers Glc to EGF repeats. In the D. melanogaster embryo, O-glucosylated structures belong
to a rare class of glycans but play a crucial role in embryonic development by modifying the Notch
receptor to regulate signalling (Acar et al., 2008). Rumi has an important role in trafficking Notch out
of the ER (Ishio et al., 2015) and targets other proteins with EGF repeats, such as Crumbs (Crb) and
Eyes shut (Eys), which are involved in photoreceptor development (Haltom et al., 2014). O-glucosylated
glycans can be further extended by the addition of two Xyl residues, with the first one, added by the
enzyme Sams transferase, playing a crucial role in regulating the balance between Notch activation and
inhibition (Lee et al., 2017). Additionally, this modification may reduce Notch cell-surface expression
in certain tissues (Lee et al., 2013).

O-linked glycans were also found in Bombyx mori using lectinoblot with PNA lectin. Proteins
bearing O-glycan modifications were observed at various developmental stages, with the highest

abundance in the pupal stage (Soya et al., 2016). Additionally, the functional enzyme PGANT
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N-acetylgalactosaminyltransferase, which initiates O-glycosylation, was discovered in cultured
silkworm cells (Xu et al., 2018). Furthermore, GalNAc or GIcNAc and the core 1 structure
GalP1-3-GalNAcal-Ser/Thr were identified as the most abundant glycans present (Morio et al., 2023).

1.3.3 Sialic acid in Arthropods

Sialic acids, typically abundantly present in vertebrates, are generally absent or present at low
levels in arthropods. While some studies indicated the presence of Sia in protostomes, including insects
(Hollister & Jarvis, 2001; Malykh et al., 1999; Roth et al., 1992), other studies have failed to find
evidence of sialylated glycans, the CMP-Neu5Ac donor (a substrate for sialyltransferase), glycoproteins,
or glycolipids, and sialyltransferase activity in insect cells (summarised in Koles et al., 2009). From the
1990s to today, only limited information on Sia in arthropods is available.

The controversy was partially resolved when endogenous Sia in D. melanogaster was
convincingly demonstrated. Mass spectrometry analyses revealed the presence of Sia in the embryonic
stages and in the central nervous system of adult D. melanogaster (Aoki et al., 2007). Studies addressing
this issue suggest that the sialylation pathways of vertebrates and insects share a common evolutionary
origin and are therefore very similar (Fig. 3). Findings from studies of D. melanogaster support the
hypothesis that sialylation in insects is a specialised, developmentally controlled process that likely

plays an important role in proper nervous system function (summarised in Koles et al., 2009).
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Figure 3. De novo sialylation biosynthetic pathways in vertebrates, Drosophila, bacteria and I. ricinus ticks
(adapted and edited from Koles et al., 2009; Sterbova et al., 2026b). Question marks replace unknown or
hypothetical enzymes and pathway steps. In Drosophila, the absence of a UDP-GIcNAc 2-epimerase/ManNAc
kinase gene makes the synthesis of ManNAc-6-P unclear. The question mark next to Man-6-P suggests a possible
alternative pathway, similar to that in lower vertebrates, that may bypass the epimerase/kinase step. CG15771-P
denotes the protein encoded by the Drosophila melanogaster CG15771 gene. In the /. ricinus tick, the enzymes
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from the classical pathway via ManNAc kinase, N-acetylneuraminate synthase (NANS), and sialic acid
phosphatase (NANP) were not found in the published genomes (marked in red circles); the NeuSAc lyase-like
protein was identified together with the CMP-Neu5Ac synthetase and two putative sialyltransferases.

Glycoconjugates containing Sia, specifically 02,6- and a2,8-linked Neu5Ac, have been found in
Malpighian tubes of cicada Philaneus spumarius larvae (Malykh et al., 1999). Histochemical staining
of larval tissues with antibodies and lectins specific for Sia was complemented by MS and gas-liquid
chromatography analysis. Using microscopic, histochemical, and mass spectrometric methods,
lactonized Sia (Neu5Gc7,9Ac2) was detected in the prothoracic glands of Galleria mellonella (Karacali
et al., 1997). The first direct evidence of Sia in Arthropods was reported by Aoki et al. (2007), who
found complex sialylated N-glycans in D. melanogaster embryos. These glycans, carrying a2-6-linked
Sia to terminal GalB1-4GlcNAc, are found at very low abundance in both early and late embryos (Aoki
et al., 2007). However, quantification of their relative abundance suggests that they increase during
embryo development (Aoki et al., 2007). Moreover, Sia was quantified by capillary LC-ESI-MS/MS in
the silkworm B. mori haemolymph across all developmental and ageing stages, with an increase in its
amount seen during the pupal stage and in 3™ instar larvae (Soya et al., 2017). A responsible
a2,6-sialyltransferase was also identified in B. mori (Kajiura et al., 2015).

NeuSAc was also detected in A. aegypti tissues, and gene sequences encoding CMP synthase
were identified. Authors also hypothesise that Sia in the salivary glands could facilitate dengue virus

entry into mammalian cells (Cime-Castillo et al., 2015).

1.3.4 Glycosylation and glycans in Ixodid ticks

The very first information about tick glycans was obtained through indirect analyses. Using
Schiff staining, glycosylated structures were found in many tick species, including D. variabilis (Coons
& Roshdy, 1973), R. microplus (Binnington, 1978), or R. appendiculatus (Walker et al., 1985). Lectin
staining on western blot membranes or microscopical samples revealed the presence of glycan-
containing structures in 1. ricinus (Uhlir et al., 1994; Vancova et al., 2006), 4. polonicus (Grubhoffer &
Dusbabek, 1991) or R. appendiculatus (Kamwendo et al., 1993). Later, N-glycans containing Man, Glc,
GlcNAc, Gal and O-glycans with Gal, GalNAc were observed in I ricinus larvae and nymphs.
Moreover, fucosylated glycans were described in nymphs (Uhlir et al., 1994). In organs of partially fed
females, several proteins were stained using different lectins. In the gut, Malpighian tubules, and ovaries,
glycosylated proteins were stained with ConA, PSA, PNA, and WGA, indicating the presence of high-
mannose and complex glycans containing Man, Glc, Gal, GIcNAc/Sia, and Fuc (Uhlir et al., 1994). The
salivary glands of partially fed /. ricinus females were also examined by the lectin affinity labelling and
visualised using electron microscopy (Vancova et al., 2006). Lectin staining showed differences in

glycan composition between secretory granules of b/c2 cells (Man, GlcNAc, Gal, GalNAc, Sia), cl cells
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(Man, GlcNAc, Sia), and f cells (GIcNAc, Man) of Acini type II/IIl (Vancova et al., 2006). The surfaces
of acini types Il and III of R. appendiculatus also showed the presence of glycans, particularly Gal, Man,
and Glc, with galactosylated structures localised only on acini type III (Kamwendo et al., 1993).

Salivary glands and the gut became intensively studied tick organs. The presence of fucosylated
glycans was confirmed in the salivary glands and midgut of fed nymphs of the tick 1. scapularis (Pedra
et al., 2010). MALDI-TOF/TOF analysis of SG from fed nymphs revealed N-glycans with core
al,3-linked Fuc. Moreover, MS analysis showed the presence of less complex oligosaccharides,
especially a series of highly mannosylated structures. Hybrid, biantennary, and triantennary complex
glycans were detected in small amounts. Protein extracts from SGs and midguts also showed a strong
signal after western blot with anti-HRP antibodies that recognise the core al,3-Fuc (Pedra et al., 2010).
A unique combination of fluorescence and scanning electron microscopy localised al,3- and al,6-Fuc
on the basement membranes of acini types II and I1I of partially fed /. ricinus females, as well as in the
small secretory granules within the cytoplasm of “F” cells. Nevertheless, only a1,6-Fuc was detected in
the secretory granules of acini type I, from which the active molecules are released to the host during
feeding (Vancova & Nebesarova, 2015).

The presence of various Sia types in N-glycans was investigated in various tissues of partially
fed female /. ricinus using mass spectrometry (MS), Western blotting, and immunolabeling with anti-
Neu5Ge antibodies (Vancova et al., 2012). Western blot analysis confirmed a sialylated (Neu5Gc)
95 kDa protein in tick saliva. Moreover, a protein with the same molecular weight, together with a
72 kDa protein and other proteins stained at lower intensity, was detected in SG homogenates from fed
and unfed females. In the SG extract, but not in saliva, MS analysis identified a monosialylated glycan
(HexNAc.Hex.Neu5Ac). In the guts of 3- or 6-day fed females, di- and triantennary mono- or
desialylated glycans were detected; both NeuSAc and Neu5Gc were present in the N-glycans.
Immunogold labelling localised Neu5Gc within the basement membranes and cytosolic structures of
SG acini and in digestive cells and the gut lumen. Based on the glycan structures, their location in tick
tissues, and the type of tick samples, the authors speculate on the host origin of the identified glycans
(Vancova et al., 2012). To quantify both total and metabolically incorporated Sia in tick tissues, three
different methods were employed. Using a commercial Sia quantitation kit, the total amount of Sia was
determined in the gut, SG, and OV, expressed as mmol Sia/g protein; in contrast, the enzymatic assay
showed the amount of tick Sia to be less than 1000x lower. The authors therefore conclude that the
majority of the Sia in tick tissues is of host origin (Sterba et al., 2014).

Based on the experimental data, it is likely that tick glycans play an important role in the
tick-pathogen relationship. Hebert and colleagues (2017) assume that 4. marginale outer membrane
protein A targets fucosylated residues on tick ISE6 cells. The hypothesis was supported by Vimonish
and colleagues (2022) using the D. andersoni primary midgut cell culture system. They showed that the
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expression of tick a-1,3-fucosyltransferases A1 and A2 (responsible for core a-1,3-fucosyltation) is
regulated by 4. marginale infection of midgut cells. Moreover, the amount of core a-1,3 Fuc, along with
the sensitivity of uninfected cells to infection, was lowered after the silencing of
a-1,3-fucosyltransferase A2.

The complex analysis of A. americanum N-glycome showed distinct patterns in N-glycan
structures depending on sex and feeding stage, including in fully fed females and, somewhat
surprisingly, in carcasses (CC). In CC, the glycan profile is predominantly composed of paucimannose
structures. In female CC, non-fucosylated paucimannoses account for 77 % of their total N-glycan
profile. Male CC show a higher degree of fucosylation, with 61 % of their N-glycans being core
monofucosylated, and an additional 17 % being di-fucosylated. High-mannose and complex glycans are
rare in male CC, comprising only 2 % of the total glycan content. SG samples are generally rich in high-
mannose and complex glycans. These include structures containing the aGal epitope and xylosylation
at the core mannose. Additionally, trace amounts of glycans bearing NeuAc and NeuGc have been
detected in the SG of male ticks. However, the authors do not discuss the reliability of these results —
part of the fed ticks’ N-glycome could originate from host glycoproteins, and, in the case of carcasses,

degradation could be considered (Park et al., 2020).

Immunologically important tick glycans

The glycan molecules found in various tick species can initiate an immune response, thereby
significantly affecting their interactions with the host. The enzymes responsible for glycan maturation
in the Golgi apparatus vary among ticks, insects, and their vertebrate hosts, resulting in distinct glycan
profiles in ticks. These structural differences in glycans play a crucial role in how ticks interact with
both their hosts and pathogens. On one hand, these glycans can engage in molecular mimicry and
mechanisms that help reduce the host's immune response and other defence mechanisms. On the other
hand, due to their unique structures, they can activate the host's defence systems, contributing to
conditions like delayed red meat allergy, or aid in pathogen transmission.

Glycan structures that are present in ticks but absent in humans, the so-called cross-reactive
carbohydrate determinants (CCDs), may trigger an immune response, particularly mediated by IgE
antibodies (Aalberse et al., 1981; Wilson, 2002). These include al-3-linked core Fuc (al-3 core Fuc),
Gal al-3-linked to Gal (a-Gal epitope), sialic acid variant NeuGc, and B1-2-linked Xyl, which have
been identified in several tick species and in some of them, the immunological importance has been
proved (summarised in Sterbova et al., 2026a).

The most medically relevant CCD is the a-Gal epitope, which can cause a-Gal syndrome (AGS)
in humans after feeding of several tick species (Amblyomma, Haemaphysalis, Hyalomma, Ixodes, and

Rhipicephalus), including ticks, for which humans are an accidental host, such as A. reflexus (Rolla et
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al., 2018). AGS occurs when tick bites introduce o-Gal into the body, which sensitises the human
immune system. Following this sensitisation, ingestion of red meat or exposure to products containing
a-Gal can trigger an IgE-mediated allergic reaction (Van Nunen et al., 2009). The symptoms of AGS in
humans can vary significantly, from no symptoms to mild reactions, and in some cases, it may lead to
severe anaphylactic shock (Kleine-Tebbe et al., 2006; Miadonna et al., 1982). Till these days, AGS
remains the first allergic disease caused solely by a carbohydrate, triggering IgE-mediated allergic
reactions. AGS is primarily associated with American tick species; the lone star tick, 4. americanum, is
responsible for most cases recorded in the U.S. A crucial study by Cabezas-Cruz and colleagues (2018)
demonstrates that I scapularis ticks naturally produce a-Gal through the expression of
galactosyltransferase genes b4galt7, a4galt-1, and a4galt-2. Their knockdown confirmed these genes
are essential for the ticks' endogenous production of a-Gal. Moreover, the elevated a-Gal levels were
observed during A. phagocytophilum infection, suggesting its role in the pathogen transmission.
Antibodies targeting the a-Gal were observed to attach to this epitope in the salivary glands of
A. americanum and I. scapularis. Furthermore, tick protein extracts containing a-Gal prompted basophil
activation in individuals with a red meat allergy (Crispell et al., 2019).

The significance of al,3-core Fuc was highlighted by Pedra and colleagues (2010), who
demonstrated that a1,3-fucosylated glycans are crucial for A. marginale survival in I. ricinus ticks. They
also found that this bacterium modifies the expression of three al,3-fucosyltransferases. Furthermore,
silencing the genes encoding these fucosyltransferases significantly reduces Anaplasma colonisation of
tick cells (Pedra et al., 2010).

Neu5Gc and B1,2-xylose are other known CCDs. In Ixodid ticks, their presence was shown in
A. americanum, A. maculatum, I. ricinus, and I. scapularis ticks (Crispell et al., 2019; Park et al., 2020;
Vancova et al., 2012). The presence of both structures in the saliva/salivary glands suggests their
potential role in tick-host interactions. Nevertheless, the role of these epitopes in tick physiology and

tick-host-pathogen interactions needs to be further elucidated.
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ABSTRACT

w: describe the detection of sialylated N-linked glycans in partially fed fxodes ricinus tick females uslnz
matrix-assisted laser desorption/ionization time-of-flight/time-of-flight mass spectrometry. Sialylated
glycans were detected in salivary glands as well as in tick guts and we propose the host origin of these
structures. In addition. we mapped the transport of sialylated structures from the bood meal through the
gut to the salivary glands using electron macroscopy. Specific localization of sialylated glycans to base-
ment membranes of salivary glands was observed, Finally, the influence of the sample pmwu(lon meth-

ods for electron microscopy on ultrastructure and im Id labeling was eval

e
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Basement membrane
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1. Introduction

Ticks Ixodes ricinus are obligatory blood-feeding parasites,
which transmit medically important pathogens such as the tick-
borne encephalitis virus or the Lyme disease spirochetes Borrelio
burgdorferi When feeding on hosts, some lick tissues, especially
the midgut and salivary glands (SGs), undergo substantial changes
in their structure, size, and expression of proteins as well. SGs se-
crete pharmacologically active molecules that allow feeding on
hosts for a long time and facilitate the transmission of pathogens
while gut produces predominantly the digestive enzymes. Poten-
tial N-linked glycosylation sites were predicted in medically inter-
esting molecules (such as Isac, Ixolaris, or Salp20 proteins) secreted
into the host (Francischetti et al, 2002; Ribeiro et al., 2006; Tyson
et al, 2007). However, the glycan structures of such glycoproteins
are still completely unknown, The current improvements in ana-
Iytical techniques have now made it possible to analyze small
amounts of glycoproteins obtained from tick organ homogenates
and saliva either directly or after preparative chromatography iso-
lations (Dupejova et al, 2011; Man ct al, 2008),

The exact structures of tick glycans have been identified only in
few cases. Lectin Dorin M from the hemolymph of the soft tick
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Omithodores moubata was modified solely by the high-mannose-
type of N-glycans with nine mannose residues and core-fucosylat-
od pauaimannosidic glycans with four to five mannoses (Man et al.,
2008). Recently, high-mannose and complex N-linked glycans
without core-fucosylation have been described in a study of Heme-
lipoglycoprotein, the protein responsible for binding, transporta-
tion. and storage of heme, in Dermacentor marginatus {Dupejova
et al, 2011). Analysis of glycans from electrophoretically separated
proteins from the | scopularis nymph SGs showed high-mannose
glycans without core-fucosylation and core-fucosylated pauciman-
nosidic (twa to four mannoses) and complex (one or two N-acetyl-
glucosamine residues) glycans (Pedra et al, 2010} The complex
type glycans are the predominant structures in mammals, whereas
the most dominant arthropod glycans are the high-mannose struc-
tures as well as truncated (paucimannosidic type) N-glycans usu-
ally modified by core-fucosylation (Aoki et al. 2007; Wilson
et al,, 2009). «1,3-Linked core-fucose was shown to trigger an im-
mune reaction in vertebrates including humans (Altmann, 2007).
In ticks, this modification is important for gut colonization by the
obligate intracellular tick-borne pathogen Anaplasma phagocyto-
philum (Pedra et al, 2010)

Earlier, we detected the presence of sialic acid (Sia) residues in
the secreting granules of SGs isolated from partially fed I. ricintus fe-
males using indirect methods such as enzymatic deglycosylation
and affinity labeling with Maackio amurensis agglutinin (MAA 1I)
and Sambucus nigra agglutinin (SNA) (Vancova et al. 2006). SNA
binds preferentially to Sia attached to terminal galactose in 22,
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G-linkage and MAA I is used (o detect 22,3-linked Sia. Total Sia
level was measured in homogenates of SGs dissected  from
partially fed females, thar were treated with neuraminidase, while
the presence of Sia was colorimetrically quantified (Vancova et al..
2006},

Sialic acid is a general term for a large group of nine-carbon sugar
acids. The meost common form is N-acetyl-peuraminic acid [NeuSac)
with N-acetyl group ar €5 and carboxyl group ar €2 sugar ring posi-
tion. Hydraxylation of S-M-acetyl group produces N-glyeolylneu-
raminic acid [MeuSGc), a carbohydrare present in wertebrates
except For humans (Chou et al, 1998] Sia occurs in deuterostomare
linexge from echinodermates to lumans, In inveriebrates, 55 was
described only during early neural development of Drozophila melo-
nogaster and in cicada Philaereus spumaris (Aoki et al, 2007 Malykh
et al., 1999; Roth et al., 1992 ). Moreover, insect cells were shown to
synthesize sialylated LacdiMAc structures when transfecred with
the Drosophila o2, G-sialyltransferase (Kodes et al . 2007) orwere able
ta recycle Sia from the medium or host blood meal and incorparate it
into their pwm glycoprateins (amvis et al., 2003

In this study, we verily our previous observations using marrix-
assisted laser desorptionfionization time-of-flight/time-of-flight
[BALDI-TOFTOF) faass dpectiometry (M) aind, for the fdn tine,
directly identify the sialylated structures in tick tissees. Inaddi-
riod, we imminolocalized MeuSGe epitapes ar the ultrastrsctural
level using twa electron microscopic sample preparative methods.
We compare both metheds in terms of tick morphalogy and their
potential for Labeling of NeuSGo-containing sirsctures.

2, Material and methods
2.1 Ticks

I ricinus females were collected from wegetation in Seuth
Baolernda, Czech Republic. The micks were allowed to feed on
clean guinea pigs far 3 ar 6 days (partially fed females), or until fully
engorged (led females). Tick osgans (363, gut, ovarda, and Malpi-
ghian tubes) were dissected and processed for either transmission
electron microscopy (TEM] of mass-dpectrormnerric (M5) analyses.

2.2, Saliva

Saliva was obtained from ticks fed for & days after stimulating
witls 2—d pl of methanalic pilocarpin (50 mg'ml) applied on the
tick scutum (Valenzuela et al, 2000), The ticks salivated at 35 °C
for 3 hr in & humid chamber inte glass microcapillaries (Hirsch-
mann labargerate, Eberstads, Germany ) that were mounted on che-
licerae/over the hypostame. Saliva was immediately sealed in
capillaries and stared ar —70°C, The protein concentration was
myeasured using Qubit® Fluoromerter [Lile Technologies, Carlsbad,
CA. LISAYL Salivation of 25 partially fed Fermales produced the total
valume ol 45 pl saliva with protein concentration of 1.8 g/l

2.3, Preparation of extrocts from Hok Hssues

Tick tissues were dissected from unfed females or partially/fully
fed fernales in fce cold water (HPLC grade) containing protease
imhibitars (10 plfml, Halt™ Protease Inhibitor Single-Use Cockiail.
Therme Scientific, Waltlan, MA, USA) The tissues werne carefully
removed to prevent contamination from the contents of the gut
and separately rinsed thoroughly in warer. The gur tissues were
rinsed to remove mast of the lamen content. The tissues were then
somdcated [ 20 kHz, 30W, 2 min] and centrifuged at 4 C 1o clear the
lysates, The protein concentrations in the supermatants were
mveasured wsing Qubit™ Fluoromerer. The exIracts were stored un-
der liquid nitregen,

24, Preporation of serm from guinea pig

Blood of guinea pigs was collected with the bhelp of & veterinas-
ian under general anesthesia. Blood was allowed to clot and was
centrifuged to separate the serum. To decrease the amount of albu-
min. dealbumination was performed using Blue Sepharase [(GE
Healthcare, Uppsala, Sweden) according to manelacrurer’s insiruc-
tions, Protein serum concentration was measured before (5 mg/ml)
amd after (1.8 mg/ml) the dealbumination and both sera were kept
uneer liquid nitregen.

2.5, [sofarion and permettydation of N-finked glyeans

N-linked glyeans were prepared Irom tick saliva, and either 5Gs
ar guts homogenates ohiained from tick females fed for 3 or 6 days,
Tissue extracts (2-5 pg of protedns) were digested using trypsin
(37 0, avernight], Peptides were purified using €18 microcelumns
(Harward Apparatus, Holliston, MA, USA) and dried in vacuum.
Peptides were resuspended in HPCL grade water, N-linked glycans
were cleaved by a combination af PHGase A (0,05 mU, Roche Ap-
Mied Science, Penzberg. Germany) and PNGase F (50 L), New Eng-
land Biolabs, lpswich, MA, USA) treatments The midiure was
incubated overnight at 37 °C, The released glycans were separated
using activated carbon microcolumis (Harvard Appararus). Sulse-
quently, purified N-glycans were dried in vacuum.

Glycans were permiethylated using sodiom hydroxide beads as
the solid phase (Alley et al, 2010). The reaction took place in
dimethytfarmamide using methyl iodide. Permethylated glycans
were collected and extracted from the mixture with clloraform.
The arganic phase was washed repeatedly with 0.5 M sodium chlo-
ride and HPLC-grade water and vacuum-dried.

26. MALDI-TOWTOF miass speclramersy

The dried permetlylated glycans were reswspended in 50
methanol and spotted directly on a MALDI plate. Subsequently,
0.5 il of DHE matrix (2 5-dihydroxybenzeic acid, 10 mg)ml} salu-
tiom in 1 mM sodium acetate was added to each dred spat and vac-
wum-dried, b5 data were acquired using an 4800 MALDI-TOFTOF
Analyzer [Applied Biosysterns, Foster City, California, USA)
equipped with an Nd:YAG laser wath 355-nm wavelength. MALMH
apectra were recorded in the positive-ion mode over U mfz range
from 1000 to 4500 V0 or 1200 laser shots were acquired per
apectrim for M5 and MS/MS, respectively. The data files were con-
verted to mzXML files and analyzed by mMass (Strohalm et al,
2008} and Glycowoarkbench {Ceroni et al., 2008}

2.7, Western blod anolyses

Guines pig dealbuminated serum, tissue homogenates, and sal-
iva were mixed with SDS loading buffer containing 2 mM DTT
[Therma Fislser, Waltham, MA, USA] and denatured for 5 min at
100 °C, The amaunt of proteins loaded per line was 2 pg in the case
af §Gs and guts from wnfed females and ovaria and Malpighian
tubes from fed ferales, 5 pg for saliva, 5Gs from females fed for
Gdays. and dealbuminated serum. and 10 pg in the case of gut
Traen ferales fed for 6 days. Proteins were electrophoretically sep-
arated on 10% palyacrylamide gels and transferred to PVIF mem-
branes. The membrane stips were washed in ddHZ0 and then
blocked in a blocking agent (3ul, Ge-free kit Sialod Vista, ©A,
USA) diluted in 1 mL ol PES) 0.0F Tween 20 for 2 b ar BT, The strips
were incubated with anti-MNeuSGe IgY antibodies diluted (0,06 mg/
mL, Ge-free kit] in the solution containing 30pL of the blocking
agent in 1 mL of PESO05E Tween 20 for 2 h at BT, Contral mem-
brane srips were incubated with non-immunized control IgY anti-
hady under the same conditions. The membranes were washed in
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FBS witl DUDSX Tween 20 and incubated with donkey anti-chicken
IgY secondary antibody conjugated to HRP (0.1 mg/ml, Therme
Fisher] far 1 h ar BT. The bound antibodies were visualized using
a DAB substrate kit (Vector Laborateries, Burlingame, CA, LISA],

In tlse case of control Western blots, 5Gs and gur homoegenates
from unfed and fed females were treated in 50 md sodivm acetate
[pH 5} containing 0.5 U af Coestridien perfringens neuraminidase
[Sigma-Aldrich, 5t Louis, MO, USA) at 37 °C overnight before the
anri-MeuSGe labeling.

2.8 Immunolrinsmission eleciron microstopy

Embedding of 5Gs into resin, Lowicryl KdM, was performed
according te the protoool of Vancowa et al, (2006], Brefly, SGs
were didgsected from partially fed female L ricinug and fxed in
4% formaldehyde and 0.5% glutaraldehyde (GA] in 001 M phos-
phate bulles pH 72 [FB) for 1 h at RT. After washing, SG3 were
dehiydrated in ethanol (306 ar 0°C, 50-70% at —20°C; S0-100%
ar ~35°C for 1h at each stepl. After infiltration, the material
was embedded into Lowacryl K4M [Polysciences \Wamington, FA
U54) and UN-palyrserized for 48 h ar —35 °C. Ulteathin sections
were contrasted inoethanolic wrany] acetate and lead citrate, and
obaerved i a JEOL 1010 TEM {[JEOL Ltd.) at & accelerating valtage
of B KV, Images were capiured using a Mega View [ camera (515
GmgH.].

For immunolabeling of thawed cryosections (the Tokuyasu
method, Takuyasu, 19801 the isolated 5Gs of unfed or partially
fed females were fixed in 4% formaldelyde and 0.5% GA in PE for
2 hat BT, The samples were washed in washing buffer (0.1 M FB
with 4% glucose) and placed in 2.1 M sucrose in PBS for 4B h ar
4°C, After the sucrose infiltration, the samples were mounted on
specimen ping and frozen in liguid nitregen. Ultrathin sections
were cut with a crpoultramicratom Leica EM FCS equipped with
a cryochambeer Leica UCT {Ledca, Wetzlar, Germany ). Sections were
collected on droplets of 1% methylcellulose im 1.15 M sucrose [Liou
er al, 1995) and wransferred 1o formvar-film-coated and carbon
stabilized nickel grids,

Bavine al-acd gheooprotein (bAGE. Sigma-Aldrich] and 21-
acid glycoprotein from human plasma {BAGE, Sigma-Aldrich) were
diluted in 10% gelatin separately in arder to reach concentration of
50 mgiml ar 37 °C The dissolved solutions were cooled dewn to
4°C and fixed in 4% formaldehyde and 0,12 GA in 01 M PB for
Il Pieces of solidified gelatin containing either bAGP of hAGP
were cryopratectad in 2.1 M sucrose for 48 h at 4 °C and fimally fro-
zen and sectioned a8 described above.

The cryesections ar ultrathin Lowicry] K48 resin sections were
rinsed thres times g PBS and then immersed in the blocking solu-
tian cantaming 30 bl of a blocking agent (Go-free kit) diluted in
I mL of PBS with 0.05% Tween 20 and 0001 M glycine lor 2h ar
RT. The cryosections were incubated with manospecific palyclomal
anti-MeuSGe IgY antibodies (01 mgjml: Ge-free kit diluted in the
blacking solution for owernight at 4 °C. Cryosections were rinsed
six times im & washing solution (10 pl of the blocking agent in
I mL FBS with 005X Tween 20 and 001 M glyeine] and incubared
with goat anti-chicken IgG conjugated to 10 nm gold particles
[dilution 1:40 in the blocking solution, Aurion, Wageningen, the
Metherlands) for 2 h at BT, After washing in PBS and dHz0, cryosec-
thong were contrasted witl uranyl-metlyloellulose migture (2%
methydoellulose and 3% aqueous uranyl acetate mixed in ratio of
0] for 10 i and drided.

Specificity af the anti-NeuSGe labeling was demaonstrated by
labeling with non-imemuenized control 1g¥ antibody (Ge-free kin)
under the same conditions as described above, and anti-NeuSGo
labeling of thawed cryosections prepared fram hAGP [negative
comtrel] and bAGE (positive contrel],

Deglyoasylation of cryesections was performed prior o anti-
MewSGe labeling in a solution containing 2 U0 of PNGase F in
50 mM PB [pH 7.5) for 24 b a1 37 °C.

2%, Statistical evalumtion

Images were taken of random arcas of sections at identical mag-
nification. Gold particles were counted aver the basement mem-
branes [BEMs) Labeling densities were caleulared as follows: the
tatal sum of particles divided by the sum of all kengths, The lengths
al the BMs were measured using ACC program (S0F0, Briva, Crech
Republic].

3, Results
A1, Identificotion of Sin in tick =affvary glands

We isolated N-linked glycans from tick tissues homogenates,
permethylated them, and analyzed wsing MALDI-TOFTOF MS. In
this paper, we focus exclusively on finding of sialylated glycan
atmictures.  Monosialylated  glycan  HexMAcHexMeuSAc  [my)
z = 2432.5; Fig. 1. highlighted) was identified in the salivany gland
extract {SGE) from tick female fed for 3 days. ln saliva alone, we
wiere not able to identify any sialylated structures. The detection
af sialylated glycans was confirmed by Western blot analyses,

First, we performed the detection of MeuSGe-containing struc-
mures in saliva from partially fed females. Anti-MeaSGe antibody
staimed ane appraximately 95 kDa protein in saliva (Fig. 2, lane
1), Mo stain was visible in the saliva sample (Fig. X lane 2) labeled
using the contral antibady.

Further NeuSGo-positive prodeins were present in 2G5 from
unfed and partially fed tick fersales. In botl 5G homogesates, the
most pramdinent protein bands were the protein of molecular
wielght of approximately 72 kKDa [Fig 3, highlighted in rectangle,
lanes 1 and 2} and approximately 95 k[a (Fig. 3, lanes 1 and 2, black
arran]. In both samples, otier proteins in whale range of separated
mizlecular weights were stained with lower intensity, Both major
staimed profeins (72 kDa and 95 kDa)] and the other stained bands
carespanded to Sia-positive bands stained in dealbuminated gui-
nea pig serum (Fig 3. lane 7). Differential staining pattern was ob-
served in 5Gi bomiogenates from fed and unfed tick females.
Boreoyer, MeaSGe labeling of C perfingens neuraminidase treated
Western blot sirips was negative, confirming the specificity af the
staining of sialylated glycoproteins in 5Gs and gut homogenates
fram partially fed females [Fig. 51, Supplementary datal.

2.2, [dentification of S in Hok midgues

Differential NeuSGe staining partern was observed between the
homogenates of gt from unfed and partially fed tick females
(Fig. 3, lanes 3 and 4, respectively). In bath samples, both the
approximately 72 kDa and %5 kDa proteins were stained [Fig 3.
lanes 3 and 4, rectangle and black arrow]. Mareaver, the Sia-posi-
tive proteins from tick guts (Fig. 3. lanes 3 and 4) corresponded to
profeing observed in the dealbuminated serum (Fig. 3, Lane 71

We performed M5 analysis of tick guts as well, NeuSAc-contain-
ing glycans were identified in gur extracts of ticks led lor 3 days
(Fig. 44, highlighted) or 6 days (Fig. 4B. highlighted} In the gut of
ticks fed for 6 days, we detected three sialylaved glycans Hex-
MAcHex. NeuSAc (miz 243220  HexMNAcHexsMeuSac: (miz
2793.4), and HexNAcsHexgMeuSAc (mfz 2681.5) (Fig. 4A). Besides
these structures, HexMAcsHexsMenSAc: (m/z 3241.6) and a weak
signal corresponding o HexMAc HeNeuSGez (m)z 2737.5) was
present in the gut of females fed for 6 days (Fig. 48}
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The composition of the sialylated N-glycans was confirmed by
MS/MS analyses, where the diagnostic ions corresponding to the
fragments containing NeuSAc were present. The MS/MS spectra re-
vealed the presence of monosialylated or disialylated, non-fucosy-
lLated, biantennary complex glycans {HexNAcHex;NeuSAc, Fig. 5A
and HexNAc HexsNeu5SAc, Fig 5B) and monosialylated, non-fucosy-
lated triantennary complex glycan (HexNAcsHexgNeuSAc,, Fig. 5C)
The MS/MS fragments were assigned using GlycoWorkBench. The
structure prediction was completed through the common knowl-
edge of the eukaryotic biosynthetic pathway for N-glycans.

3.3, ldentification of Sia in ovaria and Malpighian tubes of fed tick
females

Two additional tisswes from fed females were analyzed for the
presence of sialylated proteins. The major 72 kDa Sia-positive band

was present in both the ovaria and Malpighian tubes (Fig. 3, lanes 5
and 6, respectively, highlighted by rectangle) and other proteins in
the whole range of the separated molecular weights showed weak
staining as well,

34, Localization of New5SGe in tick SGs and gut

We used chicken polyclonal antibody against Neu5Ge to local-
ize the sialylated (NeuS5Ge-containing) glycans in the tick SGs
and the gut isolated from partially fed females. Thawed cryosec-
tions (Figs. 6 AB,D and 8 A-F), or ultrathin Lowicryl K4M resin sec-
tions (UV polymerization at 35 “C; Figs. 6CEF) were used. In both
cases, we observed strong immune gold labeling of the basement
membrane (BM) of the acinus type [ (Figs. 6A-C), type 1l
(Fig. 6D), type L. and salivary ducts (data not shown). In Fig. 6A {(ar-
rows), the NeuSGe positive layer was located between two BMs of
neighboring acini.

We observed the impact of specimen preparation on the precise
localization of gold particles in the BMs. In the cryosections, gold
particles were present at the external (hemolymph) side of the
layer (Fig 6B), in contrast to the results of Neu5Ge labeling of
the BM in Lowicryl-embedded specimens (Fig. 6C). where the gold
particles were more randomly distributed. The structure and thick-
ness of the BMs is shown in greater detail in Fig. S2 (supplementary
data); samples were prepared according to the protocol described
in Supplementary materials and methods, We determined NeuSGe
labeling densities of the BMs covering acini of types Il and [IL The
results proved higher labeling densities in cryosections (7 + 1 gold
particles/pm present in acinus type Il and 5 £ 1 particles/pm in aci-
nus type [I1), than in Lowicryl K4M-embedded specimens, where
only 2 gold particles/pum were observed (same results for both
types of acini) In the cryosections the total counts of gold particles
and BMs lengths were 504 Au particles per 74.1 pm of BMs (acinus
II) and 415 Au particles per 81.2 um (acinus Il1); in Lowicryl sec-
tions, total counts were 115 Au particles per 70.6 pm (acnus 11)
and 122 Au particles per 62,1 pm {acinus type [I). Using bath

-39.-



M Vancewa er af [ Jeurnal of Insect Physiology 5§ (2012) 1277-1237

MW 1 2 3

20

Fig 3. Immunedetection of NeuSGe m [ ncinus tick tisspes and guinea pig serem. S0S-PAGE sep

4

1281

5 6

d to WD b

ated p were fi and peobed with anti-

NeuSGe antibody, (1) unfed female SGE. (2} fed female SGL(3) unfed female gut. (4] fed Semale gut. (5) fed female ovana. (6) fed female Malpighian tebes (7) dealbamenated

Pt pig serum. MW modecular markers in kDa.

EM methods of sample preparation, Neu5Ge structures were local-
ized in the acinus type 11 on membranes of the basal labyrintly in-
side the cytosol (Fig 6E), and on surfaces of microvilli (Fig 6F) of f
cells. In the cytosol, Neu5Gce epitopes were found in small vacuoles
close to the plasma membrane (Fig. 6E. black arrow). Neu5Gc epi-
topes were found only rarely associated with the Golgi apparatus
(data not shown) N-glycosidase F pretreatment of cryosections
prior the NeuSGe labeling led to a negative immunolabeling reac-
tion, confirming that sialylated structures were N-glycans. No
staining was observed at the BMs or at other sites except for micro-
villi {results not shown)

Immunochemical detection of NeuSGe structures was per-
formed in tissues isolated from unfed females as well. Very low
density of Neu5Gce labeling was observed in the acinar BMs of
SGs (Fig. 7A). However, 2 moderate positive labeling was demon-
strated in the basal labyninth membranes of the acnus type |
{Fig. 7B). Neu5Ge was detected also in several parts of gut lumen
(Fig. 7C), which can contain residual blood meal. In the gut sec-
tions, NeuSGe structures covered the surface of muscle cells adja-
cent to the gut (Fig. 7D, arrow),

In the gut isolated from partially fed ticks, the NeuSGe positive
epitopes were found in the lumen containing host blood (Fig. 8A.B)
Structures Labeled with anti-NeuSGc antibody were present inside
of the clathrin-like coated vesicles (Fig 8A, white arrows) and
accumulated in large granules of the digestive cells (Fig. 8C). Close
to the BMs, Neu5Ge epitopes were distributed ecither inside of the
small vacuoles (Fig. 8D) or directly in the cytoplasm of digestive
cells (Fig. BE). Anti-Neu5Gc labeling was absent in the BM of the
gut (Fig. 8D.E) except for a few areas (Fig 8F).

In order to verify the specificity of NeuSGe labeling, we pre-
pared ultrathin cryosections containing cither hAGP or bAGP
(Fig. 9). The lLabeling density achieved in cryosections of Neu5Ge-
containing bAGP was high (Fig. 9A. labeling density of 804 + 170
gold particles per um?) and contrasted with the absence of binding
in hAGP cryosections (Fig. 98)

4. Discussion

We report here the structural confirmation of the presence of
Sia in the SGs and gut of partially fed females L ricinus for the first
tume. Sialylated glycans containing both N-acetyl- and N-glycol-
neuraminic acid were revealed. Until now, only indirect evidence
for the presence of Sia in tick tissues was available (Vancova
et al., 2006), Similarly to insects (Koles et al, 2004), sialyitransfer-
ase genes were identified in tick I scapularis genome - the putative
a2.3-sialyltransferase (GenBank EEC0O7371) and a2 6-sialyltrans-
ferase (GenBank ADD17789) A conserved region of the sialyltrans-
ferase family (Malissard et al, 2002) is present in another un-
annotated gene, EECO7911. Other necessary genes coding for the
enzymatic machinery required for Sia transfer to glycans or for
eytidine monophosphate (CMP)-NeuSAc conversion to CMP-
NeuS5Ge were not revealed. It thus appears that ticks have the nec-
essary enzymes enabling the attachment of Sia to glycans.

However, several indirect evidences indicate the host ongin of
the sialylated glycans. Firstly, all of the sialylated glycans detected
in ticks were bi- or triantennary (similar to mammalian sialylated
structures) in contrast to the sialylated glycans described in Dro-
sophila, where the sialic acid residue was attached to only one an-
tenna (Aoki et al,, 2007). Secondly, the sialylated glycans identified
in tick samples did not contain core-fucose (Figs. 1 and 4). The re-
sult was confirmed by the NeuS5Ge-specific staining, which was
diminished by PNGase F treatment of cryosections. PNGase F is
able to cleave off all the N-glycans except for 21,3 -core-fucosylated
structures, which are widely present in tick and insect glycans in
contrast to mammalian glycans (Fabini et al, 2001; Pedra et al.,
2010; Tretter et al,, 1993)

Further, Neu5Ge labeling results of ultrathin cryosections pre-
pared from tick guts of partially fed females (Fig. 8) strongly sup-
ported this assumption. Neu5G< epitopes were internalized by
the digestive cells (Figs. 8A-C) and were present directly in the
cytoplasm of digested cells or inside of small vacuoles, while pass-
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ing freely through the gut basement membrane (Figs. 8D-F). [t was
reported that a small portion of major host proteins (e.g., albumin,
transfernin, immunoglobulin G, and hemoglobin) was able to pass
through the gut and was found incorporated into other tick tisswes
(avary) or even secreted/excreted into tick saliva (Ackerman et al.,
1981; Fujisaki et al, 1984, Valenzuela, 2002; Wang and Nurttall,
1994). Similarly, the transcellular transport of intact immunoglob-
ulin fragments, albumin and other proteins across the digestive
system was documented in a broad range of non-blood feeding
and blood-feeding insect species {Casartelli et al., 2005, 2007 ; Fian-
dra et al,, 2009; Jeffers and Roe, 2008),

Moreover, comparison of Neu5Ge labeling patterns of guinea
pig serum and tick tissue homogenates (Fig. 3) further confirms
that the host blood is the source of the detected Neu5Ge-contain-
ing glycans. Molecular weights of labeled protein bands did not dif-
fer between the unfed and fed tissues homogenates (Fig. 3), but
differences in the intensity of staining of particular proteins con-
firmed specific uptake of sialylated host proteins during the feed-
ing and their persistence after subsequent molting. Differing
intensity of staining of gut homogenates from unfed and fed ticks
in comparison to guinea pig serum shows also differences in the
digestion rate of particular proteins (Fig. 3).
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Fig & Electrom micrographs of NeuSGc labelng in salivary glands 1solated from partally fed | mans females. [ABC) Strong NeuGc labelmg was located on the cuter
surface Layer {whire arrow) of the basesnent memabeane of acinus type 1 aad (D) acinus type B In the acinus type [, NeuSGc positive structures were located (E] on the highly
comoluted membranes of the basal labyrmth (prey arrow ), (£] maade of the cytoplasm [black arrowl (F] and on macrovillar membranes. (AKD) Cryosections, (CEF) Lowscryl

K4M. Basement membeane (BM). Bar = 500 nm.

In the unfed female tissues, Neu5Ge immunostaining of blotted
proteins (Fig. 3. lanes 1 and 3) and of cryosections showed low
amounts of NeuSGe glycans. Trace amount of Neu5Ge structures
was identified in gut lumen (Fig. 7C) Other Neu5Ge glycans were
present on the hemolymph side of the gut BMs (Fig. 7D), the basal
labyrinth of the acinus type | (Fig. 78), and rarely on the surface of
acini BMs (Fig. 7A).

Slight Neu5G immunostaining of proteins in the unfed tick fe-
males gut (Fig. 3, lane 3) corresponds with the observed incom-
plete digestion of the blood meal (Wang and Nuttall, 1994, 1995;
Wickramasekara et al., 2008). These results are in accordance to
well-known fact that intracellular digestion of a blood meal is a
gradual process and allows the hard ticks to survive a long period
without feeding Moreover, host proteins have been shown to per-
sist in ticks for long periods (months) after the feeding and the
molting events (Wickramasekara et al,, 2008).

One of the host serum sialoglycoproteins, which was shown to
pass through the gut wall, is the abundant serum transferrin.
Transferrin possesses two N-linked biantennary glycan chains that
differ in the degree of branching and sialylation with up to four Sia
residues attached to the molecule (Dijk et al,, 1995), Another abun-
dant serum protein, immunoglobulin G contains core-fucosylated
biantennary complex glycan molecules with two Sia residues
(about 5% of 1gG molecules) (Routier et al,, 1998) However, the
glycan structures identified in the gut or the $Gs do not correspond
to the oligosaccharides typical for transferrin or IgG molecules. On
the other hand, other host blood proteins and lipids are known to
be modified by sialylated glycans. In human serum, sialylation of
plasma protease C1 inhibitor, orosomucoid, haptoglobin, ceruplo-

plasmin, al-antitrypsin, and many other glycoproteins has been
identified (Alley and Novotny, 2010; Taniuchi et al, 1981)

We suggest that, at least a part of the host sialylated glycopro-
teins survive the digestion process in the tick gut and are trans-
ported into the hemolymph and to the SGs. NeuSGe structures
were localized predominantly on the external surfaces of BMs in
all types of SG acini and the salivary duct isolated from partially
fed females, In contrast, the BM of the SGs isolated from unfed fe-
males was rarely stained with the antibody (Fig. 7A). One can spec-
ulate about the function of specific delivery of sialylated ghycans to
the BM of SG acini and the basal labyrinth of the acinus type I,
which have a putative role in uptake of atmospheric moisture by
unfed ticks (Needham and Teel, 1986). One of the reasons can be
the accumulation of the negative charge on the BM surface (Sias
are negatively charged), which helps the permeabilization of water
and small solutes but can influence the transport of macromole-
cules back from the SGsfor to the SGs as well. It was previously
proven that sialylation of surface proteins contributes to the func-
tion of glomerular filtration barrier in the kidney (Galeano et al,
2007, Quaggin, 2007) and its involvement in the development of
SGs in mice has also been suggested (Bemfield and Banenee,
1972)

Small amount of the Neu5Ge labeling which was found in the
cytoplasm of acinus type I, the basal labyrinth, and microvilli in
the apical part of f cells may suggest excretion of sialylated host
molecules from hemolymph into saliva In ixodid ticks, the f cells
of the acinus type lIl are mainly responsible for excretion of excess
hyposmotic fluid composed of water and ions. During feeding,
these cells substantially enlarge and undergo extensive morpho-
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Fig 7. NeuSGe labeling of tissoe cryosections from wefed L riciows females. (A) Basemens membranes (BM) of the aciens type Il sh weak labeling. (B) Mod, Labeli
was present along the membeanes of the basal labynath of the acinus type | () NeuSGc structures were present in gut lumen and macrowlli. (D) NeuSGc positive slmmnvs
were racely distributed oa the external side of the gt basement membrane (BM) and moderately in the muscle cells [M) membrane [arrow). (E) Control labelkag.
Bar = 500 .

Fig 8. Llectron micrographs of NewSGe labeling of ultrathin oryesections of the gt digest cells from partialfy fed | noses females {AB) NeuSGc positive structeres were
distributed In the lumen (L), along the mécrovil (M) and inside of endocytie vesices (amows) (C) 1 id labeling s d NeuSGc modified ghycans inside of feeming
pramwbes (g). (DLY) Qose to the gut basement membrane [BM), NewdGe epttopes were localized m small vacwoles lamw)and dwectly m the avtoplism. [F) New3Ge positive
structures found on the basement membeane 8o = 500 nm
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Fig. 9. Electron mecrographs of NeuS<Ge labeling of (A} bovine and (B) human ot1-acxd glycoproteins. Cryosections. Sar = 500 nm.

logical transformation that leads to the development of the basal
labyrinth. Extensively and deeply folded plasma membranes in
the basal parts of f cells form channels and increase the surface
arca for sufficient uptake of water, ions, and probably other host
molecules. Tick SGs were shown to excrete molecules such as in-
tact host immunoglobulin G molecules into saliva in a specific
manner (Fujisaki et al, 1984; Wang and Nuttall, 1994) In the
hemolymph and SGs of many ixodid tick species, immunoglobulin
G binding proteins were revealed (Wang and Nuttall, 1995)
Neu5Ge staining was found on the BMs of the granular acini type
Il, which is (according to ultrastructure) mainly responsible for
secretion of many tick salivary components, Plasma membranes
of cell types of the acinus type [l or secreting granules were not
labeled.

Even in the case of the host origin of sialylated glycans, host-de-
rived Sia can be recycled and attached to tick proteins. Glycoconju-
gates of vertebrates can be desialylated with a lysosomal sialidase
Arthropod sialidase activity has been detected only in the gut and
SGs of a blood-feeding bug Tniatoma infestans to date. This bug ex-
cretes sialidase into its saliva during blood feeding (Amino et al.,
1995, 1998). Another enzyme, trans-sialidase, is capable of trans-
ferring Sia residues to different molecules in the protozoan Trypan-
osoma cruzi and modifying parasite surface molecules {Pereira
et al,, 1996)

The immunoblotting results confirmed the applicability of the
preparative method for tick tissue dissection. Contamination of or-
gans by gut contents (blood meal) is one of the major concems
when analyzing tissue homogenates, Anti-Neu5Ge staining of both
unfed and fed tick tissues homogenates showed a different staining
pattern in tissue homogenates compared to guinea pig serum
which confirms very low contamination of the dissected tissues
(Rg 3).

Finally, localization of NeuSGe spedific structures was demon-
strated using two different electron microscope sample prepara-
tion techniques, the Tokuyasu method and the embedding into
methacrylate based resin. Both methods retained Neu5Ge epitopes,
but differed in the labeling density and in the preservation of the
fine ultrastructure of the BMs. (Additional information about the
BM structure is shown in the Supplementary material). Statistical
evaluation confirmed that thawed cryosections are able to retain
2-3 times higher antigenicity for NeuSGce Labeling than Lowicryl
KAM resin sections.

5. Conclusions

The previously observed sialic acid-positive lectin staining of
tick tissues was confirmed here through Neu5Ge immunostaining
and by direct mass-spectrometric identification of sialylated N-gly-
cans in tick SGs and guts. Both N-acetyl- and N-glycolyl-neurami-
nic acids were detected in the tick samples. Even though ticks
confer the sialyltransferase gene, the detected sialylated structures

most probably originate from the host. Trace amounts of NeuSGe
were identified in unfed female tissues. Passage of sialylated struc-
tures from the gut lumen containing the blood meal, through
digestive cells and the gut basement membrane to SGs, was shown
in fed female ticks. In SGs, the sialylated structures specifically
localize in the outer surface of basement membrane, Part of the
sialylated molecules seems further transferred through the acinus
type Il of SGs to saliva.
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The presence of sialylated sbructures in tick organs was observed previously using lectin staining.
Recently, we demonsorated the presence of sialylated N-glycans using mass specirometry in tick salivary
glands and the gut. Howeever, we proposed a host (blood)) origin for these ghycans and mapped the trans-
port of sialylated molecules from the gut to the salivary glands. In this report, we performed quantitation
al whele sialic acid and of metabolically incorporated sialic acid (N-azido newraminic acid) in luedes fic-
inus tick samples. We show that the majonity of sialylated molecules i the adult tick oniginate in the host

.?::r“* (hleod) and are nor symthesized by che tick. Similar results were observed Tor Tk cell culnires. The
benden riginus almast comiplete absence of tick sialylated molecules and the specific transport and bocalization of hast
Qalic il sEructures ine the tick sabivary glands and the saliva raises many questians on te role of these molecules
Click chemistry in the physiology and, specifically, the blood-feeding of ticks.

Thicharbiteric acid assay 0 04 Elseyier Lid. All NS reserveed,
Tigk cell line

1. Intreduction and alse in the masquitoes Aedes acgyphl and Anopheles gambiac,

Sialic acids [5ia) are a growp of sacchandes providing many
functions 1o glycoproteins in 4 wide range of ofganisms, mainly
higher Eukaryotes,'* Moreaver, they can be found in same patha-
gens and parasites where they serve as mimics protecting the
micraprganisms from the immune system of the host organisms,”
Sialylated structures in the mammalian host cells often serve, on
the other hand, as receptors for the pathegens” While sialylated
glycans are widely present in eukaryotes, arthropod glycans are
niot usually sialylated 1=

Sla was detected previously in several arthropads ineluding
blapd-feeding parasites. The best-described species in this regard
is the Drosephifa Oy in which sialylated glycans were described
in derail using mass spectromerry.” Here, stalic acid was shown
to be present in the embryo, where it occurs in the development
of the neuranal system. ™’

The responsible sialyltransferase, a single vertebrate-type sial-
yitramslerase, was identified in Dresephile melanogesrer” Putative
sialyltransferases were next identified in other Drosephila species.

= Coarespondmg sathor, Tel.: #0000 38 TIT465; fax: +420 38 5310588
E-mod  addresies:  sterhjIb@petjoucz (). Seerbal  vemwova@panicas.l
{6l Vamcowal depeli@priguce (| Sterbowval  lesley sakyi@pitbripgheacuk
{L Bell-Sakyd], Eharen@prt jeu.cz (L Grubhedfer)

e Ao orgl 1O L0 16)) carres 2014.02.017
DO0H-E21 518 3014 Elseveer Lbd. All nights resesved.

and in other arthropods [Acyrifosiphon pigum, Streagylocentrorus
purpuratys, Tribolium cestopewm and others) ™'

The a2 G-sialyltransferase of Drosaphila was further studied in
respect to its specificity and it has been shown to be specific for
glycoprateins and oligosaccharides, while ne activity has been
showen for ghycolipids.” Both sialic acid synthesis and siabyltransfer-
e sotivity are reguired for the developinent and function af e
nervous system,”

Saa-apecifle lecring ( MAA, SMA) lave been used for confirmation
af the presence of Sia in blood-feeding parasites such as ricks,”®
and axidation using sodium metaperiodate suggested the presence
af Sia in the gut of masquitoes'* Direct confirmation of Sia in
blood-feeding parasives wsing miss dpeclromelry wWad missing un-
1l recently, when sialylared N-glyeans were described in the ticks
I ricinus and [ marginetus, " Howewer, the analysis of the N-ghe-
cans cleaved off the glycoproteins did not prove their tick orgin.
This is particularly the case for chligatory blood-feeding parasites,
i which the ingestion of hege amounts of manmalian Hood takes
place, The presence of intact host proteins from the tick gur in the
haemolymph and other organs including salivary glands was
shown previously. '™ " Thus it is possible thar siahylated host pro-
teins could also be present in the tick baemocoel and intermal
argans. Accordingly, we propased a host origin for the observed
sialylaved glycans and showied the probable route of transpoit af
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slalylared maolecules from the gur through the tick hasmocoe] intoe
the salivary glands, from where these malecules could be released
back it the hese.”

In the present study we performed the quantification of sialy-
Lated molecules in tick ergans, whole ticks and tick cell cultures
and campared the overall amount of Sia to thar of bicarthoganally
Labelled sialylared molecules. Several approaches were used lor the
gquantitation of sialylated molecules, while metabalically labelled
Sia [using M-azido-mannosamine, ManMAz, which is metabolized
ta MN-azido-neuramini acid, NeuNAz'™) was reacted with Abexa
Fluor® 4&8-alkyne through the Click reaction™ and was subse-
guently labelled and gquantified wsing anti- Alexa Fluor™ 488
antibodies

Our resulrs show thar the majesity of sialylated moleoules in
the adult tick criginate in the host (blopd) and are not synthesized
by the tick [n culiures of & continuous embryo-derived tick cell
line, binorthogenally labelled structures were nat observed ar all
Flusrescence microscapy (FM) ef bisorthogonally labelled wick
organs and cultured cells supported these results,

2. Materials and methods
2.1. Ticks and in vitro feeding

I, nicins females were abtained fram the tick rearing Facility of
the Instimute of Parasitology, Biclegy Centre of the Academy of
Sciences of the Czech Republic in Ceski Budéjovice. The ticks were
allowed 1o feed using artificial in vitre leeding on ovine blood ”'
I brief. 3.1 mL aliquets of ovine bloed were supplemented with
ATP (1 mM], gentarmicin (5 pg/ml), Nysratin [100 6w fmL, al
fram Sigma-Aldrich, Saint Lavis, MO, USA] and 3.1 pl of 25 mi
N-arido-mannosaminge (Life Technologies, Carlsbad, CA, USA] in
DMSO; this minture was placed in wells of a G-well cell culture
microplate (TPP, Trasadingen, Swirzerland). In the control experi-
mients, 3,1 pl of DMS0 without ManMAz was used, The plate was
placed into 4 water bath at a temmperature of 37 *C. Unfed I ricirus
females were put into feeding units*" [ten ticks in each unit) and
the units were placed in the wells of the plate. The blood was re-
placed with fresh supplemented Bood every 12 b during the feed-
ing. Te avaid bactenal or fungal contamination, feeding units were
wiashed with sterile phosphate buflered saline (PBS) before sach
blond change and with Nystatin solution (100 i./mL) every two
dlays. After five days of feeding. ticks were collected and dissected
if required, Tick organs [salivary glands, gut, Malpighian tubules
and owvaries] or whole toks were homogenized or processed for
flunrescence micrascapy,

2.2, Tick cell line

The I ricinus embryo-derived cell line IREJCTVM IS was grown
in L-15 medium supplemented with 20% fortal calf serum, 106
iryprose phosphate brotl, 2 mM glutamdne and 1% of Antibiozic-
Antimycotic Selution (all PAA Laboratories, Pasching, Austria) at
26 °C in flat-sided cell culture tubes (Nune, Thermo Scientific, Wal-
tham, bA, USA)L Far metabalic labelling of Sia, the medium was
supplermented with 25 pd ManMAz and the cells were grown for
at least 4 days. Thereafter, cells were detached by pipetting and
the cell suspension was centrifuged at 400g for 10 min at 4 °C to
pellet the cells. The pelleted cells were washed 3 with PBS ta re-
mowe the remaining medium, sonicated and centrifuged at 14,0008
for 10 min at 4 °C to clear the lysates. Lysates of cells from three
different culture tubes were analysed by each of the quantitation
methods [24-2.7); three replicate amples were prepared from
each lysate for each method,

2.3. Preparation of homogenates from tick tissues or whole
ticks

Tick tissues were dissected from in vitre partially fed females in
ice cold distilled weater containing 10 pL/mL Halt™ Prafease [nhib-
itor Single-Use Cocktail [Therme Scientific). The tissues were care-
Tully remyoved to prevent contamination from te contents af 1w
gut and separately rinsed thoroughly in water. The gut tissues
weere rinsed to remave mast of the lumen contents. Tissues of three
e five ticks were pooled, somicated and centrifuged at 14,000 for
10 min at 4°C to clear the lysates. The protein concentrations in
the supernatants were measured using a Qubdc® lusroneter [ Life
Technologies). The lysates were stored at —20°C Three different
Iysaves woere analysed by each of the quantitation metlsods
(2.4-2.77; three replicate samples were prepared from cach Iysate
for each metlod.

2.4. Quantitation of Sia using aminooxy-biotin

In this approach we used the combination of periodate oxida-
tion of Sia with aniline-catalysed oxime ligation (PALL*™ Quanti-
tation was performed in wihite S6-well ELISA microplates [Greiner
Bis-ome, Frickenhausen, Germany | The wells were coated with tick
cell lysates, tick argan lysates or control profeins (bovine serum
albuinin BSA, feruin) using approximately 20 pg of proteinsiwell
in a coating buffer (0.1 M sodium carbonate buffer, pH 96 for
2 hoar ambient temperature. Alter coating, the wells were washed
1= with Wash buffer (005X Tween 20 in phosphate buffered saline
PEE, pH 7.4], with the last wiash performed on ice Sia was oxidized
with 100 pl of 1 mM sadium periodatejwell for 30 min on ice™
A the reaction was stopped by the addition of 50 pl of 50 mb
sodium thiosulphate well. The wells were washed and subse-
quently blocked with 3% BSAPES overnight ar 4 °C Nest, the wells
were washed and the aldehyde groups of the Sia were reacted with
aminoay-biotin {100 pL of 100 mM aminoay-biotin, 10 mM ani-
line in PBSheeell) For S0 min on ice. Bach well was then washed
with 1% BSA amd the biotin mwodecules weere Labelled with STREP-
HREP (Vector Labaratories, Burlingame, CA, LISA, 33.3 pmal conju-
gate in 1% BSA)well) for 1 h at ambient temperature. After three
washing steps, luminescence was nreasured using the Duolux sub-
strate (Mector Laboratories), The standard curve was constructed
using the signal from wells with serial dilutions of STREP-HEP.
Chemiluminiscence measurements were performed on an Infinite
MZDD Pro microplare reades. For each tick sample, the content of
Sia was expressed as the mean amount of 533 in pmales per g of
proveing. Measuremnent of each replicate was performed three
times

2.5, Quantitation of Sia using thinharbituric acid assay

This method for Sia quantitation uses the coupling reaction of
tebarbituric scid [TBA) with the aldebyde lommed during Sia
oxidation.”” Sia was released from the contrel proteins and tick
samples (approct. 20-100 pg of tatal proteins) vsing 25 U a2-
3,6, B-neuraminidase from Clesrridium perfringens (Mew England
Biclabs, Ipswich, WA, LUSAT or 005 M H50,.5 A 40 pl. aliqueos of
the neuraminidase-rreated sample was oxidized by the addition
af 20 ul of 0.2 M sedium metaperiodate in %30 phosphoric acid
Tar 20 min at ambient temperature. The unreacied metaperisdate
wias reduced using 200ul of 10 sodium arsenite in 0.5 M sodium
sulfate and 0.1 N sulfurke acid. The aldehyde lormed during the oxi-
dation step was coupled to TEA by addition of 00 pl of 065 THA
in D5M sodium sulfate and boiling the reaction enixture for
15 min. The mixture was then cosded for 5 min on ice and the cal-
oured product was extracied into 860 pL scidic buransd, the upper
arganic phase was remaved and the absorbance of the product was
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ineasured ar 549 nee For preparation of tse standard cusve, serial
dilutions of sialic acid were used in the procedure, Measurements
of absarbance were performed on the [nfinite M200 Pro microplate
reader. For each tick sample, the content of Sia was expressed as
the mean amsount of Sia in pmoales per g of proteins. Measurement
of each replicate was performed three times,

2,6, Quantitation of $ia wsing enzymatic reactions

Anotler method of detection wsed a commerscial kit (Sialic Acid
Quantitation Kit, Sigma-Aldrich] This kit utilizes a set of enzymes
[neuraminidase, N-acetylneuraminic acid aldolase and lscrare
dehydrogenase) which result in NADH oxidation proportional to
released Sia concentration. The experiments were performed
according to the manufacturer’s imstructions, For preparation of
the standard curve, serial dilutions of sialic acid were used in the
procedure, Measurements of absorbance were performed on a
Naniaplotometer™ and the Infinive M300 Pro microplate peader.
For each tick sample, the content of Sia was expressed as the mean
amount of 5ia in prmoles per g af proteins. Measurement af each
replicate was performed three times,

2.7, Quantitation of metabolically labelled Sia wsing the Click
reaction

Quantitation of metabolically-labelled Sia was performed in
o6-well ELISA microplates | Greiner Bio-one, Frickenhausen, Germangy ]
Tick argan lysates were diluted 120 and a wolume corresponding
o appros. 150-250 pg of protein was used lor the Click reaction.
The Click reaction was performed using the Click-iT* Protein Reac-
thon Buffer Kit with Alexa Fluer™ 488 (both Life Technologies)
according to the manufacturer's instructions, During the proce-
dure, the non-metabolized ManNAz was removed [rom the sam-
ples using chleroferm-methanol predpitation and anly NeubAz
metabolically incorporated inte proteins was labelled with the
Alexa dye. After the Click reaction, protein concentration was mea-
sured and approximarely 20 pg of sample protein was used per
well for coating for 2 h at ambient temperature. After coating.
the wells were washed 3= with Wash buffer and blocked with
3% BEA/PBS overnight at 4 °C Next, the wells were washed and
incubated with 20 pM rabbit anti-Alexa Fluor™ 488 {Life Technalo-
gies] in 1% BSA for 1 s ar ambient terperature. Alver another three
washing steps, goat anti-rabbit antibodies conjugated with HRP
[Wertor Laborataries) were added and incubated lor 1 h 4t ambient
temperature, Detection was performed as in 2.5, Each measure-
ment was perlormed three fimes.

1.E. Detection of metabolically labelled Sia in tick tissues and
cell lime wsing fluorescence microscopy

Tissues were dissected from female ticks artificially fed for
5 days an awine blood supplemented with ManiAz as described
above, Each tick organ was placed into a separate well ina 96-well
plate, which simplificd manipulation of the samples, Organs were
washed far 3« 10 min with 100 pL of PBS. The tissees were then
fied with 100 pl of 4% formaldebyde far 15 min, permeabilized
with 100 pL of 0.25% Tricon-X100 in PES for 15 min, and blocked
using 2 washes with 100 pl of 50 mM MHLCD in 13 BSAJPES for
10 min. The azide-labelled molecules were reacted with alkyne-
strepravidin in the Click reaction according to the manufacturer’s
inarructions in a volume of 100 pLfwell. Tisswes were wasled with
10k pl of 1% BSA for 1 b after the Click reaction. Biotimylated mol-
ecules were labelled with Strepravidin DyLight™ 488 or Strepravi-
din DyLight™ 544 [both Vector Laboratories) diluted 1; 1000 in 12
B5A for 1 I Finally, the rissues were washed lor 3 « 20 min in 1%
BSA and 3 = 20 min in PES and put onto microscopic slides, A drop

al AP containing Vecrashield® Mounting Medium [Vector Labo-
ratories) was applied and the tissues were covered with a cover
slide. Fluprescent images were acquired using an Olympus BXS0
fluarescence micrascope equipped with an Olympus DPFF1 camera
[both Mympus, Takyo, Japan].

The tick cell line was grown in complete culture medium as
deseribed above. Sterile round cover glasses were pul inlo each
wiell of a 24-weell plate, Cells in optimal growth phase were resus-
pended by pipetting, 200 pL of suspension was transferred into
each well of the Zd-weell plave, and 200 pl of medivm with
50 ph ManhAz was added [final ManMAz concentration 25 phd).
Alver 4 days of incubation, the cover glasses covered with tick
cells were transferred into a new 24-well plate and each glass
wias washed 2« with 500 pL PES lor 10 min Mext, cells were trea-
ted using the Click-iT® Cell Reaction Buffer Kit (Life Technologies)
as described above for tick issues with one dilference: the val-
ume of all solutions used was 400 pl except for the volume of
Click reaction mixture, which was 100 L fwell. Alver the labelling,
the glasses were mounted and fluorescent images were acquired
as deseribed above,

2.9, Seatistical analysis

Dara were evaluated with the unpaired paramerric two-railed
t-test using GraphPad Prism version 5.03 for Windows, GraphPad
Software, La Jolla Califormia WISA, weewgraphpad.com, Yalues
shown are niean  standard ervor of the mean (SEM). Data Irom
at least three independent experiments were used, A F value of
<0005 was comsidersd significant.

3. Resulis
1.1, Quantitation of total Sia by chemical assays

Twa different chemical assays were used to quaniitate total sia-
lie acid in tick samples. Both methods wtilize oxidation of Sia by
mietaperiadate and detection of the resultant products, In the first
method, aminoosy-biotin s conjugated o the aldehyde group
formed by Sia coddation (PAL) and the biotin maolecule is detected.
I the second method, thishar e acid reacts with the: f-formyl-
pyruvic acid {product of Sia ocoadation) and the resultant chromo-
phore is quantified.

Thee amounts of Sia in tick organs obtained using the PAL meth-
od ranged from 017 +0.054 pmol Sa)g of protein in ovaries to
0.573 2 0358 pmol Sialg of protein in the gur (Table 1. Fig 1AL
Malpighian tubules, whale tick samples and cultured tick cells
wiere o0 tedled in this agsay,

The TBA assay vicelded higher values overall for Sia content com-
pared 1o the results from the PAL method. The highest Sia content
in tick organs was detected in ovaries and gut, while lower levels
woere detected in salivary glands and Malpighian nubules [Table 1,
Fig. 1B) Much higher levels of Sia were detected in whole ticks
[G0.45 £ 15.64 ol Siafg of protein] asd the IRE[CTVMID cell line
(86,58 + 2252 umod Sialg of protein) [Table 1, Fig 1C), In general,
high variability ol Sia content was observed in the replicate sam-
ples (Fig. 11.

3.2, Quantitation of total Sia by enzymatic assay

For comparison, a commercial Sa quantitation kit wnlizing
enzymalic reactions was alse wsed. The determination efficiency
af each replicate of the assay was determined using the commer-
cial standards, The values of the Sia content abtained wsing the
commercial kit were several orders of magnitude ligher than those
obtained with the chemical methads (Tahle 1],
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Tabile 1
Comient of S and MeuMdz in bick samnples expressed a3 mean & SEM

Samrpde |jamed Sialg proteim|  Ovary Salivary glassds Gt Malpighian pebsules  Wheds ok IREMTVM 1S
PAL DA 20054 BIIi008d 03V i0EM il HD HI

TBA Assay E5=2X667 4053 +1.09 B344 £ 1.457 1.343 £ 054 G045 + 15.64 BE5E+3352
Sia peantitaton kit 15T 2 BOGRT M0 ERELE 1IMZ RS il HD 1T5E £ M

NeuMAZ quastitarian QOIS 20003 QD12 20003 2B« 10723146 = 10% Q013 +4903 = 0% 5853« 10721424104 0

Content is expressed as pmal of % or Neuhldz per gram of profein. PAL—periodste sxidation of Showith aniline-catalysed oomme ligaon, T8 —teobarhituric scid
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Fipare 1, Contes® of sialic ackd {A-£. Sa) and S-andoneuramesec acid [E Meubaz] in $-day fed female  vones tick ovaries [0 ), salivary glands (5G], gut (G}, Malpighsan
pualies (MY, inwiale tick homagenace [Tick) and in tick ool line IRECTYMSD Bisate (IRE]. Sia conrent wik msasured using () perisdate axidariom wirth andies -caralysed
moene ligatmn (PALY | B] thiobarbituric scid assay [TBA] amd () 514 quantitation ki, Means are depcted by the honzestal lines: bars represems the standard ermors of e
means. Content is expressed as pmol of 5ia or MeuMAZ per graen of procein. MeuMAZ coatent in the G0k cell line was 2ero. Stanstical significance is ificared by asterishks

“alkga, TR, Tl

Sia content determined using the commercial kit was again
highest in the ovary samples (1871 £ 85867 pmaol Sia/g of protein);
similar valises were alio abtained for the salivary glands and gut
[Takle 1, Fig 10 Malpighian wbules and whale ticks were niot
rested in rhis assay. As with the TEA assay, high variability in Sia
content between replicates was observed when measured using
the enzymatic kit (Fig. 1].

3.3, Quantitation of metabolically-labelled Sia

Bioorthogonal labelling was used for estimation of the amount
ol Sia metabolically incorporated in vive and in vitra into the tick
proteins, ManMNAz was metabolized by the ticks into NenMAz,
which was incorporated inta the proteins. For quantitation, Meu-
Mz present in the samples was reacted with Alexa Fluor™ 488-al-
kyne (Click reaction) and the dye-contzining molecules were
quantified using the corresponding anti-dye antibodies conjugated
1o HRF. As with Sia content, high amounts of NeuMAz were shown
ta be present in ovaries (015 £ 0003 pmel MeuMAz(g of pratein].
salivary glands (0.012 £ 0,003 proel MeudAz(g af protein), and also
Malpighian tubules (0,013 24903 =« 10°° ymal NeuNAz/g of pro-
vein] (Table 1, Fig 1EL Much lewer amounts of MeuMAz were de-
tected in the gut and the whale tick homogenate [Tabkle 1. Fig 1E
and F). In the IREICTWMIS cell Line Iydane, MeuMAZ was nol detect-
able by this method (Table 1, Fig. 1F)

Unpaired parametric rao-railed rese [GraphPad Prism) ws used
for the companson of the Sia and MeaMAz contents in the organs,
While 5ia content [mean values) in the ek organs did not differ sig-
nificanthy, MeulAz content was much mare variable, and significant
difference was observed between the NeuNAz content in ovaries
amd the gut (P=00044) and salivary glands and the gut
(P=0.0252) (Fig. 1]. MeuNAZ comtent was also signilicantly ligher
in the avaries (F= 0,0438], gut (P = 0.0003) and Malpighian tubules
(P= 1176 = 10°%) than in the whole tick [Fig. 1), Furthesmore, the
Eia content was significantly higher in the ovaries (P = 0.0084), sal-
ivary glands (P = 0,000 4] and gut (P = 0,0002 ) than in the whole tick,

Tlee Sia content (determined wsing te TBA method) was signil-
icantly higher than the MeuMAz cantent in the ovaries [P = 0.0344],
salivary glands (P=0.0167) and tlse gut (F=0.0065). Similarly, Sia
content of the IRE/CTVM 19 cell line was significantly higher than
the HeuMaz content [P= 0.0479). In order 1o better represent the
ratios of Sia and NeuMAz contents in the different organs, their rel-
Alive content is presented in Fig. 2, whese 100% corresponds to T
mean of 5ia content in the sample,

3.4, Detection of metabolically-labelled Sia in tick cell line and
tieh vissues by duorescence microscopy

Metabalically-labelled Sia was further ssayed by Muorescence
micrescopy in IRE/CTVMIG tick cells grown in culture medium

-51-



I Srewba o of. Flarkbokydree Ressarck 330 (2004) 03-08 oy

ey A Ovary “ B Salivary glards ", C Gut
i'ltl 3 E'\-:- ;-u:-
- i |
’ TR OV WL O B TEA DG Nz TG . Th G WML G
=.D Tick . E IREACTVM1S
N i
i~ -
L ] | L
TEA B v b ™A nE s FE
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content [in umol per gram of proeein) in che sample.

supplemented with ManhAz and in the tissues of ticks artificially
fed on ovine Blood with addition of ManMAz. In the tick cell line.
we did not detect any signal correspanding to NeuMAz by the flua-
rescence microscogy (data mor shown).

Tick tissues on the other hamd showed the presence of low
amounts of NeulAz In ovaries, some of the cocyles were posi-
tively labelled with Aucrescently-labelled STREP. The supporting
cells surraunding the cocytes, howeever, did not show any Staining
[Fig. 3A) Pogitive staining was also observed in the salivary glands
[Fig. 3B). Again, the faint staining was visible only in some granular
acimi {type Il or ), while the mapority of the salivary gland was not
stained at all {Fig. 2E). The lumen of the gut showed no signal [data
net shown], but staining was visible in most of the gut cells, for
exarmple in the muscle cells of the gur (Fig. 30

4, Discussion

The presence of sialylated structures in tick organs was oh-
served previously using lectin staining ' Heavy sialic acid-specific
lectin WGA (wheat germ agglutinin) and MAA 11 (Meackio
amurensis agglutinin 1) staining was observed in salivary glands
in fed and unfed female ticks, but other tissues were not
investigated. Recently, we demonsirated the presence af sialylared
N-ghycans using mass spectrometry in fick salivary glands and
gut.'® As with insects.” sialylimansferase genes were identified in
the genome of the tick L seopularis—the putative 22,3-sialylirans-
ferase [GenBank EECOT3T1) and o2.6-sialyltransferase (GenBank
ADDITTEDL A conserved region of the sialyliransferase family
genes " is present in anather un-annotated gene, EECOTH11, How-
ever, we proposed a host (blood] origin for these glycans and
mapped the transport of sialylated malecules from the gut to the
salivary glands. The sialylaved molecules have been localized in
specific parts of the salvary glands suggesting specialized trans-
port mechanizms and functions in the phvsiolegy of the tick.'”

The presence af host prateins/melecules can be expected in all
Islosd-leeding parasites including ticks. Haemolymph and whole

bendy Imwiena.t-u af fed ticks contained for example immuio-
globulins,™ ™ and these were also present in the whole body
homogenates of unfed ticks,”® Secretion of host immunaglchulins
wia saliva was assumed to scour during fesding; interestingly, host
prateins that had been taken up during feeding of the previous tick
life-stage were excreted by the subsequent stage’” A specific up-
take mechanism for immuneglobulins was alse suggested and at
Beast pams of the antibody malecules were ot degraded by the tick
a5 they retained their antigen-hinding abilicy.”' Additionally, host
glabins, histones and ather profeins were detected by mass spec-
trometry in ticks several months after feeding. ™

To devermine the content of Sia in ticks and their organs and the
arigin of sialylated malecules, we performed the quantitation of to-
ral sialic acsd aind compared the overall amount ol sialic scid (o bio-
arthoganally labelled sialylated molemules. Several methods were
used for quantitation of Sia, including the widely wsed TBA assay
amd two other methods, which do not use the highly toxic arsenite,

The three metheds wsed for determination of Sia content pro-
wided results whicl differed greatly for the sare samples (Table 1)
Far each sample tested. the commercial enzymatic kit gave the
highest results, moest probably dise to the presence of pyruvic acid
and ather a-keto acids in the samples.™ In contrast, the PAL meth-
od resulted in very Low valuwes of Sia in the studied argans, even in
the gut, which is full of ingested blood, The reason for such bpw val-
ues could be an incomplete reaction with aminoosky-biotin during
aur 90 min incubation, as reaction times of up to one day were sug-
gested elsewhere. ™ Therefare, we used cnly the results of the com-
moenly used TBA assay for the comparnison of Sa and MeuMAz
cantent in the tick samples,

High variability in S5ia content per gram of protein was observed
berween the pooled samples. This could be cassed by several fac-
tars—inter-individual variability in Sia content in tick argans dur-
ing feeding. variability of protein content in the tick organs™ "
related o wariation in protecsynthesis therein,™ or variation in
haemalymph volume™ which could affect the concentration of
the measured moelecules in the baemelymph and consequently
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Figure 3. Detection of NeuNAZ 1 [A) ovary, (B) salvary gland and (C) gut of a
partsally fed female [ monus ok Green = Streptavidin DyLaght™ 438, red = Strep
ravidin DyLight™ 549, blue = DAP! stalming of saclel. NeuNAZ was detected i some
of the developing eggs (green), but mot in the serrosnding supporting cells, in some
of the saivary gland acind (red) and in the gut tissue (red)

also in the organs. An important vanable is the in vitro feeding, as
the exact time of the individual tick attachment as well as the feed-
Ing process cannot be assessed

The Sia content measured by TBA assay was between 13 and
8.5 umol Sia/g of protein in the tick organs and approximately
60 pmol Siafg ol proteins in the whole tick homogenates. On the
other hand, NeuNAz quantitation showed the content of metabol-
cally incorporated Sia to be three orders of magnitude lower in
ovaries and salivary glands and even lower in the gut and whole
tick bomogenate. The elliciency of ManNAz incorporation into
sialylated glycoproteins was shown to be about 3% in vivo in
mice™ and a maximum ol 56X in vitro in human prostate cancer
cells.*' Even considering that the incorporation efficiency level
may be low in ticks, the Sia content was at least one order ol
magnitude higher compared to the NeuNAz content in ovaries
and salivary glands, and three orders of magnitude higher in the
gut and whole tick bomogenate. Interestingly, NeuNAz content

was significantly lower in the gut than in the other organs and
the whole tick (Fig 1D). These results suggest that the quantified
NeuNAz corresponds to the actual metabolically incorporated
NeuNAz; the free ManNAz, which is not metabolized and thus
not incorporated into glycoproteins, is present in the blood and
consequently in the gut at highest concentration

Overall, the Sia content was significantly higher in individual
organs compared to the whole tick homogenate. This suggests
the presence of high amounts of host-derived sialylated molecules
in the whole tick (and the gut), while the tick-produced sialylated
proteins are more prevalent in the salivary glands and ovaries. The
presence of host Sia in the gut can be expected, as it contains large
amounts of host blood. This factor also explains the presence of
host Sia in the whole tick homogenate, which also contains the
gut containing host blood

Relatively high amounts of metabolically labelled NeuNAz-
containing molecules that we detected in tick ovanes presented a
similar situation to the presence of Sia in another arthropod, the
fruit fly Drosophila, where it was detected only in the embryo
and where it participates in the development of the neural
system.” ™ It is important to point out that fruit flies do not feed
on blood, and thus all the Sia detected in the flies can be attributed
to the fiy metabolism

Comparison of Sia and NeuNAz content in the [RE/CTVMI9 cell
line yielded interesting results. While the Sia content was even
higher than that of the whole tick homogenate (86 umol Sia/g of
protein), no NeuNAz was detected in the cell lysate. The presence
of Sia can be explained by binding to the cells of sialylated proteins
from the bovine serum in the culture medium. The absence of
NeuNAz is on the other hand surpnising, as the [REJCTVM19 cell
line is embryo-derived. As mentioned above, the presence ol Sia
was shown in Drosophila embryos and we detected NeuNAz in tick
ovaries. However, Sia content of the cocyte and the embryo may
not correspond and Sia may be present in the oocyte for example
in the yolk proteins as suggested for other arthropods.™ Further-
more, not all cell types from embryos are present in continuous
tick cell lines®” and thus cells expressing sialyltransferases may
not be present or may not normally be subjected in vitro to the
conditions supporting Sia expression

5. Conclusions

Our results show that the majority of sialylated molecules in
the adult female tick originate in the host {blood) and are not
synthesized by the tick. However a low level of sialyltransferase
activity seems to be present, based on the quantitation of NeuNAz
These findings, and the specific transport and localization of host
molecules into the tick salivary glands and saliva shown previ-
ously, ” raise many questions on the role of these molecules in
the physiology and, specifically, the blood-feeding of ticks
Currently, identification of these host proteins and of the associ-
ated transport mechanisms is under way to clucidate these
mechanisms.

Sia is generally not produced by arthropods.*” its presence and
importance for physiology bas only been shown in the Drosophila
embryo.”"** The high content of Sia in the tick body could be
simply explained by the presence of host sialylated proteins. We
confirmed this assumption by the detection of low amounts of
NeuNAz in tick samples. Thus, we propose, that the majority of
Sia detected in adult fed female [ ricinus ticks originates in host
proteins from the blood meal and not in the tick itself. On the other
hand, a low level of sialylation was demonstrated in tick organs
based on NeuNAz detection, mostly in ovary and salivary glands
Sialylation of tick proteins could therefore be important for the
development of eggs and/or embryos
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Abstract

Vector-borne diseases constitute 17% of all infectious diseases in the world; among the blood-feeding arthropods,
ticks transmit the highest number of pathogens. Understanding the interactions between the tick vector, the
mammalian host and the pathogens circulating between them is the basis for the successfl development of
vacdnes against ticks or the tick-transmitted pathogens as well as for the development of specific treatments
against tick-borne infections. A lot of effort has been put into transcriptomic and proteomic analyses; however,
the protein-carbohydrate interactions and the overall glycobiology of ticks and tick-borne pathogens has not been
given the importance or priority deserved. Novel (biolanalytical techniques and their availability have immensely
increased the possibilities in glycobiolegy research and thus novel information in the glycobiolegy of ticks and
tick-borne pathogens is being generated at a faster pace each year. This review brings a comprehensive
summary of the knowledge on both the glycosylated proteins and the glycan-binding proteins of the ticks as
well as the tick-transmitted pathogens, with emphasis on the interactions allowing the infection of both the
ticks and the hosts by various bacteria and tick-borne encephalitis virus.

Keywords: Tick, Pathogen, Host, Glycan, Lectin, Glycobiology, Borrefia, Anapiasma, TBEV, Carbohydrate-binding

Background

Vector-borne diseases constitute 17% of all infectious
diseases in the world [1]. Pathogenic viruses, bacteria, and
protozoa are carried by blood-feeding arthropoeds on just
about all the continents and both livestock and people
tend to be affected by these. This becomes a large
economic burden on the animal health sector and on the
public health system of various countries. Ticks are the
first among blood-feeding vectors in terms of the number
of pathogens that they can transmit. Unfortunately, there
are next to no vaccines against the tick-transmitted
bacterial and protozoan diseases and very few against
tick-borne viruses [2]. The only successful anti-tick
vaccine, based on the glycoprotein Bm86 from the cattle
tick Rhiphicephalus micropius, has been shown to be effi-
cient against ticks of the genus Riuphicephalus and Bm86
homologue vaccines have had some efficlency against at
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least two species of the genus Hyalomtma, but this is not
the case for other ticks and the pathogens they transmit
[3]. The European Centre for Disease Prevention and
Control suggests that there will be a rise in tick-borne
diseases based on changes In various factors including the
environment and socio-economics [4]. Research efforts to
combat tick-borne diseases have usually centred, as with
maost other infectious diseases, on determining the
Achilles” heel of the pathogen. Most endeavours have
focussed on understanding host-pathogen interactions,
primarily at the vertebrate level. Protein-carbohydrate
interactions between the pathogen and the host cell are of
primary importance, In terms of attachment and/or inva-
sion of the cell, whether in an invertebrate or vertebrate
host. The observation that there is conservation in the
protein-carbohydrate recognition strategies can be used as
part of novel approaches for intervention [5]. It has been
shown that many regulatory mechanisms are mediated by
post-translational medifications (PTM). One example of a
PTM that regulates protein degradation and signaling in
eukaryotes is ubiquitination. Pathogens are known to
exploit ublquitination to infect mammalian cells and it
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has been shown that the ubiquitination machinery is
present in the tick Jxodes scapularis. It was identified that
the E3 ublquitin ligase XIAP restricted bacterial
colonization of the vector and xiap silencing significantly
increased tick colonization by the bacterium Anaplasma
phagocytophilum, the causative agent of human granulo-
cytic anaplasmosis [6].

Over the last decade, there has been a slow increase in
the knowledge of vector-host-pathogen interactions which
start from the time a pathogen invades the vector within a
blood meal and attaches to the tick midgut lumen. Later it
traverses to the tick salivary glands and completes its
life-cycle by transmission to a new mammalian host
during the subsequent tick feeding [2].

Four possible routes that may facilitate pathogen
survival and transmission by most arthropod vectors
including ticks have been pointed out. These indude: (i)
pathogen carbohydrate-binding adhesins that attach to
receptors in the tick midgut; (U} the attachment of
carbohydrate-binding proteins of the arthropod to the
pathogen as part of its innate Immunity; (ili)
carbohydrate-binding proteins that are soluble and form
a link between the pathogen and midgut surfaces; and
(iv) the use of co-receptors to enhance the interactions
within the vector [5].

In this review, we would like to highlight the glycoblo-
logical aspects of all four of these specific mechanisms
that come into play when looking at the vector-pathogen
interactions as well as glycobiology-associated pro-
cesses between the mammalian host and the pathogen
(see Fig. 1). Glycoblology of ticks and tick-borne patho-
gens Is developing together with the increased avallability
and sensitivity of analytical methods; a short overview is
listed below, together with some relevant references for
readers seeking deeper knowledge.

Importance of glycosylation for protein functions
Post-translational modifications can be found in both pro-
karyotic and eukaryotic organisms; among them, glycosyl-
ation is one of the most abundant and most important.
Protein glycosylation affects all the functions of proteins -
thelr structure, activity, interactions with other molecules,
half-life in the cell or organism; immune recognition is
also dependent on the interaction of immune cells and
receptors with glycosylated molecules. A wide varety of
possible glycan structures and linkages increases the func-
tionality of proteins |7].

The importance of carbohydrates for the function of
proteins can be simply shown on complement proteins,
The complement system comprises of more than 30
plasma- or membrane-bound components. Most of them
are glycosylated to the varlous extent and the type of
glycosylation generates tissue- or cell-specific population
of glycoforms of each complement molecule. The specific
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Fig. 1 Pathogerrtick and pathogen-hast interactions The scheme
represents carbohydrate madiated interactions depicting in
particudar the most welHnown Interacting partners of Bamela, tick
wector and hast (a) and Anaplasma, tick vecior and hast (b). Both
Soerelia and Anoplasma produce adheson malecules recognizing
either a specfic glycopeotain {such s TROSPA, decorin) or a spacific
glycan {core ol -4ucowe, sihiated glycans) in the tick and the host.
Furthermore, BameNs produce proteirs nteractng with host
glycoprotens regulating its immune systemn Two examples of the
recogntzad giycans are shawn in bl an Oglycan bearing beth al,3-
bound fucose and dso 2 akc ackd, and an N-ghycan with its core
modfied by the al,3-bound fucase. The wsed symbel nomenclature
Is based on the Consortium for Furcticral

Glycomics (hitgSaww functionalghcomics org/)

glycoform population then secures functions that are
required for a particular cell type or tissue. The repertolre
of functions secured by glycans ranges from the control of
protein folding, proper assembly within the endoplasmic
reticulum, mechanistic shielding of the protein backbone
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against protease degradation, preventing inappropriate
protein-protein interactions or formation of proper spatial
protein conformation or participation in recognition
epitope formation [8]. Specific examples show interesting
ways in which glycans influence or modulate the comple-
ment cascade.

Clgq is a recognition molecule of classical complement
pathway and mediates initiation of the pathway by binding
to the antibody-antigen complexes. The proper function
of the Clq is conditioned by the appropriate triple helix
formation within C1q monomer and the formation of Clq
hexamer whose spatial conformation may be secured by
the presence of N-linked glycan of each monomer [9].

Glycosylation was also proven important in complement
regulatory factors where factor H (fH) glycosylation medi-
ates its proper folding within the endoplasmic reticulum
(ER). The absence of glycosylation or its malfunctioning
leads to in fH misfolding and retention in ER causing clin-
ical symptoms in children in form of hypecomplemente-
mic renal disease [10].

Cl-inhibitor is a plasma glycoprotein and, along with
other members of the serpin proteases, its inhibitory
activities are enhanced by binding of negatively charged
polysaccharides. Most of the polysaccharides binding to
the Cl-inhibitor induce allosteric changes of the inhibi-
tor molecule causing potentiation of the attachment to
the C1 proteases or, as in case of dermatan sulphate, the
potentiation is caused by the formation of a negatively
charged polysaccharlde-mediated linkage between
positively charged portions of the Cl-inhibitor and C1
protease molecules [11]. Structural characterization of
the Cl-inhibitor reveals extensive O-glycosylation with a
high number of sialylated glycans. The trials for
functional characterization of Cl-inhibitor glycosylation
showed an Increased resistance of highly O-glycosylated
region against proteolytic  degradation [12] and
highlighted the importance of sialylation for prolonged
serum half-life [13].

Advances in bioanalytical methods for glycobiology

The most frequently used methods in glycoblology are
mass spectrometry in combination with chromatography
or caplllary electrophoresis, glycan/lectin microarrays, or
lectin staining, All of these developed greatly recently; for
example, the increasing number of mass spectrometers
available throughout the world and the development of
more sensitive instruments and specifically the introduction
of the Orbitrap mass spectrometers, greatly advanced the
possibilities for glycan and glycoprotein analysis [14, 15].
The number of commercially available microarrays & also
increasing and nowadays allows more or less specific detec-
tion of almost any kind of glycan. The availability of lectins
together with the possibility to synthesize specific glycan
molecules allows also the preparation of in-house glycan-
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or lectin-arrays; another possibility s the service provided
by the Consortium for Functional Glycomics (http://
www.functionalglycomics.org/).

Here, we review the current knowledge on how patho-
gens have evolved "sweet” strategies to overcome the
immune responses within the vector and the mammalian
host and the use of carbohydrate-binding properties to
perpetuate thelr transmission and dissemination into a
vertebrate host (Tables 1 and 2). We also provide a near
comprehensive catalogue of all carbohydrate molecules
that play a part in the disease cycle that have been charac-
terized to date, be it within the tick or the mammalian
host. We would like this to be the start of a renewed inter-
est in the glycoblology of ticks and tick-borne diseases.

Glycosylation in the Borrelia infection cycle
Compared to eukaryotes, glycosylation in bacteria pro-
duces a much more diverse repertoire of glycoconjugate
structures which are often species- or strain-specific. Most
of the bacterlal glycoconjugates are an integral part of the
bactertal cell wall and provide the bacterial cell structural
integrity. Additionally, the bacterial glycosylated cell
surface structures mediate adhesion and interaction with
its environment or host. Although the structural features
of bacterial surface glycans have been well described, the
function of many of them, induding those in pathogenic
bacterta, remain unexplored. In prindple, pathogenic bac-
teria use glycosylation for two reasons; they synthesize
host-like glycan structures to hide from the host immune
system and, conversely, they produce glycosylated proteins
that are able to bind more effectively the host immune
molecules and thus influence their activity [16].

Since all Borrelia species are host-propagated bacteria
that shuttle between a vertebrate host and an arthropod
vector, these spirochetes have developed strategies to adjust
to these diverse environments [17]. This & achleved by
regulating the level of gene expression In response to
changes in temperature, pH, salts, nutrient content, and
other host- and vector-dependent factors. A significant
number of Borrelia proteins mediate the interactions with
host/vector molecules and thus enable Borrelia to complete
its Infectious cycle. Recent findings highlight the import-
ance of carbohydrate moleties in these interactions and In
the overall pathogenesis of this infectious splrochete.

Borrelia/tick glycosylated interactions

When entering the vertebrate host during tick-feeding,
Barrelia must overcome several barrlers to successfully
invade and disseminate in the host body. The invasion of
the host & difficult as it requires the interaction of the
existing Borrelia surface structures with host tissues
without being noticed by the host immune system. Borre-
lia have developed many elaborate strategies to recognize
diverse host molecules and cell types to promote
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Table 1 Summary of carbohydrate-binding preteins of Bovrela spp. recognizing tick o host receptors. The carbohydrate-binding
proteins from BosreNo spp. are listed 1egether with the recognized molecue from the vecter o the host. Gycoproteins of glycans
are listed as the recognized molecules depending on the available information. Majority of proteins from Lyme boereliosis

spirochetes are listed; in the case of relapsing fever Barrelia, the bacterial spacies is defined

Boreda spp. protein Tick binding partner Reference

Bomreda vs tick
OspA TROSPA [236)
OspC SALP1S 27
TSLPVPS Manncse binding lectin (MEL) [42]
Vsp33 (B hermsit Unknawn receptor in Tick 56 62

Boreda v host
Bgp (p26) GAG [294]
Dbpa (pa0y Decorivdermatansulfae [48, 295]
CbpB (019 Decorirvdermatansulfae/chondrotirsufare [48. 295]
BLk32 Fibranectin Meparansulfae/dematansulfate [63]
P66 nnegrirs [87]
Dsph Plasminogen [296]
OspC Pasminogen [297, 298]
Enolase Plasminogen [299)
Erps {0spE/F related proteing) Facwer H or FHL peotein [105]
CRASPs Facor H [105])
PAMFs Mannose receptor an dendritic cells [300)
Unknown NeoLCIo{GaKGCNACIGIIAGIC 1)-camying ghroconjugates in human enthrocytes [301]
VB (B ruvicasae GAG [61]

Table 2 Summary of carbohydrate-binding preteins of Anasiosma recognizing tick or host recepeors. The carbahydrate-binding
proteins from Anggdosma are Isted together with the recognized maolecule from the vector or the host. Glycopeoteins or glycans are
listed as the recognized molecules depending on the available information

Anoplsma proten Binding panner Reference

M5P1a (M5P1 complex) Vector binding partner Unknown recepsor in IDES tick cells [189, 1501

Unknown moleade Viector binding partrer Core o 134ucose glycoprotein [203]

Unknown achesin-ike moleade Hast binding paetner: 13-FuC and 5@ in sialyl Lewis X, FSGL-1 in human neutrophis [199, 200]

Unknown achesin-ike moleade Host binding partrer: 1,3-FuC and 5@ in sialyl Lewis X, FSGL-1 in murine neutrophis [199)

Unknown achesin-ike moleade Host binding partner 1.3-Fuc and 5@ in sialyl Lewis X, PSGL-1 in human myekoid HL-60 cels [197, 201]

Unknown moleade of A Host binding partner: 13-fucase in murine bone marrow-derived mast cels (BMMCS, murine [198]

phogocytoahium NCOH-1 strain pedtoneal mast cells

Unknown moleade of A Hast binding partner o 13-Fuc in human skin-derived mast cells [198]

hogocytcghivm NCH-1 strain

AMOMpA Hast binding paetner 02,3-siabdated and al 3-fucosylated ghycan of the siabd Lewis x in [182)
ryelcid cells

AMDmpA Hast binding partrer: a2.3-sbdated and al 3-fucosylated glycan of the 6- suffo-siakd (180, 182
Lews x in endothelal celis

AMOmMpa Hast binding partrer. a2.3-sialaned, a26-siayated, o), 3fucosylated giycan receptors [180-182]
in human and murine myeloid HL-60 cells, 6- supho-sialy! Lewis x in encothelal cells

Unknown Hast binding partrer: 01,3-fucose [203)
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dissemination and chronic infection [18], and to overcome
host immune system surveillance [19]. The concerted ac-
tion of these structurally and functionally diverse Borrelia
surface molecules helps the spirochete to successfully
adapt and multiply in the host body.

The interacting molecules of Borrelia and the tick are
often modified by glycosylation producing a diverse pool
of structures. Moreover, glycosylation is a dynamic
modification and can be readily altered upon environ-
mental cues [20].

The presence of glycoconjugates on the surface of
cultured B. burgdorferi has been demonstrated by the
ability of Borrelia to bind a number of lectins [21]. In
search of B. burgdorferi glycosylation patterns, increased
attention has been pald to outer surface proteins that
are produced at different stages of the Borrelia transmis-
slon cycle and represent points of interaction between
the spirochetes and their hosts/vectors.

Borrelia outer surface proteins

Borrelta outer surface proteins A and B (ospA and ospB)
are encoded on a bicistronic operon and extensively
expressed on the surface of spirochetes in unfed ticks.
OspA Is one of the major and most comprehensively
studied Borrella proteins. While OspA mediates Borrelia
attachment to the tick midgut when spirochetes are ac-
quired by ticks during blood-feeding, OspB plays a key role
in successful colonization of the tick midgut OspA down-
regulation Is important for Borrelia detachment, multipli-
cation, and migration from the tick midgut to salivary
glands [22-25]. When ticks are fed to engorgement, Borre-
lia clears OspA and OspB from the surface expressing
instead another outer surface protein C (OspC) [22, 26].

OspC, encoded by bbb19 mapped to the cp26 plasmid,
is one of the most divergent genes in Borrelia genome,
and is crucial for the early stages of mammalian host in-
fection by the spirochete, but not required for acquisition
of spirochetes by tick, tick colonization or migration from
salivary glands to the gut [27-32].

Erps (OspE/F-related proteins) are a family of surface
integrins with high affinity to factor H and encoded by
erp-loct localised on each of the cp32 plasmids. Lyme dis-
ease spirochetes control Erp synthesis throughout the bac-
terial infectious tabacycle, producing the proteins during
the infection of the host but downregulating thelr synthe-
sis during tick Infection stage. The best-characterized
members are OspE and OspF proteins [33], their paralo-
gues OspE/F-related proteins [34] and a group of OspE/
F-like leader peptides (Elps) [35].

OspA, OspB and TROSPA

Earlier work had indicated that OspA and OspB are the
major Borrella glycosylated proteins [36], yet a later study
showed that the suggested N-linked glycosylation does not
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occur [37]. Colonization of ticks by spirochetes requires
the involvement of tick receptor(s). Although a tick recep-
tor for OspB has not yet been identified, the tick receptor
for OspA (TROSPA) is located in the tick gut and is heav-
ily glycosylated. The blockade of TROSPA by TROSPA
antisera or by downregulation of TROSPA via RNAI re-
duced B. burgdorferi adherence to the tick gut, hampering
the spirochete transmission to the mammalian host. The
number of potential posttranslational modification sites in
TROSPA s unusually high (> 30), with a predominance of

O-glycosylation sites [25].

OspC and Salp15

When transmitted from the tick vector to the host, Borrelia
are delivered within the tick saliva. Tick saliva contains a
plethora of bloactive molecules, which have been shown to
be important for immunosuppression of the host responses
[28]. One of the secreted salivary proteins is Salp15 [29].
This protein specifically interacts with B. burgdorferi OspC
which results in the protection of Borrelia from
antibody-mediated killing and plays a critical role in estab-
lishing B. burgdorfer! infection [27]. \Whereas no data exists
about the potential glycosylation of OspC, the glycosylation
of Salpl5 was demonstrated experimentally [30]. Salp15
from L ricinus did not deliver the same protection to B,
garinti and B. afzelil against antibody-medated killing [31],
presumably suggesting that the Salpl5 binding for some
species is an advantage for surviving in nature [31]. An
explanation may le in a different structural or spatial
organization of the OspC or Salpl5 molecule causing better
access to the binding sites of each of the molecules in B
burgdorferi. Another hypothesis claims that B. burgdorfert
OspC holds differently charged areas which interact in a
way that favour formation of OspC multimers or even a
lattice [38]. This structure, along with bound Salp15, might
form a protective coating on the bacteria preventing an
access of anti-OspC antibodies or B. burgdorferi antiserum
[27]. In addition to the direct interplay between Salpl5 and
B. burgdorferi, Salpl5 indirectly facilitates the host invaslon
by inhibiting dendritic cell activation by binding to the
receptor/lectin DC-SIGN, localized on the surface of mac-
rophages and dendritic cells [32).

Ixofin3D and Ixodes scapularis dystroglycanike protein

Ixofin3D and L scapudaris  dystroglycan-like protein
(ISDLP) are glycoproteins expressed on the surface of mid-
gut cells which were identifled as candidate tick midgut
binding partners of B. burgdorferi using a yeast surface dis-
play assay [39]. The expression of both [xofin3D and ISDLP
was elevated in Borrelia-infected tick midgut during feed-
ing. Ixofin3D and ISDLP interact with spirochete cells as
was confirmed in vitro by immunofluorescence assay and
RNA interference. The RNAl-mediated reduction in ex-
pression of Ixofin3D and ISDLP resulted in decreased
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spirochete burdens in the tick salivary glands and in the
murine host as well [39, 40]. The full-length Ixofin3D con-
tains four putative fibronectin type 1l domains. Ixofin3D s
glycosylated as shown experimentally by periodic-acid
Schiff's staining of a recombinant protein produced in
Drosophila cells. Even though the importance of Ixofin3D
for Borrelia infection was shown, the borrelial binding part-
ner for [xofin3D has not yet been identified [39].

The binding partner for ISDLP is also yet to be discov-
ered. Like Ixofin3D, ISDLP silencing did not reduce the
spirochete numbers in the gut but the transmigration
process from gut to salivary glands was impaired. The
mechanism remains unknown although the collected
evidence implies that ISDLP may facilitate gut tissue
remodelling or reduced barrier for splrochete transfer to

salivary glands [40).

sl

Tick salivary lectin pathway inhibitor (TSLPI) is a se-
creted sallvary protein that protects Borrelia from
complement-mediated killing, TSLPI facilitates spirochete
transmission and acquisition through interference with the
host mannose-binding lectin (MBL) and inhibition of the
host lectin complement pathway [41]. N-linked glycosyla-
tion of recombinant Drosophila-expressed TSLPI appeared
to be vital for its function as a lectin pathway inhibitor,
suggesting that TSLPI N-glycans are involved in its binding
to MBL carbohydrate recognition domains [42, 43].

Borrelia adhesins and extracellular matrix

Adhesion Is the first and basic event in establishing an
infection. The Borrelia cell surface Is, at the time of host
invasion, covered by adheslon proteins that can recognize
and bind to various host cell types and/or extracellular
matrix (ECM) components and thus promote Borrella dis-
semination and settlement In various comers of the host
body. Although Borrelia adhesins are not glycosylated, the
presence of glycosylation has been confirmed in their tick
receptors, suggesting a significant role of glycosylation in
adhesin-receptor interaction.

Borrelia burgdorferi encodes a variety of adhesins and
thelr characterization and role in the Borrelia infection
cycle using different approaches was thoroughly described
in a review by Coburn et al. [44]. With regard to their
overlapping roles in Borrelia adhesion to the host tissue, it
is important to note that only the concerted action of
various adhesins guarantees an effective adhesion and
transmigration of spirechetes to different hosts and their
tissues [44].

A short overview of host ECM proteins
Glycosaminoglycans

Several ECM-associated molecules are specifically targeted
by Borrelia adhesins. Exceptionally important seem to be
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the glycosaminoglycans (GAGs), large linear polysaccha-
rides constructed of repeating disaccharide units (e.g. hya-
luronan, chondroitin, dermatan, heparan, keratan) that
decorate the ECM proteins. GAG chains are abundantly
modified by sulphurylation, which imparts them a strong
negative charge [45]. Numerous studies have shown that
binding of GAGs by B. burgdorferi enables colonization of
the host [46].

Fibronectin

A relevant ECM-associated molecule for B burgdorfert
attachment s fibronectin (Fn), a high-molecular weight,
dimeric glycoprotein found in body fluids and in the
ECM. Borrella burgdorferi fails to bind to the ECM in
vitro upon exposure to an antl-Fn antibody, Implicating
the Fn involvement in Borrelia attachment [47].

Decorins

Decorins are ubiguitous ECM proteoglycans, which are
assoclated with collagen fibrils in the mammalian con-
nective tissues [48]. Decorins are complex glycoproteins;
apart from serine linked GAG chain, they are also modi-
fied by up to 3 N-glycans [49, 50]. Numerous studies asso-
clate decorins with Borrelia adhesin attachment and
interestingly, the binding is promoted by intact decorin
proteogiycan molecule rather than its protein core or
GAG chain itself [48].

Laminin
Laminin is a large extracellular matrix multidomain glyco-
protein. It is a critical molecule in the basement mem-
brane assembly and, by extension, in tissue formation in
the developing organism [51). Besides its role in basement
membrane architecture, it also mediates cellular interac-
tions and provides a dense network for various cellular
signalling and attachment events. The existence of differ-
ent laminin isoforms gives space to developmental regula-
tions mediated by differential responses to cells and newly
forming tissues. Laminin, as well as other ECM forming
molecules, possesses numerous glycosylation sites and its
maolecule is modified up to 32 % by N-linked glycans [52].
The carbohydrate portion of Laminin was proven to
be a mediator of attachment in several bacterial species
[53]. Laminin is also a potent target of several borrelial
adhesins [54-56] although the direct involvement of the
laminin carbohydrate molety has not been reported yet.

Integrins

Integrins are glycosylated cell surface receptors mediating
cell adhesions to the extracellular matrix and some
important cell-cell interactions [57]. The presence of
N-linked glycans in integrin molecule proves integral for
the stabllity of the domain conformation and consequently
affects integrin adhesive properties [58]. Integrins possess
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a typical heterodimeric structure combining different «
and P polypeptide chains and their combination deter-
mines the specificity of integrins [59]. Integrins are
expressed on all mammalian cells except erythrocytes.
The expression of different integrin subtypes produces
unique cell surface signature of each cell type [60].

Borrelia adhesins

Vsps

Relapsing fever Borrelia, unlike Lyme disease-causing
Borrella, are vectored by soft ticks of the genus Omitho-
doros. They are present in the blood of the mammalian
host in high numbers which lead to high fevers followed
by bouts of relapses. They recognize glycosaminoglycans
(GAG), which mediates the attachment of Borrella to
mammalian cells. GAG recognition is partly dependent
on the presence of some of the varfable small proteins
(Vsps). Borrelia turicatae, a relapsing fever borrelia that
is vectored by O. turicata, recognizes GAGs via VspB
which allows binding of B. turicatae to cultured mam-
malian cells as well as increased spread and replication
in the mammalian host. Borrelia hermsii also attaches to
cultured mammalian cells via GAGs; however, Vsps are
not essential for this binding [61].

After the feeding of Q. hermsi with B hermsii-infected
blood, the bacteria switched from expression of many
bloodstream outer surface variable major proteins (Vmps)
to a unique protein, varfable tick protein (Vip, Vsp33) [62).

BBK32, RevA and Cl-inhibitor
Borrella  bwgdorferi  expresses  at least  two
fibrinogen-binding proteins, BBK32 [63] and RevA [64).
BBK32 s a protein, whose attenuation does not block the
spirochete transmission from the tick to the host [65], but
lowers the bacterial loads in different tissues at different
tme points of infection [66]. Borrelia burgdorferi also
attaches to endothelium in the vascular system through
fibrinogen (Fn) and this interaction becomes stronger with
increasing blood flow, allowing the splrochete to over-
come fluid shear stress [67]. These stabilizing interactions
are sustalned by catch bond properties of BBK32 [68].
Following the binding to Fn, BEK32 binds to various kinds
of GAGs, including heparin sulphates and dermatan
sulphates of the host ECM [69-71]. It also seems to be
involved in the modulation of the innate immunity. In
particular, BBK32 binds the C1 complex of the classical in-
nate immunity pathway, preventing its activation and thus
obstructing classical pathway-medsated Borrelia lysis [72].
As B. burgdorferi BBK32 mutants are still able to bind
fibronectin, an additional Fn-binding protein, RevA, was
identified [58]. RevA expression on the Borrelia cell
surface was upregulated in mammalian host compared to
the tick vector. Furthermore, Borrelia-infected patients
produced anti-RevA antibodies throughout various stages
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of Lyme disease suggesting its involvement in Lyme
disease establishment and persistence in the host. RevA
appears to have multiple binding sites which Borrella uses
to bind host cells via Fn [46, 73].

DbpA/DbpB

Decorin-binding proteins A and B (DbpA and DbpB) are
adhesins found on the surface of B. burgdorferi [20, 45].
These proteins are critical for the virulence of B. bhurgdorfert
[74, 75). New data suggests that the decorin-binding pro-
teins actually do not bind directly to the decorin protein
core but interact with decorin via GAGs that are attached
to the protein [76-78]. The binding studies of DbpA and
DbpB from different Borrella genospedes showed that
there are clear differences in the decorin binding activity
and that these differences may ultimately lead to the differ-
ences In tissue tropism and clinical manifestations associ-
ated with particular Borrelia genospedies [76, 79]. In vivo
functional studies demonstrated the importance of DbpA/B
adhesins for Borrella invasion of the mammalian host espe-
cially in the early stages of infection [80].

Bgp

Borrelia burgdorferi glycosaminoglycan binding protein
(Bgp) is a surface-exposed protein on intact spirochetes
[70]. Recombinant Bgp bound the same GAG as the
whole spirochete, agglutinated erythrocytes and inhib-
ited binding of B. burgdorferi to the mammalian cells. A
transposon mutant of the Bgp gene had less ability to ad-
here to host endothelial and epithelial cells in vitro and
to colonize host target tissues leading to the reduced in-
flammatory manifestation of Lyme disease in the mouse
model. The adherence was not fully disrupted due to the
existence of other GAG-binding adhesins which facilitate
host colonization and also highlights the importance of
Borrelia GAG-binding ability for the completion of the
infection cycle [81]. Although the Bgp attachment to
GAG Is not essential for disease establishment, the pro-
tein appears to be involved in the formation of an initial
infectious niche in the host. Different spirochetes strains
possess different GAG-binding preferences and their
binding ability to multiple cells depends on the GAGs
that they express [76].

BmpA

BmpA (Borrelia membrane protein A) and its three para-
logues B, C, and D are all laminin-binding borrelial outer
surface proteins [82]. Like other Borrelia surface proteins,
BmpA is also antigenic. All bmp genes are located on the
Borrelia chromosome, arranged in clusters that are differ-
entially regulated [83). The involvement in the develop-
ment of arthritis in the mouse model was described for
two Bmp proteins, BmpA and BmpB [84].
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Borrelia adhesins and integrin-mediated interactions
Borrella binds to host endothelial cells via the inter-
action of integrins oy P ayfy, and avf, with Borrelia
surface adhesing [59, 85]. It was also described that the
causative agent of relapsing fever, B. hermsil, binds to
human platelets promoted by the platelet glycoprotein
integrin aysPs and is diminished by ayefs antagonists or
by a genetic defect in this integrin [86].

P66

P66 Is one of the candidate ligands for Ps-chain integrins
(eg. aypfa, ayPy) [87]. P66 also functions as a porin [88, 89],
and structural predictions, as well as some experimental
data, present the molecule as porin assuming the structure
of B-barrel [90].

P66 mutants showed a dramatically reduced ability to
attach to integrin ayf; [91]. Endothelial cells responded to
wild-type Borrelia infection by upregulation of endothelial
growth factor compared to a control infection with a Pé6
deletion mutant. The ability of P66 mutants to transmi-
grate through the cell monolayer was impaired, which
suggests the role of P66 In Borrelia transendothelial
migration, although its porin function does not play a role
in the migration process [92].

Mammalian integrins typically contain an RGD (Arg--
Gly-Asp tripeptide) consensus sequence in thelr binding
domain, where aspartic acid is a key binding amino acid.
P66 lacks this sequence; however, residues 205 and
207 of its 203-209 binding region are both aspartic
acid [93]). P66 deletion mutants applied subcutane-
ously are readily cleared out of the site of infection,
which refers to the possible involvement of the innate
immune system and confirms the importance of this
protein for host colonization together with other
studies [94]. However, tick colonization is shown to
be P66-independent [94].

880172

BBO172 is an outer membrane protein containing von
Willebrand factor A domain which mediates intercellular
and protein-protein interactions in ECM. It s, for
example, involved in the attachment of platelets to the
ECM In the site of damaged endothelial epithelium wia
platelet surface glycoprotein [95]. BBO172 showed a weak
interaction with ECM-assockated fibronectin. Importantly,
a strong affinity was observed in the attachment of
BBO172 to ayyf, integrin. Moreover, the affinity was much
stronger than the one observed in the interaction of bor-
relial P66 adhesins with B, chain integrins [95].

Borrelia adhesins interacting with mammalian
complement

Mammalian innate immunity is alerted by a variety of
surface-exposed molecules of Invading pathogens. The
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first encounter of host antibodies with potentially harmful
intruder activates the complement system which assists in
tagging of the pathogen for destruction and also acts on
pathogen clearance tself by the formation of membrane
attack complex. Different pathways of the complement
system progress in a cascade-like manner and its brisk
response to pathogen invasion must be under the control
of regulating mechanisms preventing complement from
attacking host cells.

Invading a host organism, the pathogens have evolved
different strategies to circumvent the immune response.
Many of these strategies are in fact directed against com-
ponents of the complement system. The most widespread
strategy employs molecules recruiting or mimicking the
complement regulators, including the direct interaction of
pathogens with complement proteins leading to the
modulation or inhibition of thelr function or indirectly to
the activation of complement proteins enzymatic degrad-
ation [96].

The complement regulators are represented by several
serum proteins that are able to dampen the activity of
complement and prevent host self-destruction. Two of
them, complement factor H (FH) and its splice homologue
Factor H-like (FHL) inhibit the altemative complement
pathway response using host-|specific surface patterns like
stalic acid or GAGs and thus promoting self-recognition
processes [97, 98].

FH is a plasma glycoprotein containing 9 glycosylation
sites [99] bearing complex, predominantly diantennary
distalylated, fucosylated, and nonfucosylated glycans at
eight of the nine glycosylation sites [100]. Similarly, FHL
is also a plasma glycoprotein [101]. Both proteins pos-
sess a RGD motif which is assigned cell adhesive proper-
ties and thus can modulate cell adhesion. Additionally,
FHL promotes anchorage-dependent cell attachment
and spreading [102].

CRASPs and ERPs

The two complement regulators, FH and FHL are bound
by Borrelta surface proteins hence preventing the activation
at the central step of the complement cascade. Serum re-
sistant Borrella express adhesins on their surface, which are
capable of interfering with different components of the host
complement system leading to the modulation of host im-
mune response and hampering the complement-mediated
spirochete lysis [103, 104].

The two well-characterized types of complement inter-
fering adhesins, complement regulator-acquiring surface
proteins (CRASP) 1 and 2 [105], contral the complement
activity by binding complement regulating molecules such
as FH and FHL-1 [104, 106]. Up to now, five different
CRASPs (CRASP-1 to CRASP-5) have been described and
each of them presents a different binding ability to FH,
FHL-1, or plasminogen [98, 104, 106].
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CRASP-1 (CspA, BBA6B) has been studied the most
extensively. It shows a strong affinity to the complement
regulators which inactivate the complement response
very efficiently [106, 107].

The expression of CRASP-1 Is repressed in the tick
vector and increases in the mammalian host, which sug-
gests its role in spirochete transmission and evasion of
the host immune response [108, 109]. CRASP-1 also
confers serum resistance to B. burgdorferi. The role of
CRASP-1 in complement inactivation is evident in the
CRASP-1 knockout-mutants which inefficiently bound
human FHL and attracted complement constituents
more readily [110, 111].

Apart from B. bawariensis, all studied Borrella species
possess CRASP-1 orthologues conferring complement
inactivation [112, 113]. The orthologues belong to the
same protein family although the encoding genes do not
share the same locus with the B. buwygdorferi CspA [98].

CRASP-2 (CspZ) is another Borrelia adhesin binding
both FH and FHL-1 independently of CRASP-1 and
reinforcing Borrella complement resistance [114, 115].
The CRASP-2 expression fluctuates in a somewhat similar
manner to CRASP-1 during the Borrella infectious cycle.
Like CRASP-1, CRASP-2 is also upregulated during an
established mammalian infection and is able to activate
antibody-mediated immune response [116], which makes
this adhesin important for the diagnosis of Lyme disease
infection. The triggered immune response does not,
however, provide the host with protective immunity and
has no effect on spirochete dissemination [117].

Three members of the polymorphic Erp (OspE/F-re-
lated protein) protein family, ErpA (BBP38, CRASP-5),
ErpC (CRASP-4) and ErpP (BBN38, CRASP-3), are plas-
minogen binding proteins that can simultaneously bind
to FH and FH-related proteins [103, 107, 118-122].

The Erp proteins are most probably involved in different
reservolr hosts infection due to differential binding abil-
itles of particular Erp paralogues [123, 124]. Despite their
complement regulator binding properties, none of the Erp
proteins are necessary for the protection of Borrelia spiro-
chetes against complement-mediated killing; CRASP-1/
CRASP-2 deletion mutants expressing all Erp proteins
were susceptible to serum medéated lysis [119, 120, 125].

Erps are not upregulated during Borrelia transmission
but their expression gradually increases during Lyme dis-
ease progression, suggesting their role during mammalian
infection [125]. Interestingly, Borrella can regulate the
expression of both Erps and CRASPs very dynamically as
different isolates of B. burgdorferi (s.l) reacted differently
to complement-mediated killing [56, 126]. Moreoves,
some of the Erp members present multiple functions
during Borrelia infection. For example, ErpX abiity to
bind complement regulators s complemented by its
laminin binding properties [56]. The overlapping activities
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of Borrelta surface molecules enhance the overall infec-
tious potential of the spirochete.

Borrelia-specific host pattern-recognition receptors and
lectins

Tolike receptors

Recognition of pathogens is mediated by a set of
pattern-recognition receptors (PRRs). The group of
glycosylated proteins that comprise the Toll or Toll-like
receptors family (TLRs) are transmembrane receptors that
function as PRRs in mammals [127]. So far, eleven mem-
bers that potentially participate in the recognition of invad-
ing pathogens have been identified in mammalian genomes
[128] and glycosylation was shown to have a critical role in
TLR presentation on the cell surface [129, 130].

There are several TLR members, whose role in spirochete
recognition has been identified. The well-characterized
TLR2 Is presented on antigen-presenting cells, epithelial
and endothelial cells [131]. It was able to recognize a variety
of ligands and was important for macrophage activation
and further triggering of the immune response In
Borrelia-infected mammalian hosts when stimulated by
OspA [132]. The signal transduction through TLR1/2 In
response to B burgdorferi invasion can elicit opposite
immunoregulatory effects in the blood and CNS immune
cells, affecting the different susceptibility of these compart-
ments to infection [127].

TLR4 is expressed in macrophages and dendritic cells
[130] and s upregulated upon Borrella Infection or stimu-
lation by OspC [133, 134] and its main ligands are lipo-
polysaccharides (LPS) from gram-negative bacteria [135].
The role of TLR4 in Borrelia recognition remains unclear
as B. burgdorferi does not express LPS on Its surface.

TLRY Is responsible for recognition and further endoso-
mal/lysosomal intemalization of CpG meotifs in bacterial
DNA [136]. This process has been observed in sonicated
Borrella, which promoted the activation of murine cells
via TLRY [137].

Nucleotide-oligomerization domain-like receptors
Nucleotide-oligomerization  domain-like  receptors
(NOD-like receptors or NLR) are a group of intracellular
PRRs, capable of binding bacterial muropeptides, the
molecules derived from bacterial peptidoglycans [138].
Together with TLRs, NOD-like receptors are crucial for
recognition of Borrelia species. Contrary to other PRR
families, NLRs bind bacterial ligands Intracellularly, Le.
they are able to recognize the pathogen-associated mo-
lecular patterns (PAMPs) that enter the cell via phago-
cytosis or through the membrane pores induced during
cellular stress [139].

There are several NLR protein members that can bind
carbohydrate-associated PAMPs, although only a few of
them were directly observed to be involved in Lyme
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disease. NODI1 and NOD?2 receptors are the most exten-
sively investigated major PRRs [138, 140].

Borrelia-infected primary murine astrocytes upregulated
NOD-proteins upon exposure to some TLR-ligands [138],
while murine primary microglia infected by Borrelia only
upregulated NOD2 and not the NOD1 [141]. NOD2 activa-
tion by Borrelia stimulated inflammatory cytokines release.
Thelr activities are assigned to a host proinflammatory
response, although thelr particular role in Lyme disease
establishment remains unknown [142). NOD2 stimulation
by Borrelia induces inflammation during the early stages of
Lyme disease but induces tolerance and suppresses B. burg-
dorferi-mediated Lyme arthritis and carditls in mice during
Iater phases of infection [143]. Borrelia recognition in the
host is conferred by the combined action of TLR and
NOD2. The activation of both receptors at a time by Borre-
lia specles Is essentlal for an effective cytokine release. It
has been concluded that TLR2 and NOD2 co-recognition
of Borrelia surface receptors leads to both induction of a
proper immune response and to Inflammatory-induced
pathology [144].

C-type lectin receptors
A family of calcium-dependent receptors that bind carbo-
hydrate ligands include both soluble and cell-associated
(transmembrane) lecting in vertebrates. C-type lectin recep-
tors (CLRs) expressed by dendritic cells are crucial for tai-
loring immune response to pathogens. The transmembrane
type is predominantly expressed by antigen-presenting cells
functioning as PRRs recognizing PAMPs in bacteria [128].
Currently, 17 CLR subfamilies are described in vertebrates.
Mannose receptor represents a subgroup of CLRs bind-
ing mannose-containing bactertal transmembrane PAMPs.
CLRs are involved in the recognition and phagocytosis of
several microorganisms including B. burgdorfert. In particu-
lar, CLRs were upregulated in dendritic cells after B
burgdorfer! activation and facilitated phagocytosis of B
burgdorferi by monocytes and macrophages [128]). How-
ever, the recognized borrelial protein is yet to be identified.

Surface glycolipids of Borrelia burgdorferi

Borrelia have an unusual composition of glycolipids
in their outer membrane; they synthesize mono-a-
galactosyl-diacylglycerol (MGalD) and cholesterol de-
rived glycolipids cholesteryl-f-D-galacto-pyranoside,
cholesteryl  6-O-acyl-f-D-galactopyrancside (ACG), or
cholesteryl 6-O-palmitoyl-B-D-galactopyranocside (ACGal/
BbGL-1) [145-147].

The Borrelia glycoliplds induce Inflammatory reactions;
in particular, two glycolipids ACGal/BbGL-1 and MGalD/
BbGL-1I, are probably immunogenic [145, 148]. The
immunogenic epitope Is recognized in the lipid part of the
glycoliplds [149]. An important constituent of the im-
munogenic epitope 5 the a-linked terminally bound
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galactose which is recognized by the T-cell receptor of
invariant natural killer T cells (NKT) [150]. This then pro-
motes their activation as well as the proliferation of Lyme
disease-directed antibodies [151-153] which recognize
glycolipids in the cell membrane of Borrelia but also Ekrli-
chia [154]. Importantly, the induced antibodies against the
glycolipid fraction cross-react with gangliosides, which
explains the phenomenon of neuroborrellosls [155].

The glycolipid recognition by invariant NKT cells seems
to be an alternative system for innate immune system acti-
vation by bacteria lacking LPS, an otherwise typical anti-
genic determinant of most gram-negative bacteria [156].

Barrelia bind to GalCer (galactosylceramide) on Schwan
cells [157], LacCer (lactosylceramide), ceramide trihexo-
side and gangliosides GD1a and GT1b. Moreover, Barrelia
displays a specific affinity to disialoganglioside GD1a and
trisialoganglioside GT1b carrying slalic acid. The ability to
bind such a wide range of glycosphingolipids might
provide an explanation for its ability to adhere to a wide
spectrum of different cell types [158]. Borrelia did not
bind gangliosides GM1, GD1b, GM2, GM3 and
asialo-GM1 implying the requirement for terminally
bound sialic acid in ganglicside recognized epitope and
demonstrates the specific character of Borrelia and addic
gangliosides interaction. Interestingly, adhesion to GDla
and GT1b, as well as GalCer or LacCer was not compro-
mised by free sialic acid, galactose or lactose, respectively
[158, 159]. Conversely, GalCer-binding sites were satur-
able using free GalCer in CHO-K1 cells preventing spiro-
chetes from attachment [148].

Vector-host glycosylated interactions

Similarly to Barrelia, the tick’s successful evasion of the
host response depends on its ability to conceal its
activities from the host immune system. The pursuit of
successful feeding drove ticks to equip their saliva with
multiple pharmacologically active molecules which feature
immunomodulatory activities. The myriad of diverse
functions include cytolysis, vasodilatation, anticoagulation,
anti-inflammation and immunosuppression. The compre-
hensive list of tick pharmacologically active salivary gland
molecules is presented in a recent review [28].

P672 and CCL8

P672 Is a chemokine binding protein (evasin). Evasins
bind to multiple chemokines of different origin and their
effects are thus pleiotropic. To date, several evasins origin-
ating in tick saliva have been identified [160, 161] and they
inhibit responses of many chemokine sensitive molecules
including neutrophiles or macrophages, which have been
demonstrated in several tick species [28]. P672 was
originally identified in Riupicephalus pulchellus and its
promiscucus binding abilities assign it 13 different chemo-
kine partners showing different dissociation constants.
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Mass spectrometric characterisation revealed the presence
of several N-linked glycans and their deprival negatively
influences the affinity of P672 to CCLS, although the
underlying mechanism of this observation is yet to be
uncovered [162].

Protease inhibitors

Many of the tick salivary proteins are glycosylated [163].
While the exact structure of the glycans attached to these
proteins has not been studied, research has concentrated
on the role of glycosylation with regard to the recognition
of glycans by host immune systems. The importance of
the glycan part for antibody recognition was shown for
several proteins, such as AamSé serpin [164), R. microplus
serpins [165] or evasins 1 and 3 [166] confirming the need
to use of glycosylated recombinant proteins in anti-tick
vaccine preparations.

For proteins, where the role of glycosylation for the
protein function was not confirmed, masking of the tick
proteins antigenic epitopes and thus minimization of the
immune response was speculated as the role of glycosyl-
ation [166].

Serpin 19

Serpin 19 is a serine protease inhibitor identified in the
saliva of Amblyomma americanum. Serpin 19 displays a
broad range of inhibitory activities: it interferes with the
host homeostasis, coagulation and the development of
inflammatory response. Importantly, the activity of many
serine proteases is both positively and negatively regulated
when bound to GAGs [167-169] and serpin 19 also con-
tains several predicted GAG binding motives [170]. The
functional validation further confirmed its GAG-binding
properties and also extended the list of binding partners
with heparin sulphate and heparin [170].

Variegin

The inhibition of blood coagulation cascade represents an
impartant property of tick saliva that facilitates successful
engorgement on the host. Variegin is a small
thrombin-binding oligopeptide isolated from A. variega-
fwm salivary glands. During tick feeding, variegin binds
thrombin and disables its fibrinolytic activity and thus
blocks the blood coagulation cascade. Despite its small
size, varlegin possesses a single O-linked glycan [171]. The
synthetic O-glycosylated variegin analogues show signifi-
cantly higher affinity to thrombin and consequently lower
reaction kinetics of thrombin-mediated fibrinogenolysis
compared to the non-glycosylated form, confirming the
impaortance of its glycosylation. The functional analysis of
the inhibition mechanism using macromolecular docking
revealed the formation of some favourable hydrogen
bonds between hydroxyl groups of the glycan and the
allosterically important sites of thrombin [172].
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Glycosylation in the Anaplasma infection cycle
Anaplasma is a genus of gram-negative rickettsial

bacteria. They are obligate intracellular parasites infect-
ing mammals including many domestic animals. The
infection causes a reduction of the animal’s body weight,
abortions, reduces milk production and frequently leads
to death [173-175]. In humans, A. phagocytophilum is
the only confirmed pathogenic species causing human
granulocytic anaplasmosis. Patlents suffer from fever,
headache, myalglas, chills, leukopenia, thrombaocytopenia
and liver damage manifested by elevated liver enzymes
in serum [176]. The symptoms are usually mild but for
some individuals, e.g. patients with a weakened immune
system, it can be fatal. The infected vertebrate host
serves as a reservolr where the bacterium can proliferate
for many years and infect naive ticks [177].

The main vectors of the genus Anaplasma are ticks,
especially species of the genera Ixodes, Dermacentor, Rhipi-
cephalus and Amblyomma [178, 179]. The initial phase of
the infection during colonization of the host is the recogni-
tion of a suitable cell, attachment onto this cell, and entry
into it. This process is facllitated by several specialized
bacterfal proteins (adhesins/invasing) that can recognize
host surface molecules induding glycans and glycoproteins
and initiate signalling cascades to promote pathogen intern-
alization. Anaplasma spp. express several surface proteins
which are involved in binding to glycosylated host cells
receptors and thus in the infection of the host and tick cells.
These differ in glycan specificity and importance for the
infection of vartous hosts and host cell types.

Anaplasma glycoprotein-binding surface proteins

As an Intracellular pathogen, Anaplasma depends on a
host cell to survive. Anaplasma infects two different types
{groups) of organisms: the tick vector and the mammalian
hosts, with various cell types being infected by the patho-
gen. Recognition of the cell type and of the infected organ-
ism is provided through binding of surface glycan epitopes
or even several epitopes on a glycoprotein molecules.

Two groups of Anaplasma surface proteins were shown
to recognize tick or host glycoproteins: outer membeane
proteins (Omps) and major surface proteins (MSPs).

OmpA belongs to highly conserved genes among A.
phagocytophilum isolates and is transcriptionally induced
during feeding of A. phagocytophilum-infected ticks on
mice and also during the invasion of mammalian but not
tick cells [180, 181]. Pre-treatment of A. phagocytophilum
or A. marginale bacterta with the respective OmpA
antiserum reduces their ability to infect mammalian cells
[181, 182]. Also, preincubation of mammalian cells with a
recombinant ApOmpA effectively inhibits A. phagocyto-
philum infection of host cells.

Glycoproteins containing «l,3-fucose and either sLex
or 6-sulfo sLex on host cells are recognized by the outer
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membrane protein A (ApOmpA) of A. phagocytophitlum
[180, 181]. On the other hand, OmpA of A. marginale

(AmOmpA), a species non-pathogenic for humans, binds
only al,3-fucose and sLex but not 6-sulfo-sLex glycans.
Anaplasma marginale also produces AmOmpA in both
the infected mammalian and tick cells. Pre-treatment of
host cells with sialidase or trypsin reduces or nearly elimi-
nates OmpA adhesion. Therefore, AmOmpA interacts
with slalylated glycoproteins via an adhesin-receptor pair.
Thus, both AmOmpA and ApOmpA recognize different
receptor molecules even though these receptors share
some structural simiarity and thus provide a similar fune-
tion to these two bacterial species [182].

Structures of A marginale and A phagocytophilum
OmpA proteins are very similar and their binding
domains are structurally conserved. The OmpA binding
domaln was Identified within amino acids 59 to 74 and it
is responsible for the recognition of a2,3-bound skalic acid
and al,3-fucose [180]. A recent study by Hebert et al
[182] describes the OmpA receptor-binding domain
between the amino aclds 19 to 74.

Another group of surface proteins interacting with
host (glycosylated) molecules are the major surface
proteins (MSPs) that are involved in the adhesion of
host cells and the immunological reaction of the host
[183-187]. MSP1 protein with its vartants a, B1, and p2
and the MSP3 protein are present in A. marginale, while
MSP2 and MSP4 in both A. marginale and A. phagocyto-
philum [188). The MSP1 complex consists of two poly-
peptides MSPla and MSP1b and both polypeptides
participate in adheslon processes to both tick cells and
bovine erythrocytes [183-186].

Similarly to OmpA, these proteins show glycan-binding
activity. Anaplasma marginale MSP1 and MSP2 can hem-
agglutinate bovine erythrocytes [184] suggesting recogni-
tion of some erythrocyte surface saccharide molecules.
Recombinant forms of the MSP1 soforms are glycosyl-
ated; MSPla recombinant glycoprotein contains glucose,
galactose, mannose and xylose, while MSP1b contains
glucose, galactose and mannose. The functional domain of
MSP1a contains tandemly repeated peptides that are im-
portant for adhesion to tick cells and bovine erythrocytes.
The MSP1a polypeptide backbone alone shows binding
to tick cell extract proteins and the glycan in its
N-terminus enhances this binding [189, 190]. The
MSP2 protein binds to the mammalian PSGL-1 [191]
and thus can be responsible for the above mentioned
Anaplasma recognition of skalic acid on this protein. A
hypervariable reglon s present in the middle of the
MSP2 gene which allows the bacterium to express
various paralogs of the protein on its surface, possibly
enhancing immune system evasion [192, 193]. However,
the glycan binding abilities of the various MSP2 para-
logs were not studied.
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In addition to the above-described receptor molecules,
two other proteins, Aspl4 and AipA, were found to be
acting together with OmpA during the infection of host
cells. However, neither of these two proteins were shown
to bind glycans nor to be glycosylated [180]. Finally, dur-
ing the past ten years, other novel A. phagocytophiium
surface proteins Asp55, Asp62 and APH_1235, with pos-
sible function as adhesing and invasins have been identi-
fied [194-196]; however, their receptor molecules remain
unknown.

Anaplasma-host interactions

A confirmation of Anaplasma recognition of host-surface
glycans came by Goodman et al. [197] showing binding of
A phagocytophilum to the cell surface of the promyelocytic
leukaemia cell line HL-60. Bacterfal binding to the cell
surface correlates with the expression of the sialyl Lewis x
{sLex) or a closely related 6-sulpho sLex glycan-containing
molecules glycan and al,3-fucosylated molecules. On the
other hand, «l.3-fucosylated glycans but not slalylated gly-
cans, are essential for the Infection of murine and human
mast cells by A phagocytophilion [180, 198]. These glycan
epitopes are important for Anaplasma in vive as has been
shown by Carlyon et al. [199].

The protein part bearing the recognized glycans can be
also important; thus, not any glycan molecule is recog-
nized, only the one found on a specific protein. In humans
and animal hosts, A. phagocytophilum exhibits, amongst
others, a tropism for myeloid cells. As an adhesion
molecule involved in the binding to the surface of human
neutrophills, the P-selectin glycoprotein ligand-1, PSGL-1,
has been identified [197, 199-202]. In the case of human
PSGL-1, A. phagocytophilum cooperatively binds to a
short amino acid sequence in its N-terminal reglon and an
O-glycan containing a stalyl Lewis x (sLex) on PSGL-1
(NeuAca2,3Galpl 4[Fucal 3]GlcNac) [202] or on another
molecule. On the other hand, PSGL-1 s not the major
ligand in mice [199, 200]. Thus, the terminal or core
«l,3-fucosylated glycans seem to be a generally recognized
receptor, while sialylated glycans and PSGL-1 enhance the
infection of diverse types of mammalian host cells.

Anaplasma-vector interactions

In the pathogen-tick relationship, several tick glycosylated
maolecules can be induced In the presence of a pathogen
in the tick tissues and help the pathogen to colonize the
tick or enhance its infection. For example, a1,3-core-fuco-
sylated glycans are required for tick colonization by A.
phagocytophilum and silencing of the responsible fucosyl-
transferases results in the absence of Anaplasma in the
infected ticks. To Increase the number of its receptors in
the tick, A. phagocytophilum induces the expression of
«l,3-fucosyltransferases to enhance the colonization of £
scapularis ticks. Therefore, a 13-fucose is a unifying
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determinant that A phagocytophilum targets to infect its
natural murine and arthropod reservoirs and accidental
human hosts as well. In addition, the presence or absence
of these glycans does not affect the transmission of the
pathogen from the tick vector to the vertebrate host
While the infection of the tick by Anaplasma depends on
the presence of al3-core-fucosylated glycans, these
epitopes do not seem to be important for the infection by
another tick-borne pathogen, B. burgdorfer! [203].

Furthermore, tandem repeat peptides of the MSPla
functional domain are important for the adhesion of bac-
teria to tick cells and the glycosylation of MSP1a probably
plays a role during the adheslon of A. marginale to tick
cells [189, 190].

Colonization of the tick by pathogens depends on the
tick life-cycle; one of the crucial steps Is the colonization
of the midgut or survival in the midgut in the process of
the blood meal digestion. For successful colonkzation, the
tick midgut peritrophic matrix (PM) and bacterial biofilms
formed in the midgut are critical. The PM forms a barrier
between the midgut lumen and the epithelial cells lining
the luminal side of the midgut and is formed by a thick
matrix of mostly chitin with various proteins, such as
chitin deacetylase, and glycoproteins [204]. One of the
bacteria depending on the biofilm formation in the [
scapularis tick midgut is A phagocytophilum. The
presence of this bacterium affects the midgut microblal
community and blofilm composition and It also decreases
the expression of several genes for the glycoprotein
peritrophin, one of the major PM components. This
results also In decreased PM thickness. Furthermore,
RNAI silencing of these genes significantly enhanced Ana-
plasma colonization of the tick [205]. Anaplasma further
enhances its chances for a successful colonization of L sca-
pudaris ticks by induction of an antifreeze protein (IAFGP)
during the infection of ticks [205]. This secreted antifreeze
glycoprotein inhibits bacterial blofilm formation through
binding to the D-alanine residue of some bacteria peptido-
glycan and was induced in response to Anaplasma
infection [206, 207]. [AFGP expression resulted in thin-
ning of the tick midgut PM and RNAI sllencing of lafgy
gene resulted in the absence of Amaplasma in the tick
midgut [205].

Tick lectins

Ticks, like other arthropods, lack specific adaptive
immunity. To defend themselves against invading micro-
organisms, ticks use the evolutionarily older nonspecific
innate Immune system, induding both cellular and
humoral immune responses. Cellular immune reactions
involve haemocytes capable of phagocytosis, encapsulation
or nodulation of foreign microorganisms and particles.
The humoral immune response involves a range of
non-specific pathogen-recognizing defence systems: PRRs,
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lectins, complement-like molecules, pro-phenoloxidase
activation, haemolymph coagulation factors, antimicrobial
peptides, reactive oxygen species, etc. Some of these
molecules which function as mediators in the innate

immune response are glycosylated and/or may recognize
glycan-containing epitopes, eg. recognition receptors for
pathogens, complement-related molecules, or lecting
(Table 3). In mammals, lectins play an important role in
the recognition of specific glycosylated surface molecules
of a variety of pathogens (PAMPs) and subsequent activa-
tion of the lectin pathway [208, 209]. MBL or ficolins
known to recognize N-acetyl groups [210] serve as the
recognition molecules, which are further integrated with
the MBL-associated serine proteases to trigger the com-
plement activation.

Fibrinogen-related proteins
Invertebrates contain a variety of fibrinogen-related
proteins (FRePs), all of them sharing structural similarity
with fibrinogen. A common feature of FRePs is their
glycan-binding activity as they recognize the invading
pathogen through Iits specific glycan epitopes. Their
expression increases upon infection of the invertebrate by
parasites or by pathogens [211, 212] with possibly a spe-
clfic role in complement activation [213]. However, some
of the tick FRePs family proteins (such as ixoderins de-
scribed below) may have various other functions (Table 3).
Dorin M from the soft tick Ornitiiodoras moubata, the
first lectin purified and characterized from any tick
species, shows a stroag similarity to ficolins but lacks the
N-terminal collagen domain [214, 215]. Derin M and its
closest homologue OMFREP, also from O. moubata, share
sequence similarity with the innate Immune FRePs
Tachylectin 5A and B from the horseshoe crab, Tachypleus
tridentatus [215, 216]. It has a binding activity for sialic
acid [214], its conjugates and N-acetyl-hexosamines. The
protein has three N-glycosylation sites modified by
high-mannose type glycans and  core-fucosylated
paucimannose glycans [217]. Other FRePs were later iden-
tifled in the haemolymph of D. marginatus, R. appendicu-
latus, R pulchellus and R. sanguinewus based on the
cross-reactivity with sera directed against Dorin M [218].
The hard tick I ricinus contains several FReP encoding
sequences in its genome (ixoderins A, B and C) and their
analogues are present in I scapularis as well. While pro-
teins similar to ixoderins A and C are present also in other
tick species, ixoderin B-like proteins are found only in the
genus fxodes. All these proteins contain predicted glyco-
sylation sites and they contain the fibrinogen-like domain
with carbohydrate-binding properties [213, 215]. In [
ricinus, the expression of ixoderin A Is restricted to
haemocytes, salivary glands, and midgut while ixoderin B
is only expressed in salivary glands [215]. As expected
based on published information on other invertebrate
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Table 3 Ovenview of identified tick lecting. Lecting identified in different tick species are listed including the tissue where the lectin
was identified. Lectin binding specificity, its function and molecuar weight are also ksted if known

Lextin Species Tick tissue Spedficity MW Function Reference
W23}

Gakecting (OmGaed G moubare Haemocytes,  Lactosamine-like 374 Putative functions in tick development, [221)
midqut, 5G, disaccharodes immunity, and vector-pathogen NTeRaion
ovares

Dorin M G moubare Haemocytes  N-acetyl-D-hexosamines  na Fattern recognition mokecules [214]

and Sigic acd specific

OMFREP QG moubare Hemalymph,  Probably similar 1o na Prabably similar to Dovin M [215)
saivary gands Dorn M

Iodedin A A nainus Hemalymon,  Peptidoghcan na Putative defence peotein, identification [215, 219)
safivary glands, recognition protein? of self-inon-self tssues
mdgut

Inodedin B A nginus Salivary glands  Unknown na Unknown putative immuncmodulatony [215 219

furction

Hemelipogiweoprotein O magvalus  Haemodytes,  Galacrose- and mannase- 290, 2 Putative innate immunity [220]
safivary glands, binding specficty subunins
ot

Unknown lectin ). nicinus Gut, Salc adid, N-acetyl 85 Putative recognition malecule [233]
hemolmph  glucosamine

Unknown lectin ) niginus 535 Salc adig N Unknown [233]

TSP ) scapusans Unkncan Mannan na Unknoawn [42]

HICLec H fangicomis  MidQul ovary  Unknown 602 Unkngwn [223]

Sermpin 19 A americonuam  Saliva GAGS 430 Sedine protease inhititor [170]

Abbrevianions. MW molecudar weight, na not avalable

FRePs, ixoderins are also involved in defence against path-
ogens. Namely, ixoderins A and B are involved in phago-
cytosis of some pathogens as shown for Candida albicans
[219]. On the other hand, knockdown of these two ixoder-
ins did not affect the phagocytosis of the tick-transmitted
B. afzelli and knockdown of all three ixoderins does not
affect its transmission [219]. The reason can be the miss-
ing proteln glycosylation and thus the binding site for
these lecting on the Borrelia surface [37]. Ixoderins and
FRePs can be involved in other processes as well; ixederin
B may be involved in the matrix attachment processes and
angiogenesis inhibition. Alternatively, it may antagonize
the effect of host ficolin [215].

Finally, one of the tick storage proteins, hemelipogly-
coprotein, from several hard tick species seems to share
a structural similarity to FRePs with its primary se-
quence showing a high similarity to the fibrinogen do-
main [218, 220].

Other tick lectins

OmGalec from the soft tick O. moubata is the first
member of galectin family identified in ticks with the
specificity towards B1-3 and B1-4 bound galactose to
GleNAg, and Gle and al-3 bound galactose to GalNAc
[221]. Similar proteins are also present in R appendicu-
latus and I scapularis [188]). OmGalec contains two
carbohydrate-binding domains which share low se-
quence similarity and thus possibly possesses a different

saccharide-specificity. The protein is expressed in vari-
ous life-stages and tissues, with the highest expression in
haemocytes, midguts and ovaries [221]. It has been
shown that galecting play a vital role in immune homeo-
stasis by being pathogen recognition receptors [222].

C-type lectins are also present in the available tick ge-
nomes and transcriptomes [223, 224]. The only charac-
terized C-type lectin from Haemaphysalis longicornis
{HICLec) contains three varlous carbohydrate-binding
domains. Each of them has been shown to recognize the
bacterla E coll and S. aureus and participate in the tick
defence against gram-negative bacterta, but they do not
have a direct effect on bacterial growth. HICLec also
affects the blood-feeding process and affects larvae
hatching and mortality. Expression of this lectin is
increased during blood-feeding and is the highest in the
midgut and ovary [223]. In mosquitoes, C-type lectins
influence the midgut colonization by bacteria midgut
microblome [225] and facilitate infection with West Nile
and dengue viruses [226, 227].

Calreticulin  (CRT), a lectin chaperone responsible
malnly for the control and proper folding of glycoproteins,
is conserved in all tick species and is even used as the
biomarker for human tick bites in I scapularis [228). In
blood-feeding parasites, CRTs participate in evasion of the
host defence mechanisms, namely the complement by

binding the Initiator of this pathway, the Clq protein, or
factor Xa participating in the blood coagulation [229]. In
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mammals, CRT on the surface of neutrophils also binds
Clg as well as other Immune-related lectins [230].
Simikarly, the salivary secreted CRT from A. americanum
binds host Clq. On the other hand, it does not bind the
factor Xa and does not inhibit the activation of the
classical complement cascade and host haemostasis. The
A. americanum CRT shares a very high sequence similar-
ity with other tick CRTs and thus similar functions of tick
CRT can be expected [231].

Several other lectins are characterized in L ricinus, but
have not been identified to date: the 37, 60, 65, and 73
kDa lectins from midgut showing haemagglutination
activity [163, 232]. The 37 kDa lectin has a binding specifi-
city towards B1-3 glucan, while the 65 kDa protein binds
bovine submaxillary mucin, containing a complicated
mixture of various glycan structures and more specifically
binds free stalic add. Another lectin s present in haemo-
lymph/haemocytes with a molecular weight of 85 kDa. It
is a C-type lectin with specificity towards sialic acid and
GlcNAc [233). Several other lecting with haemagglutin-
ation activity have also been described In other ticks
induding R. appendiculatus [234, 235], O. tartakovskyi, O.
tholozani and A polonicus [233].

Tick glycans

Regarding the glycans and glycoproteins of blood-feeding
arthropaods, several studies describe these molecules using
lectin staining and other indirect methods. Lectin studies
show the presence of both N- and O-glycosylated proteins
in tick tissues and some glycoproteins have been shown to
be antigenic determinants for the immune response of the
host [236-239]. In recent years, the direct determination
of glycan structures and composition, mostly using mass
spectrometry, has also been published, either from tick
tissues and cells [203, 240] or purified proteins [220]. The
three most interesting glycan structures related to
host-parasite interaction and host immune system reac-
tion are described below; representation of these struc-
tures In a glycan molecule & shown in Fig. 2. An overview
of tick glycans with known structures is listed in Table 4.

Alpha-galactose epitope

Alpha-galactose epitopes (Galal-3Gal; aGal) are abun-
dant on glycolipids and glycoproteins of plants, arthro-
pods and non-primate mammals [241). aGal is a novel
allergen identified first during clinical trials in 2004 in
patients treated with cetuximab, a medical preparation
for metastatic colorectal cancer treatment. Several cases
of hypersensitivity reaction were registered soon after
cetuximab administration into the blood due to the pres-
ence of aGal in its structure. The majority of sensitive
individuals come from a population in south-eastern
USA [242]. Furthermore, the geographical distribution
of cases with cetuximab hypersensitivity corresponded
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to the distribution of red meat allergy cases and tick
prevalence. Additionally, patients with red meat allergy
experienced a tick bite In the months preceding the
allergy symptoms. The causative agent of the aGal
sensitization in the south-eastern reglon of the USA is
the lone star tick A. americanum [243). Red meat allergy
is also linked with I frolocyclus tick bite in the Australian
population [244] . Conversely, a bite by the L scapularis
tick from the same genus in the USA does not seem to
result in red meat allergy [243]. Lastdy, Chinuki et al
[245] described the allergy development upon H. longi-
cornis bite in Japan. Direct evidence on aGal epitopes
presence in L ricinus is provided by Hamsten et al
[246], specifically in the tick midgut. However, the pres-
ence of aGal just in the tick sallva is what is important
for patient sensitization. In this regard, the presence of
undigested complete host proteins and glycoproteins
was described in the tick body and, importantly, in the
tick saliva [240, 246, 247] and thus the presence of aGal
originating in the blood of non-mammalian hosts from
the previous blood-feeding can be expected in the saliva.
The aGal epitope is only known to be present in the
saliva of A. sculptum, a tick that until now has not been
connected with red meat allergy cases [248].

Core a1,3-fucosylation

The allergenic core al,3-fucose {al,3-Fuc) attached on the
proximal GlcNAc residue is widely present in plants and
arthropods and s one of the well-known possible human
allergens as it is usually absent In mammals. It can induce
production of specific IgE antibodies assoclated with
IgE-mediated allergic immune responses, which is mostly
described for schistosomes or venoms of some species of
the order Hymenoptera. However, such a response is not
described after a tick bite [249-251]. It is rather surpris-
ing, as «1,3-fucosylated structures are present in the tick
salivary glands as well as in saliva of both L ricinus and 1
scapularis [203, 252]. This can be explained by the struc-
tural features of the allergenic epitopes; for example, in
the case of core al,3-Fuc, terminal GlcNAc weakens the
immune response [253]. Additionally, more than one
epltope has to be present to trigger the allergic reaction
and the presence of blocking IgG4 antibodies against this
epltope can lower the immune reaction [249].

The al,3-Fuc modification of the N-linked glycan core
mediates an entrance of one of the tick-transmitted patho-
gens, A. phagocytophilum, into I scapularis midgut cells,
but it is not required for the transmission of the pathogen
to a vertebrate host. Furthermore, Anaplasma increases
the expression of al,3-fucosyltransferases in the tick,
further increasing its ability to infect the tick. On the other
hand, the infection of the tick by B. burgdorferi was not af-
fected by the presence or absence of core al,3-Fuc [203].
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Sialic acids

Salic aclds (Sia) are found typically in the terminal pos-
ition of vertebrate complex N- or O-linked glycans. In
insects, some studies have shown the ability of skalylation
[254, 255] and the importance of sialylation for Insect-
development, even though the abundance of sialylated
glycans is very low [256].

N-glycans terminated with Sia are present also in the
organs of the tick I ricinus, namely in the gut, salivary
glands, ovary and Malpighian tubules [240, 257]. However,
the sialylated proteins in the adult ticks originate most
probably from the host blood [258]. Hypothetically, sialo-
glycans present in the tick organs and In the secreted tick
saliva can be engaged in molecular mimicry. We suppose
that skalic acid is produced also by the tick itself in the
ovary and eggs and later in larvae; the exact role of the
tick sialylated proteins for the physiology and develop-
ment of ticks Is not yet known (unpublished results). Both
eukaryotic types of sialic adds, N-acetyl-neuraminic acid
and N-glycolyl-neuraminic acid (Fig. 2), were detected in
the ticks [240].

N-linked glycans of flaviviruses

Tick-borne encephalitis virus (TBEV), a member of the
genus Flavivirus, can cause serious infections in humans,
which may result in encephalitis/meningoencephalitis.
The viral single-stranded genomic RNA of positive
polarity contains one open reading frame, which encodes

a single polyprotein that is co-translationally and
post-translationally cleaved by viral and cellular prote-
ases into three structural and seven non-structural pro-
teins (Table 4) [259].

Flaviviral non-structural proteins

Non-structural proteins of the flavivirus family (NSI1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5) do not have
their precise role elucidated, but they are generally con-
sidered as the effectors of viral replication, which occurs
in close assoclation with cellular membranes. Dramatic
changes in the intracellular membrane structures includ-
ing convoluted membranes, vesicle packets or paracrys-
talline arrays were observed as a result of dengue virus
(DENV), TBEV or West Nile virus (WNV) replication
[260-262]. Recently, NS1, NS4A and possibly also
NS2A, were described to be involved In the formation of
vesicle packets [263, 264]. Moreover, novel functions in
terms of virus-host interactions were recently described
for particular NS proteins; for example, TBEV NS5 pro-
tein acts as an inhibitor of interferon-activated Jak-STAT
signalling [265].

Flaviviral structural proteins

Apart from seven non-structural proteins, the flaviviral
genome encodes three structural proteins (C, M, E). The
flaviviral nudeocapsid is composed of (+) ssRNA genome
and the capsid protein (C), whereas the host-derived
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Tabbe & Crverdew of identified tick glycan structures composition. Moncsacchande compaositions of the identified M-glycans ane
shuan. Mote thal in some cases, the same composition can define various structunes. For each glycan, the protein or the tick
sanples s listed, inowhich it was idenified by mass specrometry

Ghacan Compositon Predeinvsample Reference

Faudiranmose ghoans

Hesflas Hasl ey Sia

2 3 0 o Diorin M (paskion *'NHS, '7IMGE, HS! frem O moubeta 2171
1. ricinus fed fernale salivary glands [24]
A ricinus feg dermake midgu [240
). seapuiads salivary gland [203]

2 4 0 o Diin M (pasiion “'NHS, 'TINGE, NHS! frm O mouteta 2171
A ricinus fed fernake salivary glards 240
I ricinus fed fernale mikdgur [240]
A stapudads salivary gland [203

High-manniose ghtars

Heafhdag iz oHe 3l

2 5 ) 0 Diorin M (paskion *'NHS, ' “NHS} from O mevbota 2171
A ricinus feg dermale saliveey glands [240
A ricinus fed fernake midou [240
1. soapukais salary gland [203]

2 & 0 o Dioin M (paskion *'MHS, ' *RHS from O movbota 2171
1. ricinus fed fernale salivary glands [24]
A ricinus feg dermake midgu [240
). seapuiads salivary gland [203]

2 T 0 o Dirin M (pasiion “'NHS, ' hHS} from O moubota 2171
A ricinus fed fernake midou [240
1. soapukais salary gland [203]

2 3 0 o Dioin M (paskion *'MHS, ' *RHS from O movbota 2171
A, ricinus fed fernake midgur [24]
| stopikans salveny gland [203]

2 ¥ ) 0 Diorin M (paskion *'NHS, ' “NHS} from O mevbota 2171
A ricinus feg dermale saliveey glands [240
A ricinus fed fernake midou [240
0 marginatus Hemelipoghyooprobein [220]
A stapudads salivary gland [203

2 I o o 0. masginaius Hemsl ipoglywoopiciesn [220]
A stapidads salivary gland [203]

Corne-fucoeylated ghcans

Heafhdag iz oHe 3l

2 3 1 o Diain M (paskion "'HIGS] fram & moutare 2171
1. ricinus fad fermale salvary glands [240]
A ricinus fed fernake midou [240
). seapuiads salivary gland [203]

2 4 1 i Dorin M ipaskian " 'HGS) fram & movbate [217]
1 ricinus fed fernale salvary glards [2ad]
J. ricinus fed female midour [2a40]
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Tabbe & Crerdew of identified tick glycan structures composition. Moncsacchande compaositions of the identified M-glycans ane
shuan. Mote thal in some cases, the same composition can define various structunes. For each glycan, the protein or the tick
sanples is Ested, inowhich it was idemified by mass spearometry Confinged)

TGkpcan Composiion Prctsinvsample Reference
1. seaputas salivary gland [203]
2 5 1 o Dizin M (pasiion " "HGS] fram O moubers [217]
A wiginus fed dernade salivery glards [240
A, ricinus fed fernake midgur [24]
L seapukais salveny gland [203]
3 2 1 o A ricinus fed fernake salivary glards [240]
3 3 1 o A iginus fag dermase salivary glands [240]
A wiginus fed demake midgue [24
L soapuda salivary gland [203]
4 3 1 o A ricinus fed fernake midou [240]
1L seoputads salivary gland [203]
4 4 1 o ) seapadads sl glard [203]
d 5 1 o A ricinus fed fernake midou [240]
) seapudas s lary glard [203]
] & 1 o A ricinus fed fernake midou [240]
5 3 1 [ A ricinus fegd fernake salivary glands [240]
) soaputads s lvary glard [203]
5 5 1 o A ricinus fed fernake midou [240]
& & 1 o A iginus fag dermase ridour [240]
Comgphex ghycans
Heafhdag iz oHe 3l
3 4 o o A ricinus fed fernake saliary glards [240]
4 5 I [ A ricinus fegd fernake salivary glands [240]
A wiginus fed dermade rmidgur [240
d & o o A ricinus fed fernake midou [240]
4 T o o O masginalus Hemelipoglywooprciesn [220
4 g 0 [ 0 masginaius Hemelipoglyoopronsin 220
5 & o o A iinus fag dermase ridoul [240]
& 2 o o A ricinus fed fernake midou [240]
Siahlated glyans (contaning either HeuSAc or NewSGo)
Heahdac iz, oHex 3l
4 5 0 1 A ricinus fed fernake salivary glards [240
A ricinus feg dermake midgu [24
d 5 o 2 A ricinus fed fernake midou [240]
5 & I | ), vicinus feg ferats ridgut [240
5 & o 2 A ricinus fed fernake midou [240]
AbbrvidNions: HExNAC N-a oyl histiaming: (- et gluctiasing o N-aetyl-gal 1, M hioseas [ galactoss), dtiey diseyhincse

[Furosse], S sialic acid (N-poaby-newram inic scid, Kghaookylneusminic acid)

envelope confains bwo  glycoproteins, the membrane
{prM/M) protein and the envelope (E) protein [266].

The E glycoprotein is localized in the viral envelope
and is the maln antigenke determinant of TBEW Inducing
a humoral Immune response. It mediates fusion of

TEEY with host cell membrane and thus factitates the

virus entry to the host cell. [t forms heterodimers with
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the pebd protein: the pedd-E proteln interaction |8 essen-
tial for proper folding of E peotein [267]. The heterodi-
mers then migrate to the ER membrane and evenbually
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bud off as nudeocapsid-containing immature virions
[260, 268].

The M glycoprotein is an integral part of the viral
envelope together with E protein. It forms heterodimers
with the E protein and functions as a chaperon ensuring
proper folding of E protein [267]. Non-infectious imma-
ture virfons containing prM/E homodimers undergo mat-
uration process in late trans-Golgi network by cleavage of
pr part from the prM protein by host protease furin. The
cleavage produces protein M and triggers re-organization
of protein E to form homodimers [268, 269].

TBEV proteins glycosylation

The glycosylation of viral proteins increases thelr folding
efficiency and promotes their intracellular transport by
the interaction with host lecting [270]. In several viruses
that cross the endoplasmic reticulum during their
life-cycle, the protein glycosylation was proven important
for virus growth, secretion, and pathogenicity
(reviewed in [271-273]). So far, only membrane glycopro-
teins prM/M and E are known to be N-glycosylated in
TBEV (Table 5) [274-276]. al3-core fucosylated,
high-mannose and hybrid N-glycans were shown to be
present in the E protein of TBEV produced in chicken
embryos by affinoblots [277]. E protein glycosylation was
also confirmed recently also using cryo-electron micros-
copy, even though the exact glycan structure was not
defined [278]. Another two sites (N130 and N207) in the
NS1 protein are N-glycosylated in the case of dengue virus
[274, 279]. One of these two N-glycosylation sites (N207)
is present also in the TBEV NS1 proteln; however, its
glycosylation has not yet been shown (Table 5).

The E glycoprotein Is a viral surface protein and thus
contains major antigenic epitopes responsible for trigger-
ing the host immune system [280]. The N-glycosylation
site at position N154 is present in the majority of TBEV
strains and other flaviviruses. Moreover, a potential N361
glycosylation site is present in TBEV E protein as well.
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Depending on the strain, zero to two glycans are attached
[280, 281]. The investigation of the presence and position
of E protein glycans showed that an increased number of
E protein glycans elevate its expression. Conversely, the E
protein glycosylation deletion mutants showed reduced E
protein production, suggesting the importance of glycosyl-
ation for the viral life-cyde [276].

Importantly, the absence of E-protein glycosylation
affects the E protein conformation and further the TBEV
infectivity only in the mammalian host, but not in the tick
vector. Different temperatures in the host (37 *C) and the
vector (23 “C) do not affect the stability of the deglycosyl-
ated E protein [282]. In light of this evidence, the E
protein glycosylation seems to represent one of the factors
conferring different vector and host competence. Interest-
ingly, the investigation of mosquito-borne flaviviruses,
DENV and WNV, shows that glycans modifying E protein
are important for virus propagation in both vector and
host cells. However, the role of the particular N-linked
glycosylation site varles depending on the invertebrate/
vertebrate host [283-285]. For example, the importance of
N-linked glycan at 154 aa of WNV E protein was proved
in case of the vector (Culex pipiens and Cx. tarsalls mos-
quitoes) as well as the bird host (Gallus gallus) [286, 287).

The prM protein encodes for the precursor of
membrane protein M and also contains one N-linked
glycosylation consensus sequence in N32 position (Table
5) (267, 276). During TBEV maturation, the structural
proteins prM and E form heterodimer, where prM has a
chaperone-like role in the folding and maturation of E
protein [267], although the biological role of TBEV prM
glycosylation, has not yet been elucidated. However,
Goto et al [279] suggest the participation of
carbohydrate-mediated interaction for prM-E heterodi-
mer formation; glycosylation-deficient mutant of prM
reduces the secretion of E protein to 60% in comparison
to the wild-type prM. Further evidence for the crucial
role of prM glycan was described in the case of WNV.

Table S TBEV peotein glycosylation evendew. List of TREV proteins and their functions. Identified or predicted N4inked glycosylation
sites are listed as well. NetNGlyc 1.0 Server was wsed for Ndinked giycosylation site prediction

Protein FUNCon AHinked ghycosyation Reference
Structural C Capsid proteirg forming of nuckeocapsid Nane

P Ernvelope proter E protein chaperone N32 [265, 302]

E Ernelope proteing binding and fusion N154, N36) [263-265]
Non-structural NS1 Replcation Predicted N&S, N2O7

NS2A Assemibly, replication Nane

N528 NS3 serine-protease cofacror Nane

N33 Serine-pronease, helcase, replication RNA Triphasphatase Predicted: N160, N499, N555

N54A Assembly, replication Nane

NS48 Assembly, nduction of membrane rearrangements Predicted N188

NS5 Methyhransferase, RNA-dependent RNA polymerase Predicted: N18, N175, N215
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The prM glycosylation-deficient mutants decreased the
formation and release of virus-like particles as well as
genome coples. However, the infectivity of prM
glycosylation-deficient mutants was not affected in mos-
quito, avian or mammalian cell lines [284].

In summary, N-linked glycosylation of TBEV peM and
E proteins represents a multifaceted factor which s
involved in many steps of the viral life-cycle, especially
in virlon assembly/secretion, and host/vector compe-
tence. Despite various studies, there are many aspects
which need to be elucidated, especially the role of viral
protein N-linked glycans within tick vectors. Moreover,
the presence of other N-linked glycans in predicted sites
of NS1, NS3, NS4B, and NS5 remains to be determined
as well as their potential function.

Conclusions

The recent decades have provided an outstanding amount
of new data about glycoconjugates and a growing line of
evidence highlights the importance of carbohydrate-based
interactions in the complex pathogen-host environment
[288]. Glycoconjugates have an enormous structural diver-
sity in the glycan moleties and therefore fulfil a variety of
blological roles [289]. Given the fact that glycoconjugates
are the major components of the outer surface of animal
cells [290], it is likely that all interactions of microblal
pathogens with their hosts/vectors are affected to a certain
degree by the pattern of glycans and glycan-binding
molecules that each produces. Despite the fact that
protein glycosylation in the fleld of tick-bome pathogens
has become a subject of increased attention in the last
decade [37, 218, 291], there is still a deep knowledge gap
regarding the nature and the specific roles of the glyco-
conjugates in the Infectious cycle of these pathogens. All
the findings mentioned in this review have tackled the
important, yet still inadequately explored, the field of the
carbolydrate-based Interactions at the pathogen-tick-host
interface. The basis of these interactions needs to be fur-
ther addressed to gain clearer insights into the intricate
strategles that the parasites employ to successfully finish
their life-cydes. Ultimately, the common goal of sclentists
working in any fleld dealing with infectious diseases is to
find an effective countermeasure against the particular
threat. Ticks transmit a great variety of bacterial, viral and
protozoan pathogens and therefore the search for a potent
vaccine against each of these parasites costs an enormous
amount of effort and money. One of the most promising
strategies to cope with all pathogens transmitted by ticks
is the development of a general anti-tick vaccine [292].
The potentially important role of sugar moleties in such a
tick vaccine has already been suggested, showing, for
instance, the tick midgut protein Bm86 to be more
immunogenic in glycosylated form than non-glycosylated
[291). However, the progress in this matter s stll

Page 20 of 27

insufficlent and Intense analysis of glycosylation needs to
be addressed in future studies in order to be applied to
the development of new therapeutics. Modern glycan
sequencing  technologies and strategles that allow
site-specific mass-spectrometric identification of proteins
with glycan meodifications in a complex blological sample
have shown that glycosylation could be much more exten-
sive than previously thought [293].
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canonical amine acid labeling, 2D elestrophoresis,
wleciroblol

Introduetion

The term Click chemisiry was first intreduced in the
work of Kolb eral.'. It refers 1w a type of reactions thar are
modular, stereospecific, producing high vields and only
harmless (intermediate) products. The reactions ke place
under simple reaction conditions (ideally, they should not
be sensitive o the presence of water and oxygen), the
product must be easily isolated and atable under physio-
lngical conditions’.

Oive type of Click reactions ig the 1 3-dipolar eyclo-
aldition between the termimal alkyoe and azide froups,
which resulis in the fommation of the stable inamole”. How-
ever, this reaction proceeds slowly at physiological tem-
peralune, 40 the so-called copper-catalyzed azido-alkyne
Huisggen eycloaddition (CuAAC, copper-catalyaed azide-
alkyne cycloaddition) was developed. The use of copper as
a catalyan allowed For an acceleration of the reaction and
am inerease in regiospecificity, sines only 1|4 -disubstituted
products were formed™. Click chemistry 8 now widely
uged i varows research and mdusirial areas such as phar-
maceutical research, biochemistry, polymer chemistry or
nanoscience’ . Click chemisiry is one of the methods thar
can be waed 1o ditect, visualize, and wdentify newly aynithe-
arzed or differentially synibesized proteing, glyecans, lipids
andlor mueleic acids”.

Bioorthogonal chemisry 13 defined as a set of chemi-
cal resctions that can take plsce m lving organismd and
that do ot interfere with natural bochemical processes in
ke cell’, It allows visualization of processes in living ays-
ters and is avallable for labelling of almost any type of
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biomolecules — protema, glycans, lipids or nucleic acids in
vive and i vitre™". A widely uwsed combination of
biooribogonal and Click chemisiry for protein labelling is
called BOMCAT (Moorthogonal non-canonical aminoe acid
tagging)’.

The BONCAT method is based on the incarporation
of medified amise acids carrving a small pod-reactive
group into newly synthesized proteine. The amino acids
used for BOMNCAT, r-azidobomoalanine (AHA) and
L-homopropargylelycme (HPG), serve as a subatiiube for
methionine and &re taken up by the cell's translational ma-
chinery'!, The requirements for bioorthogenality are also
met; the azide and alkyne groups are small, mert, do nat
aceur in living gystemns and are stable under physiclogical
conditiens™". Each protein theoretically contzing an least
one methionme;, however, previows sudies show that ap-
proximately 3 %4 of human protedn sequenced conlain only
the initiating methionine, which can be removed during
posi-translational modifications’.

Different approaches have been used to detect indi-
vidual boorthogonally fagged proteins. One possibility is
electrophoretic separation of profeind, ther eleciroblotting
and detection on the membrane wmg small protem-
binding molbecules. These molecules, eg, enzyme hibi-
tors, are conjugated to an allyne'szide and bind covalently
o the active site of the enzyme blotded ento the membrane
surface. For the detection fiself, the CuAAC reaction is
used, resulting in a flusrescent label bound to the protein
followed by fluorescence detection; or biotin labelling
followed by detection with streplavidin conjugated 1o
harseradish Pemid-e"'". A similar approach was ued by
Ohata et al.”" for the detection of single proteina; in this
case, proteing were directly labelled with an azide or al-
ke group followed by binding of a fuorescent dye by
the Click reaction. In all these cases, electrophoresis was
used primarily to separate the labelled proteing from other
amall molecules.

The combination of BONCAT with CoAAC (8 a very
powerfial and simple tool for visuslizing changes in protein
aynihiesis and identifving protens with alered expresgion,
which represents a major advance m bischemscal and mo-
lecular biology studies™ "™, For examgple, Hatzenpichles
et al." labelled newly aynibesized prodeins with AHA and
allowed them o react with DBCOO-PEGs-Carboxy-
rhodamine 110 wing & wvoltage-assisted Click reaction.
The labelled protzing were electrophoretically separaved
and detectzd using a Mluorescence signal.

The most continonly wsed method for separation of
AHA- or HPG-containing proteins from the raetion mix-
e {containing wireacted labelling molecules) is precipi-
tation, most commonly using methanal and ehloraform®’.
However, this method can lead to the losa of some pro-
teing™  amd can affect the migration of proteins in the gel
and cause signal bluring, which s likely 1o oceur due fo
protein agprepation”.

For the ahove reasons, we optimized BONCAT using
a Click reaction approach on the membrane v detect meta-
bolically labelled AHA or HPG proteins withouwt prios
precipiistion. We applied the same method to labelled
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proteing separaied by 200 clectrophoresis and, o confirm
the feasibality of the methed for other biomacromsolecules,
alzo for the detection of S-ethyny] undine (5-EU)-labellad
BMA. We believe that the Click-on-membrane approach is
more suitable for the detection of Moonthogonally Labelled
biomalecules compared 1o the Click reaction m solutien
followed by standard methanolichlomofonm precipitation.

Experimental part

Detection of metabolically labelled proteins wsing
Click on membrane method

Cell culture and metabolic Inbelling of proteing

Human glicklastoma cells were cultored in RFMI
1600 medinm (Biowest) contaidng 10 % fetal bovine se-
mm (FBS, Sigma-Aldich), 1 % rC-alanyl-L-glutamine
(Biochrom) and 1 % antibiotics (final concentration of
amghoteriein B 025 pg mL |, pendcillin G 100 U ml |
streplomyein 100 pg mL ', Blowest) at 37 °C. Cells were
washed twice in sterile PES [Phosphate Buffer Saline) and
incubated for 1 h in modified RPMI 1640 mediom withow
sulphiur-containing amino acids (Sigma-Aldrich) contain-
mg 021 mbd cvatine (RERVA) and 2 mM v-alanyl-r-
~glutamine {Biochrom). After methionine depletion, AHA
or HPG (both Click Chemistry Tools) was added to the
medivm at a final concentration of 50 pbd and the newly
formed proteins were metabolically labelled for 2 b Cells
were washed twice in PBS, rmeleased mio FHS using
a seraper and centifuged for 10 oa ar 4 °C and 400 x g
The cell pellet was Lysed in lyais buffer (1 % SDS, 0.1 M
soadivm plosplate baffer, pH 800 supplemented with pro-
tease inhibitors (HALT Protease Inhibitor Cockiail, Ther-
mo Fisher Scientifie). Cell lysates were meuhated for 30
tin on jee, sonicated and frozen an —80 “C. Probein con-
centration was determined by the BCA method (Pierce
BCA Protein Assay Kit, Thermo Fisher Scientific).

Click reaction in solution

Click reaction in solution was carmed out according 1o
ref ™. For every 50 mg of proteing, 0.5 mL of Click neac-
tion muixiure containing D0 pbd CuS0y, 05 mbd THFTA
(Click Chemistry Tools), 250 pM sodivm  ascorbate
(SERVA), 100 mM potassiom-phosphate buffer, pH 7.0,
and 100 pM biotin-PEGy-alkyne or biotin-pieolyl azide
(both Click Chemisiry Tools) was wed i AHA- or HPG-
labelled samples, respectively. The meaction was carried
owl at poeom temperabane for 1 he

20 electrophoresiz

T approaches wene used o remove unrescted nsae-
tion components and prepare the protein samples for elec-
trophoresis — precipiiation with methanol and chlorofomm
and ultrafiltration. For ultrafilisation, Vivaspin 2 Centrifa-
gal Conceitrator wlrafilieation columis (10K MWCO,
PES, Sartorus) were used according to the manufsciurers
matructions. Samples were neduced o 10 % of their ong-
il volume and diluted with rehydration buffers.

Unginal and methodical papers

Procipitated profemns were dissolved in rehydration
buffer (7 M wrea debonized with Amberlite MB-150
{ref™"), 2 M thicurea, 2 % CHAPS, 40 mM dithiothreitol
(DTT) 0.2 % 3-10 Phammalytes, .02 % bromopheiol
blue (all Sigma-Aldach))y w & final concentration of
U4 pepl ' Samples were cemtrifuged for 10 min al
13400 x g to remove any aggregates formed during poe-
cipitstion. 125 pl of supemstant was applied 1o an PG
atip with a linear pH gradient of 3-10 {Bio-Rad) and re-
hydrated overnight wunder a layer of mineral wil
{Sigma-Aldrich). laoelectric focusing (1EF) was performmed
on an IEFI00 mstrument (Hoefer) an 20 *C (roial 13 750
kv

After [EF, sirips wene equilibrated for 10 min in equoi-
libration buffer (8 M wrea, 0375 M Tris, pH 8.8 2 %
E05, 20 % glyoerol) with 2 % (wiv) DTT followed by
10 min 1n equilibeation boffer with 2.5 % (wiv) iodos-
cetamide (all Sigma-Aldnch). Sirips were transferred onto
a I % acrylamide gel (Mmi-PROTEAN TGX Precast
Gels, Bio-Rad) and overlaid with 0.5 % low melting point
apaioae [SERVA) in clectrode buffer. A coloured protein
atandard {10-245 kDa, Applichen) was applied aext o the
positive end of the sinp. Electrophoresis was performed
secording 1o rel.™ in a Mini-PROTEAN Tetra Cell appa-
ratug {Bio-Fad).

Electroklorn and Click reaction on the membrare

Proteins separated by eleciropboresis were transfesred
1o & PVDF membrane™. For samples where the Click reac-
it was performed in solution prior to electrophoresis and
blottieg, the membranes were stained and develoged. In
the case of samples that were ot processed by the Click
reaction in solution, protein separation by electroploresis
aid tranafer o the PYDF membrane was followed by the
Click reaction on the membrane (gee below ). All gels afier
electrobleiting were fixed and stained wsing the Blue Sil-
ver method according o™, The modified Click resction
was performed on the membrane surface according o
ref™, For ane 7.5 com = 8.5 cm membrane, 5 mL of Click
reaction mixiure was used and the reaction was run for 1 b
&l room temperatune. Dunng the oplimization of the meth-
adl, botin-FEG-alkyne was used at a concenlraiion range
aof 5100 pMd, after optimization a concenration of 10 pM
wias used. After labelling, membranes were washed rwice
with PBS-T (PBS with (.05 % Tween-20), blocked in Fot
-Bleck blocking reagent (Carl Roth) i PBS-T and incu-
bated in streptavidin conjugated with alkaline phosphatase
(AP This was followed by incubation with biotinylated
anli-gireplavidin antibodies and a second tme with strep-
tavidin-AF (all Vecor Laboratornes, 101000 dilution in
Roti-Block). This three-atep detection provides a highly
semaitive detection with low background {uapublished
resulis). The resuliing signal was induced in developing
buffer (001 M Tris, 0.1 M NaCl, 0.05 M MpClz, pH %00
with 330 pg mL™" BCIP (5-bremo-d-chloro-3-indalyl
phosphate) and 165 pg mL™" NBT (p-aitrobiue teirazolium
chlomde) {bath Applichem). The reaciion was stopped
after inducing a sufficiently strong signal by washing the
memshrane in distilled water.
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Detection of metabolically labelled RNA by the
Click reaction on the membrane

Cell culture and metabolic labelling of de nove
synthesized RNA

A human medulloblastoma cell line (DAOY ATCC
HTB-186, ref.™) was cultured in RPMI 1640 medium con-
taining 10 % FBS, 1 % antibiotic-antimycotic, 1 %
L-alanyl-L-glutamine and 50 aM p-mercaptoethanol. Cells
wmculnmdal?ﬂTmananmpherewuhS%CO;
Cells were seeded in six-well plates at a density of 5-10°
cells per well. 5-EU was added to the cells at a final con-
centration of 1 mM and metabolic labelling was performed
at intervals of 30 min, 2 h, 4 h and 6 h. The experiment
was performed in biological triplicates.

RNA isolation

Cells were washed in PBS and lysed by adding 1 mL
of RNA Blue reagent {Top-Bio) per well. Total RNA was
then isolated according to the manufacturer’s manual.
RNA pellets were dissolved in diethyl pyrocarbonate-
treated water. RNA concentration and purity were checked
with a Nanophotometer Pearl spectrometer (Implen).

Electrophoresis and blotting

RNA was separated on a 1.2 % agarose denaturing
gel buffered with MOPS (34 N-morpholino) propanesul-
fonic acid) containing 6-7 % formaldehyde and visualized
using the GelRed dye (Biotium). Capillary blotting of
RNA was then performed on PVDF or nylon membrane
(Cytiva) using 20x SSC buffer (3 M NaCl, 0.3 M sodium
citrate, pH 7.0). The membrane was fixed with UV light
(120 mJ em °) and washed with 0.1 M potassium phos-
phate buffer, pH 7.0.

Click-on-membrane

Membranes were incubated in Click reaction mixture
containing 10 uM picolyl-biotin-azide for 1 b in the dark
at room temperature. The membranes were then blocked
(Roti-Block) and labelled with a triple antibody system
(goat anti-biotin antibody, AP-conjugated horse anti-goat
antibody, AP-conjugated rabbit anti-goat antibody). Chem-
tluminescence was detected using the CDP-Star kit
(Novex); a development buffer contasining 330 pg mL !
BCIP and 165 pg mL * NBT (both Applichem) was used
for colonmetric signal induction.

Results and discussion

The standard BONCAT procedure is based on the
analysis of proteins that undergo the Click reaction in solu-
tion. This approach is widely used™ """, however, the
Click reaction performed in this way may not always lead
to clear results. One of the disadvantages of the in-solution
reaction is the need to add an excess of the low molecular
weight reagent, which should be removed from the sample
before further analysis, as its presence may lead to false
positive or biased results. This is an additional step that
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may affect the result. One possibility is precipitation™ but
this can lead in some cases to the formation of insoluble
protein aggﬁpws causing insufficient protein focusing
during [EF™. Therefore, we investigated the possibility of
pa{ormmg the Click reaction on the membrane afler elec-
troblotting.

The first step was to optimize the amount of biotin-
alkyne used for the Click reaction performed on the mem-
brane. The click reaction in AHA-containing samples was
performed for 1 or 3 h with different concentrations of
biotin-alkyne (100 pM, 50 uM, 20 pM, 10 uM, 5 uM). A
decrease in biotin-alkyne concentration did not significant-
ly affect the signal intensity, nor was il necessary to pro-
ceed to an extension of the incubation tme (fig. 1). All
subsequent experiments using the Click on the membrane
method were carried out in a reaction mixture containing
10 uM biotin-alkyne for 1 h

AHA-labelled proteins after Click reaction in solution
were analysed by 2D electrophoresis and western blot. The
gel and membrane showed insufficient separation of pro-
teins throughout the gel (fig. 2A, B). The use of HPG in-
stead of AHA had no beneficial effect (fig. 2C, D). Biotin-
labelled proteins were visualized using a three-step detec-
tion (fig. 2B, D). 2D electrophoresis is a method highly
sensitive to incomplete protein focusing, which manifests
as protein streaks across the entire range of separation in
one direction or the other and incorrect protein profiles
instead of focused protein spots (ideally in the form of
dots). Attempits to improve the results and remove protein
aggregates by ultrafiltration, repeated centnfugation, pre-
cipitation, or the use of deionized urea’ have also failed to

Al M e
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Fig. 1. Optimization of the detection of AHA-labelled proteins
by the Click-on-membrane methed; | pg of protein was sepa-
rated on a 10 % acrylamide gel and blotted PVDF membrane.
Click reactsons were performed with the mdicated concentrations
of biotin-alkyne for 1 or 3 h. The newly synthesized proteins
were detected by a threestep detection using AP-comjugated
streptavidin and biotinylated anti-streptavidin antibodies followed
by chromogensc detection
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Fig. 2. Comparison of 2D electrophoretic profiles and detection of AHA- or HPG-containing proteins labelled by Click reaction in
solution or Click-on-membrane approach: 50 ug of proteins after the Click reaction in solution (A-D)) or before the Click reaction
{E-H) were scparated by IEF followed by SDS-PAGE. The newly formed protems in A, B, E, and F were labelled with AHA, and the
proteins in C, D, G, and H were labelled with HPG. The separated proteins were transferred to PVDF membrane and the gels were stained
by the Blue Silver methed (A, C, E and G). Click sons an the b were performed on the blotted proteins in F, H. Membranes
{B, D, F and H) were blocked and newly synth d were d d by a three-step detection with streptavidin-AP and biotinylat-
od anti-streptavidin antibodses followed by chtomogmlc detection

produce any satisfactory improvement (data not shown). Therefore, we proceeded to perform the Click reac-
Difficulties in the separation of bioonbogmally labelled tion on the membrane instead of the Click reaction in solu-
proteins (especially small proteins and pepndes) in the gel tion prior to electrophoretic separation and electroblotng.
have been documented in other publications™. After cell lysis, the AHA-containing protein samples were
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processed in the same manner as standard samples for
analysis by 2D electrophoresis, and the Click reaction was
performed on blotted proteins on the membrane surface
(fig. 2F). Compared with the protein profile afler the Click
reaction in solution (fig. 2B), the protein spots were sharp-
er and more focused, and the presence of poorly separated
proteins in the form of streaks was significantly reduced.
Similar results were observed using HPG (fig. 2D, H). One
reason for these observed differences may be the change in
pl of the modified proteins after biotin-alkyne binding* or
the formation of protein aggregates™. An analogous effect
was observed for both 1D SDS-PAGE and 2D electropho-
resis (unpublished data).

Detection of newly synthesized RNA by Click-on-
membrane

After the successful use of the Click reaction on the
membrane for the analysis of AHA or HPG labelled pro-
teins, we verified the suitability of this method for other
bicorthogonally labelled biomolecules. As an example, we
tested the detection of 5-EU labelled RNA. DAOY cells
were incubated with 1 mM 5-EU for 30 min, 2, 4, and 6 h.
The purity and integrity of the isolated RNA were verified
by spectrophotometric and electrophoretic methods. Stain-
ing of RNA with GelRed reagent in denatured agarose gel
demonstrates its high integrity (fig. 3A). Incorporated
S-EU was detected by the Click-on-membrane reaction
with 10 nM picolyl-biotin-azide followed by a three-step
detection of biotin using antibodies. 5-EU incorporated in
nascent RNA was visualized using chemiluminescence
(fig. 3B) and chromogenic substrate (fig. 3C). Figure 3B
shows that the intervals (except the 30 min interval) are suffi-
cient to incorporate detectable amounts of 5-EU in the case
of 458 pre-rRNA. A nonspecific signal ongmating from the
GelRed fluorescent dye in the 188 and 28S fRNA region is
observable on the membranes for all samples (fig. 3B, C).

Metabolic labelling of de novo synthesized RNA is
widely used, often using radioactive nucleosides with in-
corporated radioisotopes of tritium (*H) or phosphorus
('P) followed by electrophoretic separation and transfer of
the separated nucleic acids to a nylon or nitrocellulose
membrane and detection of the newly formed RNA by
autoradiography’®”’. Click chemistry serves as & non-
radioactive alternative. Fluorescence in siru detectica of
newly formed RNA with incmgjomcd 5-EU has been de-
scribed™ and widely used™, whereas detection of
de novo synthesized RNA on membrane by Click reaction
has not been described so far.

In this work, we have shown that the Click-on-
membrane method can be successfully applied to detection
of 5-EU-containing RNA, and is similarly applicable to the
detection of other bioorthogenally labelled biomacromole-
cules. However, the procedure is only suitable when using
a more durable PVDF membrane, as a weak signal and
high background were observed when using a nylon mem-
brane (data not shown).
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Conclusion

Bioorthogonal chemistry is one way how to modify
various biomolecules in their native eavironment. The
combination of bioorthogonal and Click chemistry is wide-
ly used to label and analyse newly synthesized proteins,

AA
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Fig. 3. Detection of newly synthesized RNA by Click-om-
membrane methed; Total RNA containing 5-EU was separated
in a 1.2 % denaturing agarose gel and visualized by the GelRed
dye {A). RiboRuler High Range RNA ladder (M) was used as a
size standard. Armrows poent to 28STRNA (blue) and 18SrRNA
(red). (B) RNA molecules were subsequently transferred from the
gel to a PVDF membrane, fixed with UV light and labelled using
the Click-on-membrane approach. RNA synthesised de novo was
detected by triple labelling using streptavidin-AP and biotinylated
anti-streptavidin followed by chemiluminescence detection. 458
presRNA is indicated by the green arrow. {C) The membrane
was further used for colommetric signal detection using BCIP/
NBT. Non-specific signal caused by the fluccescent dye Gel Red
is vistble in the 18S and 28S:RNA region in {B) and {C)
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but the commonly used sample processing procedure often
resulis in a significant reduction in the guality of the pro-
tein profile during 2D elecirophoresis,

Our dederibed combination of bicoribogonal chemis-
try with the Click-on-membrane method 13 applicable for
the detection of newly synthesised proteins and FMNA that
are bioorthogonally labelled, separated by elecirophoresis
and transferred 1o a PVDF membrane,
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Abstract

Bisorthogonal chemistry provides one of the posaibil-
itied to modify varous bomolsculed in their mative envi-
ronmend. The combmation of Click chemisiry with the
BOMCAT method (bivonhogonal nop-canonical amino
scid tagging) B widely used for tagging and analyais of
newly synthesized proteing, which are clearly distinguisha-
ble from the pre-existing protein pool. However, the com-
monly wsed procedure results i low guality 20 electro-
phoretic profiles. We put a kot of effornt into obtaining clear
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resulis uging a standard Click protecol, with a negligible
effect. Here we describe a Click-on-memshrans approach
widch we succesafully wed ot only o moiter de nove
prodein synthesis but alse 1o detect newly synthosized
FNA,
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Abstract

Ticks are parasites that feed on the blood of humans and animals, using it as their sole source of food. Due to their lifestyle, ticks at each
life stage transmit various tick-borne pathogens while feeding on their hosts. Unlike mosquitoes - another impaortant group of pathogen-
transmitting arthropods - ticks can feed on the same host for prolonged periods, which underscores the importance of tick mechanisms
that inhibit or reduce the host's defence mechani and, consequently, allow the transmission of pathogens. This unique tick-host-
pathogen triangle requires the involvement of various tick molecules to mediate interactions with both host and pathogen maolecules at
multiple levels. This review highlights the glycan molecules identified in various tick species that can trigger an immune response and
thus primarily affect the interaction with the host.

As the enzymes involved in Gelgi-mediated glycan maturation differ between ticks, insects, and their vertebrate hosts, these
differences contribute to the glycan profiles observed in ticks. These differences in glycan structures influence the interactions ticks have
with their hosts and pathogens. On one hand, they may participate in molecular mimicry and mechanisms that lower the host’s immune
reaction, blood clotting, and other defence mechanisms due to their different structures, but on the other hand they may also trigger the
host's defence mechanisms, such as participating in delayed red meat allergy and facilitating the transmission of pathogens.

Tick glycobiclogy remains largely unexplored and deserves more attention, espedally considering the potential of glycans and
flycoproteins as targets for anti-tick vaccnes.

Keywords: al,3-core fucose; aGal; f1,2-xylose; N-glycolyineuraminic acid; Tick

+ Tick glycans shape key interactions within the tick-host-pathogen triangle.

+ Tick-specific glycans can modulate or trigger host immune and defence responses.

+ Some tick glycans contribute to red-meat allergy/a-Gal syndrome.

+ Tk glycobsology offers promising targets for next-generation anti-tick vacanes.

Abbreviations:

a-Gal - Galactose-alpha-1,3-galactose epitope; AGS - a-Gal syndrome; CCD - cross-reactive carbohydrate determinant; CMP - cytidine
monophosphate; Fuc - fucose; Gal - galactose; GalNAc - N-acetylgalactosamine; GlcNAc - N-acetylglucosamine; HRP - horseradish
peroxidase; MALDI TOF-TOF - Matrix-Assisted Laser Desorption/lonization Time-of-Flight/Time-of-Flight; Man - mannose;

NewSAc - N-acetylneuraminic acid; NeuSGe - N-glycolylneuraminic acd; SG - salivary gland; Xyl - xylose

ever, protein-bound glycans in ticks may influence

Introduction

Ticks are blood-sucking ectoparasites that transmit pathogens
harmful to humans and livestock. The complex interactions
between the transmitted pathogens, ticks, and their hosts
require these parasites to produce various immunological-
ly active molecules that influence the dynamics between the
tick and its host, as well as between the tick and its tick-borne
pathogens. Most interactions are mediated by proteins; how-

responses, pathogen transmission, and modulation of the
host immune system. In addition, some glycan moieties can
trigger host immune responses due to shared structural mo-
tifs with other allergens, referred to as cross-reactive carbo-
hydrate determinants (CCDs) (Aalberse et al, 1981). More-
over, tick salivary glycans can trigger host immune responses
(e.g., basophil-dependent pathways) that inhibit subsequent
feeding (Allen, 1973). Certain glycans, beyond dassical CCDs,
contribute to acquired tick resistance in some non-natural
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hosts, resulting in reduced engorgement, impaired feeding,
or tick death upon re-exposure (Allen, 1989; summarised in
Wikel, 1996). Overall, immune responses against antigenic
structures in tick tissues, induding glycans, can damage these
tissues or interfere with salivary molecules, thereby reducing
tick feeding efficiency. The presence of such molecules and the
resulting immune response targeted against tick structures
during blood feeding could hinder blood feeding.

Despite technologi dvances, research on tick glycans
has been limited. A Web of Science search with 'tick + glycan’,
‘tick + glycoprotein’, and 'tick + saccharide’ found 88 publica-
tions, excluding studies on tick-borne viruses without glyco-
sylation or pathogen interactions. Even recently, only a few
publications have addressed this topic each year. The discovery
of a-Gal syndrome (AGS) has underscored the importance of
glycans as cross-reactive carbohydrate determinants (CCDs)
and their immunological importance for both ticks and hu-
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mans, bringing tick glycan research to the forefront. This re-
view summarises information on known CCDs present in ticks
and their effects on human health.

Cross-reactive carbohydrate determinants and their
immun relevance

During feeding, ticks introduce a complex mixture of salivary
molecules into their host, including glycoproteins rich in car-
bohydrate motifs. Several of these motifs can act as cross reac-
tive carbohydrate determinants (CCDs). CCDs are structures
which are not produced by humans; therefore, their structural
foreignness can elicit immune responses mediated by various
antibody classes and subclasses. The known CCD epitopes in-
clude N-glycan al-3 linked core fucose (al-3 core Fuc), galac-
tose al-3 linked to galactose (a-Gal epitope), sialic acid variant
N-glycolylneuraminic acid {NeuGc), and core N-glycan f1-2
lirzgd xylose (XyD) (Fig. 1) - Platts-Mills et al. (2021).
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Fig. 1. Visualisation of the crass-reactive carbohydrate determinants structures; the specific epitopes are highlighted by frames in the structure
of an N-glycan. Structures are shown both according to the Symbol Nomendature for Glycans (Neelamegham et al, 2019) and as Reeves
projections. A - pancimannosic N-glycan with linked immunogenic a1-3 linked core fucose (a1-3 core Puc) and p1-2 linked xylase (XyI),

and € - compl

B - N-glycan¢ g a-Gal epl
monasaccharides is shown.

Despite the rise of mass spectrometry analyses of vari-
ous invertebrate glycomes, the knowledge of tick glycomes is,
to date, limited to particular tick species and organs of tick
nymphs and adults. Salivary glands and the gut have been
heavily studied in A. americanum, I. ricinuz, and I. scapularis
ticks. High-mannose, paucimannose, complex glycans, and a
small amount of hybrid N-glycans, all with two or three an-
tennae, were detected in ticks (Park et al, 2020; Pedra et al.,
2010; Vancova et al., 2012). In 1. scapuleris and A. americanum
individuals, N-glycans containing al,3-core Fuc were shown
{Park et al., 2020; Pedra et al., 2010). In [. ricinus and A. ameri-
canum, N-glycans with terminal NeuSGe and NeuSAc were
present (Park et al,, 2020; Vancova et al., 2012). A unique com-
bination of CCDs in one glycan was observed in A. americanum
salivary fa.nd.r N-glycans containing, for example, both a-Gal
and p-Xyl, a-Gal and a1,3-core Fuc, or two a-Gal epitopes {Park
etal, 2020).

Although CCDs are commonly discussed in the context of
IgE, humans also produce glycan-specific IgG (notably 1gG1
and IgG3) and IgM against a broad range of carbohydrate

N-glycan with N-glycolylneuraminic actds (NeuGe). Symbaol description of individual

epitopes (Schneider et al., 2015), with antibody isotypes and
clinical relevance varying by structure.

For al,3 core fucose, IgE levels are very high, but clinical
relevance is generally low, despite frequent IgM and IgG1 pro-
duction (Bardor et al., 2003) and elevated [gG1 in CCD positive
individuals (Romain-Carrasco et al, 2020); nonetheless, the
biological activity of anti-al,3 core Fuc IgE has been demon-
strated (Plum et al., 2023). Polyclonal IgE that recognise al,3
core fucose usually also recognise core N-glycan bound xylose
due their presence in the same glycan molecules (Aalberse et
al, 1981).

In contrast, a-Gal-specific IgE is directly responsible for
allergic and anaphylactic reactions, as was shown for cetuxi-
mab (reviewed in Platts-Mills et al., 2021). While anti-a-Gal
IgG and IgM are naturally present in humans due to gut mi-
crobiota, IgE triggered by a-Gal sensitisation is responsible
for the allergic/anaphylactic reaction (Ailsworth et al,, 2025;
de la Fuente et al., 2019). Patients with red meat allergy have
higher 1gG1 and IgG3 anti-a-Gal antibody titres, while non-
allergic patients have elevated [5G4 (Kellmann et al,, 2017).
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In patients with xenotransplants, a-Gal triggers I3G and IgM
responses, but not IgA (Galili et al.,, 1993). Recently, tick feed-
ing was shown to induce a strong IgG response to the a-Gal
epitope in both mice and humans (Ailsworth et al., 2025; Hils
etal, 2024).

NeuGe is another antigenic epitope, for which IgE antibod-
ies are not detected, and differing titres of IgA, 1gG, and IgM
antibodies are naturally present in humans. The combination
of these antibodies - together with the incorporation of NeuGe
into human tissues - is responsible for (chronic) inflammation
and resulting symptoms (Hutton et al., 2025; Padler-Karavani
etal, 2008).

From a clinical perspective, [gE antibodies against CCDs
may yield false-positive allergy test results because they bind
structurally similar glycans attached to various molecules,
particularly in the case of anti-al,3 core Fuc found in plant
allergens. Failure to recognise this phenomenon can result in
an incorrect diagnosis and inadequate treatment (Ebo et al,
2004; Mari, 2002).

For a long time, anti-glycan antibodies were considered
dinically insignificant, as proteins are considered the main al-
lergenogenic epitopes. However, recent findings of type l aller-
gies, which are caused by glycan structures, changed the view
of this problem (Commins et al, 2009). Detailed insights into
red meat allergy driven by IgE antibodies targeting the a-Gal
have revealed that carbohydrate-mediated reactions may cause
life-threatening systemic anaphylaxis.

Sensitisation to a-Gal after a repetitive tick bite can trigger
anaphylaxis or other allergic symptoms upon the administra-
tion of a-Gal-containing drugs (as described for the chimeric
human-mouse monedonal antibody cetuximab) (Chung et al.,
2008). These new understandings challenge previous beliefs
and confirm the significant clinical importance of specific car-
bohydrate allergens.

al,3-core fucose (al1,3-core Fuc)
Of the many possible types of glycan fucosylation, only one
belongs to CCDs. Besides O-glycans, N-glycans can be fuco-
sylated either at the core as al,6-core Fuc, a characteristic fea-
ture of mammals, and al,3-core Fuc found mainly in plants
and insects - and additionally as a terminal modification of
N-acetylgalactosamine (GalNAc) in the N-acetyllactosamine
{LacdiNAc, GalNAcP1-4GlcNAC) structure, incorporating an
al,3 fucose or the Lewis X epitope found also in m 1s
al,3-core Fuc in N-glycans is the sole fucose-containing CCD
and is well-documented in invertebrates. [t has been identi-
fied, in combination with the al,6-core Fuc attached to N-gly-
cans, for example, in mosquitoes and honeybees (Hykollari et
al, 2019; Kubelka et al, 1993, 1995; Kurz et al., 2016). Based
on previous research, the main honeybee venom allergens with
al,3-core Fuc were identified as phospholipase A2 (Apim 1),
hyaluronidase (Api m 2), and icarapin (Api m 10) (summarised
in Burzyniska and Piasecka-Kwiatkowska, 2021). Other identi-
fied molecules, for example, basic peptide melittin (Api m 4),
dipeptidylpeptidase IV (Api m 5) (Blank et al., 2010), Api m 6
{Michel et al.,, 2012), and vitellogenin (Api m 12) (Blank et al.,
2013), seem to be protein-based allergens (Kohler et al, 2014).
Phospholipase A2 from Apis mdhfem displays core-difucosylat-
ed N-glycans (thus containing t genic al,3-core Fuc)
along with terminal fucosyhtwn (Kubelka et al., 1993; Stau-
dacher et al., 1992). Glycans with multiple antennae, which
have unusually attached fucose, were also described (Hykollari
et al,, 2019). The study of Seismann et al. (2010) explored al-
enic cross-reactivity of hyaluronidases (Api m 2 and Ves v
2a/b). Screening venom-sensitive sera revealed that Api m 2

has allergenic significance beyond carbohydrate epitopes. In
contrast, Ves v 2b primarily exhibits carbohydrate-based reac-
tivity, raising questions about its role in allergic reactions.

Tick glycans containing al,3-core Fuc were shown to be
involved in the tick-pathogen relationships. The significance
of al,3-core Fuc was highlighted by Pedra et al. (2010), who
demonstrated that al,3-core fucosylated glycans are crucial
for the survival of Anaplasma marginale, the bacteria responsi-
ble for anaplasmosis, in ticks. They also found that this bacte-
rium modifies the expression of three al,3-fucosyltransferas-
es. Furthermore, silencing fucosyltransferases significantly
decreases the colonisation of tick cells by Anaplasma (Pedra
et al., 2010). MALD! TOE-TOF analysis of SG (salivary gland)
from fed nymphs revealed N-glycans with m/z values corre-
sponding to al,3-core Fuc. Protein extracts from SGs and
midguts also showed a strong signal after western blot with
anti-HRP (horseradish peroxidase) antibodies that recognise
the al,3-core Fuc (Pedra et al, 2010). Hebert et al. (2017) as-
sume that AmOmpA, A marginale outer membrane protein A,
targets fucosylated residues on tick ISE6 cells. The hypothesis
was supported by Vimonish et al. (2022) in the D. andersoni
primary midgut cell culture system. The authors showed that
expression of tick a-1,3-fucosyltransferases Al and A2 is reg-
ulated by A. marginale infection of midgut cells. Moreover, the
amount of a-1,3 core Fuc, along with the sensitivity of unin-
fected D. andersoni gut cells, was lowered after the silencing of
a-1,3 fucosyltransferase A2.

Detailed analysis of al,3-fucose and al,6-fucose attached
to the core of N-glycans was done in partially fed Ixodes ricinus
fernales (Vancova and Nebesarova, 2015). A unique combina-
tion of Huorescence and scanning electron microscopy co-lo-
calised al,3- and al,6-core Fuc on the basement membranes
of acini types 1l and [, as well as in the small secretory gran-
ules within the cytoplasm of “F” cells. Nevertheless, only al,6-
core Fuc was detected in secretory granules of acini type 1], the
place from which the active molecules are released to the host
during the feeding.

The N-glycome of Amblyomma americanum salivary
and carcasses was shown to display a high proportion of fuco-
sylated glycans, with both core al,3- and core al,6-linked Fuc
observed, occasionally appearing in difucosylated forms (Park
etal, 2020).

Proteins bearing al,3-core fucosylated N-glycans thus
seem to be evolutionarily conserved. They present similarly to
other arthropods and may potentially be excreted to the host.
At the same time, it was shown that tick-borne pathogens co-
evalved utilising this epitope present in the vector but not in
the hosts.

Galactose-alpha-1 a-Gal

Genenally, the Galxt’so;‘&‘.m alpha-l.S(-plmoose is a saccharide
that is attached terminally to N-glycans by the a1-3 galacto-
syltransferase that attaches Gal to the N-acetyllactosaminyl
group (Gal1-4GlecNAc-R) (Galili et al., 1988). a-Gal is an ol-
igosaccharide widely present in glycoproteins/glycolipids of
non-primate mammals, certain bacteria, and parasites, includ-
ing ticks (summarised in Wilson et al., 2024), but it is absent
in humans, apes, and Old-World monkeys because of the in-
activated al-3 galactosyltransferase. For that reason, a-Gal
appears foreign to the immune systems of humans, apes, and
0Old-World monkeys.

In ticks, the a-Gal epitope was described in species all aver
the world from the genera Amblyomma (Araujo et al., 2016;
Crispell et al,, 2019; Murangi et al., 2022; Park et al.,, 2020),
Haemaphysalis (Chinuki et al., 2016), Hyalomma {Mateos-Her-
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nandez et al., 2017; Valcircel et al., 2024), Ixodes (Hamsten et
al., 2013), and Rhipicephalus (Mateos-Hernandez et al., 2017;
Murangi et al,, 2022). lts presence in ticks could cause a-Gal
syndrome in humans upon tick feeding, AGS is triggered by
tick bites, which introduce a-Gal into the body and sensitise
the immune system. After this, eating red meat or e

to products containing a-Gal can cause IgE-mediated allergic
reactions (Van Nunen et al., 2009). A key study that fills a ma-
jor gap in understanding how tick bites lead to delayed allergic
reactions to mammalian meat demonstrates that [xodes sca-
pularis ticks endogenously synthesise a-Gal. The heterologous
expression of identified galactosyltransferase genes bigalt7,
adgalt-1, and adpalt-2 induced a-Gal synthesis, and pene
knockdown experiments in ticks demonstrated that these
2 are tial for endog a-Gal production (Cabez-
as-Cruz et al, 2018).

Given the typical course of anaphylactic reactions, AGS is
delayed by 1 to 6 months after tick exposure; moreover, re-
search indicates that IgE levels specific to a-Gal rise with in-
creasing numbers of tick bites (Hashizume et al, 2018). An
allergic reaction to a-Gal can also be caused by ticks that do
not specalise on humans as hosts, such as pigeon ticks (Argas
spp.) (Rolla et al., 2018).

The range of dinical symptoms of AGS in humans is wide,
spanning from the asymptomatic course, through mild symp-
toms, to severe anaphylactic shock. Many sensiticed individ-
vals remain asymptomatic or exhibit isolated gastrointesti-
nal problems; others report urticaria, skin pruritus, and/or
shortness of breath/coughing/wheezing (Binder et al., 2023;
summarised in Commins, 2020). In certain individuals, the
allergic reaction can lead to life-threatening anaphylaxis
{Commins and Platts-Mills, 2009; Commins et al., 2009), and
a fatal case only four hours after eating beef has already been
described (Platts-Mills et al.,, 2025). This case also shows the
importance of severe abdominal pain as a sole recognisable
symptom of the severe anaphylactic reaction. AGS is also con-
nected with the non-allergic symptoms. AGS, characterised
by increased IgE levels against a-Gal, appears to be associated
with cardiac diseases. Notably, it is associated with a high-
er risk of developing atherosclerotic plaques (Vernon et al,,
2022; Wilson et al., 2018, 2019). Additionally, patients with
AGS who receive bovine or porcine valves face a greater mor-
tality risk compared to those who receive mechanical valves
{Hawkins et al., 2016). AGS is regarded as the first allergic dis-
ease caused solely by a carbohydrate, triggering IgE-mediated
allergic reactions.

a-Gal epitope was identified in vitellogenins and a-2-mac-
roglobulin protein groups of I ricinus larvae and adults, in-
cluding in saliva (Apostolovic et al., 2020). Antibodies against
a-Gal recognised this epitope in SG of A. americanum and

Ho

N-acetyineuraminic ackd (NeuSAc)

I. scapularis. Moreover, a-Gal-containing protein extracts ac-
tivated basophils from patients allergic to red meat (Crispell
et al., 2019). An unusual combination of a-Gal and core-Fuc,
a-Gal and Xyl, and di a-Gal structures were identified in SG of
A. americanum (Park et al.,, 2020). Because SGs contain high
levels of a-Gal, the authors also suggest that a-Gal may mimic
proteins secreted into non-primate hosts, with a-Gal poten-
tially acting as an allergy sensitiser in the atypical human host
{Contreras et al, 2023; Park et al., 2020). Female and male
A. americanum ticks fed on human blood showed significant-
ly higher a-Gal levels in their salivary glands than those fed
on bovine, rabbit, or dog bleod (Maldonado-Ruiz et al., 2023).
Moreover, a-Gal levels increase over the course of feeding,
reaching a peak within 3 days. Large tick-to-tick variation and
differences between various field-collected ticks of a-Gal lev-
els were observed. It was reported that host-derived factors
may modulate glycosylation patterns in ticks, which could
help explain the differences in sensitisation observed in a-Gal
syndrome (Maldonado-Ruiz et al., 2023). Cabezas-Cruz et al.
(2018) also demonstrated that silencing of galactosyltrans-
ferases responsible for a-Gal attachment (bdgeit?, adgalt-1,
and edgalt-2) impaired tick feeding. Moreover, a-Gal levels
increased during Anaplesma phagocytophilum infection. The
authors conclude that ticks can produce endogenous a-Gal,
and its expression is needed for tick feeding and controlling
bacterial infection.

The presence of host protein (immunoglobulins), adsorbed
in the tick midgut and subsequently secreted into the tick
saliva, supports the idea that some of the a-Gal in tick saliva
comes from a mammalian blood meal (Jasinskas and Barbour,
2005). Endogenous preduction of a-Gal and incorporation of
a-Gal-containing constituents from a mammalian blood meal
were also conduded in [ ricinus (Fischer et al., 2020). a-Gal
production together with the responsible galactosyltransferas-
es was shown in L. scapularis, together with the confirmation
of th)cir importance for tick physiology (Cabezas-Cruz et al.,
2018).

N minic acid (Neu5Gce)

Sialic acids are an abundant terminal modification of glycans
in mammals and higher Bukaryotes; among them, N-acetyl-
neuraminic acid (NeuSAc) and N-glycolylneuraminic acid are
the major forms (Lewis et al., 2022). The hydroxyl group that
distinguishes Neu5Gc from NeuSAc is located on the glye-
olyl part of the substituent attached to the nitrogen at posi-
tion C5. The conversion of NeuSAc to NeuSGe is catalysed by
CMP-N-acetylneuraminic acid hydroxylase (Fig. 2), which is
mutated in humans; therefore, they are unable to synthesise
it (summarised in Angata and Varki, 2002). For that reason,
Neu5Ge is highly immunogenic in several ways.

N-ghycolyineuraminic acid (Neu5G<)

Fig. 2. The chemical structures of NewSAc and Neu5Gc. Schema for the enzymatic conversion of NeuSGe from NeuSic via the action of CMP-
N-acetylneuraminic acid hydroxylase, an enzyme which is inactive in humans.
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Firstly, due to the dietary uptake, Neu5Ge is displayed on
human cells. NeuSGe is present in human tissues in mini
amounts due to the consumption of red meat, milk products,
etc. Mammalian-derived glycoproteins are absorbed into the
human body via micropinosis (Banda et al,, 2012; Bardor et
al., 2005; Malykh et al., 2001), digested, and amino acids, as
well as saccharides, are subsequently metabolically incor-
porated into newly synthesised glycans (Banda et al., 2012;
Bardor et al, 2005; Bergfeld et al,, 2012; Samraj et al., 2015;
Tangvoranuntakul et al, 2003). Therefore, human tissues
present a “foreign” but cell-bound antigen. Secondly, humans
naturally develop drculating anti-NeuSGe antibodies that
arise due to persistent exposure to dietary NeuSGe and pos-
sibly through microbial presentation of Neu5Ge-containing
glycans (s ised in Altman and Gagneux, 2019). Thirdly,
when anti-Neu5Ge antibodies bind Neu5Ge, as a foreign an-
tigen, this coexistence to di mediated by
chronic inflammation, like cancer, cardiovascular diseases, and
autoimmunity (summarised in Alisson-Silva et al., 2016; Dhar
et al, 2019; Okerblom and Varki, 2017; Samraj et al., 2014,
2015; Varki, 2017).

In cancer tissues, NeuSGe was found at high levels (Malykh
etal., 2001; Samraj et al., 2014, 2015) and seems to be a poten-
tial biomarker in oncology (Cao et al., 2022; Teng etal., 2022).
The dietary source, antigen properties of the epitope itself,
and ubiquity/abundance on the cell surface render NeuSGe a
distinctive antigen, deserving further attention and investiga-
tion.

In ticks, researchers identified traces of N-glycans contain-
ing NeuSGe and NeuSAc in the gut of partially fed I. ricinus fe-
males using MALDI TOF/TOF (Vancova et al,, 2012). Further
MS/MS analysis showed the presence of the complex glycans
containing two antennae with one or two Sialic acids (Sias) and
three antennae with one Sia. Localisation of NeuGe using im-
umnolabe]lmg with gold partides showed its presence in the

t memb and cytosolic structures of SG acini,
as well as in digestive cells and the gut lumen of partially fed
ticks. Considering the structure of glycans, their placement
within tick tissues, and the type of tick samples, the authors
hypothesise about the host origin of the identified glycans.
The host-origin theory of most of the sialic acid in ticks was
supported by Sterba et al. (2014), who quantified Sia levels in
tick tissues. Using a commercial Sia quantification kit, the to-
tal Sia concentration was determined in the gut, SG, and OV,
expressed as mmol Sia per gram of protein. Conversely, the en-
zymatic assay indicated that the amount of tick-origin Sia was
approximately 1,000 times lower. By comparing the total Sia
amount with the metabolically produced one, the authors con-
clude that the majority of the Sia in tick tissues is of host ori-
gin (Sterba et al,, 2014). Trace amounts of terminal NeuGe at-
tached to the terminal galactose in male SGs were also shown
in A. americanum (Park et al,, 2020). The enzymes necessary for
NeuAc production were identified in L ricinus and I. scapularis,
and the expression and activity of sialyltransferase needed for

body titre. Structurally, xylose is attached in N-glycans in the
position P1,2- to the core Man, and it could accompany core
al,3-fucose or a-Gal epitope.

In invertebrates, Xyl, together with core a1,3- and al,6-fu-
cose, has been reported in Schistosoma (Khoo et al, 2001;
Smit et al, 2015) and in snails (Lommerse et al., 1997). Xylo-
syltransferases responsible for the attachment of Xyl residue
were identified in C. elegans (Hwang et al., 2003) and in D. me-
Ianogaster (Lee et al., 2013; Wilson, 20022, b).

The presence of B1,2-xylose in ticks was reported by
Crispell et al. (2019), who did MS profiling of glycans in sa-
liva and salivary glands of various North American tick spe-
dies. The structures containing core-mannose pentasaccharide
maodified by Xyl were found in /. scapularis, A. americanum and
A. maculatum in unfed and partially fed females and also in the
saliva of these species. A deep MS analysis of A americanum
N-glycome revealed the presence of complex glycans, with Xyl
attached to the core-mannose in 8% of the total N-glycan pro-
file in unfed females, 5% in females fed for five days, and 16%
in males. A unique combination of Xyl and a-Gal was also de-
tected (Park et al., 2020).

Conclusion

Recent research has highlighted the significant immunolog-
ical functions of glycan epitopes in bcﬂ These unique car-
bohydrates, absent in humans, can trigger immune respons-
es, occasionally leading to allergic reactions or false-positive
allergy-test results. Moreover, they play critical roles in the
complex triad of tick-hest-pathogen interactions, potentially
affecting pathogen transmission, tick survival, and host sen-
sitisation to allergens. Evidence of endogenous synthesis and
host-derived glycan incorporation demonstrates the dynamic
nature of tick glycomes. Although previously considered dini-
cally insignificant, these glycan structures are now recognised
as crucial elements in allergy and immunology, with promising
potential as future vaccine or diagnostic targets.

An important aspect of CCD epitopes’ presence in tick tis-
sues and saliva is their immunogenicity, which is in contradic-
tion to the need of the tick to lower the defence responses of
the host during blocd feeding. We hypothesise that the pres-
ence of various inhibitory signals, like the presence of sialylat-
ed glycoproteins of tick or host origin (summarised by Vechto-
vaetal, 2018; Wickramasekara et al., 2008), may be one of the
reasons why ticks transport undigested host proteins during
blocd feeding from the gut to the salivary glands and saliva as
a form of molecular mimicry.

To better undeﬂtand glytan-based relationships with-
in the tick-host-pathogen triangle, further studies spanning
multiple levels are needed. The molecular biclogy-based lev-
el could focus on the identification and characterisation of
glycan-modifying enzymes, as well as the description of cor-

NeuSAc attachment to glycans was confirmed. However, the
presence of CMP-N-acetylneuraminic acid hydroxylase neces-
sary for NeuSGe production was not confirmed in ticks (Ster-
bova et al,, 2026). Thus, the exact role of sialylated glycopro-
teins in ticks remains to be elucidated.

1,2
ge;w;z:’:;lm is a typical CCD found in plants that does not
occur in human and mammalian glycans (van Ree et al., 2000).
Therefore, it is immunoclogically foreign to those organisms
and, in sensitised patients, can cause an increased IgE anti-

responding glycosylation pathways, as in the work of Cabe-
zas-Cruz et al. (2018). Mass spectrometry analyses character-
ising glycomes from various tick species, their developmental
stages, and organs, could extend knowledge at the glycom-
ics-based level - as in the work of Park et al. {2020). Finally,
exploring the ecological and physiological factors underlying
host- and tick-dependent expression of CCDs could shed light
on differences in CCD expression, as illustrated by the case of
a-Gal reported by Maldonado-Ruiz et al. (2023). Furthermore,
detailed characterisation of tick cell lines, including their gly-
comic profiles, would enhance their use as models for tick re-
search (Bell-Sakyi et al., 2018).
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Ongoing research is crucial for deepening our understand-
ing of tick-derived glycan biology, developing effective strate-
gies to prevent tick-borne diseases and manage allergies, and
advancing novel, animal-free medications for patients with
AGS (Altomari et al., 2025). The importance of such research
is evidenced by the alarming increase in the number of cases

Allen JR (1589). Immunology of interactions between ticks and
laboratory animals. Exp Appl Acarol 7{1): 5-13. DOL: 101007/
BFR01200448.

Altman MO, Gagneux P (2019). Absence of NeuSGe and presence of
antl-NeuSGe antibodies in humans - an evolutionary perspective.
Front [mmunol 10: 789. DOL: 103389/ fimmu. 2019.00789.

Altomari C, Uchs J, Carpenter C, Shah S {(2025). Emerging need for

of anaphylactic reactions. In the US, hundreds of th ds
of cases are reported (Thompson et al., 2023), while substan-
tial case numbers are also documented in Asia, Australia, or
Europe, including the Czech Republic (Maller et al, 2023),
Austria (Pisazka et al,, 2019), Germany (Fischer et al,, 2017),
Poland (Brzozowska et al., 2021), or Italy (Villalta et al., 2017).
‘The reason for this rapid increase is not yet known (van Nu-
nen, 2025). Anti-aGal vaccines were proposed to lower an-
ti-aGal IgE production and basophil activation (summarised
in Propst and Thompson, 2025; Saunders et al,, 2024), as well
as to serve as a pan-vector and pan-pathogen vaccine (summa-
rised in HodZi¢ et al., 2020). Until such a vaccine is developed,
avoidance of tick bites, together with the elimination of red
meat and beef-originating foods, is the only means to prevent
AGS (Commins et al., 2011; summarised in Propst and Thomp-
son, 2025; Young et al, 2021).

In recent years, awareness and dinical relevance of cross-re-
active carbohydrate determinants (CCDs) have also increased
within the Czech Republic, and anaphylactic reactions have
been described in Czech patients (Maller et al,, 2023). Sev-
eral dinical laboratories now offer testing for a range of CCD
epitopes, incuding facilities such as Thomayerova Hospital, St.
Anne's University Hospital, the General University Hospital in
Prague, and selected EUC Clinics.
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Salic acid ommonly decorates the surfsce of cells and secreted profeins of Eukaryotes, It ploys roles in cell

Iling and adhesion, affeos | ctions and alternaive complement pathwiys, and Beurngenesis.
‘While sialic acid is o saccharide p in high aburd in vertebraves, is sxinor representation wis reparied
in arthropods and among medically necessary parasites.

Dredes ricinus tlek & a significant vecior of pathogens severe indl inh and | cli. It has
‘been kncawn mainly through indirect evidence that sislvlated glycoproteing ame present in tick eues, S a bood -
feeding parasite, te hosr's bload, fall of sialylaed molesules, could be the source of such glyeoproteing within
the tick’s body, To detect solely the tick sialylsted gheoproteine, we msed an azide-modified precursor of Halic
acid po ke membalically incorporated by the ok cell line IREACTVIMDO ariginating (n this cick or by teks if the
carrespanding Mesynthetic pachway s presest and active.

Cur [ icems genome screen revesled teo sinhvliramedernse genes, which were expressed in all tcks’ life stages,
and we conflrmed stalylrransfersse acifvicy in tick cells. We combined in wiro feeding along wich Click chemistry
o track the presence of sialylated glyeoproteing from fied female ticks throagh their eges to the birese, Similarly,
slalylared glycoproteins were produced by the IRE/CTWA20 cell line. Thus, we conflrmed che ability of ticks o

produce their own sialylated glycopeoteins in addition to those originating from the host blood,

1. Introduction

Protein glyeosylation is a biochemical process in which o mana. or
oligeanceharide is covalemtly anached to a target molecule. This process
i crucial for various biclogical functions, such as protein folding and
srability, cell-to-cell communieation, immune response, amd ost-
pathogen recognition [summarised in (1]

Glyeans congist of varfous monosaceharide subanitz and can often
comntain complex branched chainse They are found throughout the
evolutionary chain, from simple hacteria o complex orgamisms,
incleding green plants, arthropods, and humans, Sialic acid (5ia) is the
umifiesd name for & group of negatively charged bixose monosaccharides
characterised by a nine-carbon skeleton, in Eukaryotes mostly N-ace-
rylneuraminie &cid [NeuSac) or N-ghcolylneuraminic acid, Sia biasyn-
thesis involves several intermediate steps. First, the precursar wridine
diphosphate-N-acetylghicosamine 8 protessed  through  N-

acerylmanncsamine, N-acerylmannosamine-G-phosphate, NewSAc-9-
phosphate, and MNeuSAc into the donos moopsaccharide cytidine

phospk N-acetyl inic ackd [CMP-MeuSAc) [2], which is
linked ta the tarpet glvean by sialvicranaferase,

On the ane kand, it has bong been known that sialylated glycopro-
teins geeur frequently and in high concenirations in vertebrare tissues,
where they are present on the surface of many cell types or are secreted
{pummarized in [3]), However, during the past years, it bhas been shown
that theey also exist in sperific cases in arthropods and bacteria [4,5]. Sia
plays mumerous essential rodes in vertebrases: cell signalling, cell adhe-
sion, influencing the alternative complement pathway [6,7], and other
parts of the Emmane system |5, neurcgenesis [9) or protection of the
organism from invading pathogens [10,11].

O thve cther hard, only a lEmived representation of sialylaed glycans
was reported in invertebrates. Among them, insects remain the best-
piadbed group, Cieadn Philaenus spurrearius was one of the st insects
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Fig. 1. Sia metabolic pachways. Sla can be produced from MasNAc either by ManNAc kinase, N-acetyl yuchase (NANS), and slalic acid phosphatase
(NANP) or directly by NeuSAc lyase. While ManNAc kinase, NANS, and NANP were not found in the [ ricinus published genomes, a NeuSAc lyase-like protein was
identified. Furthermsore, CMP-NeuSAc synthetase and two putative sialyltransferases were ideasified as well, thus completing the metabolic pathway fram ManAc/

ManAz to NeuSAc/NewSAx and to sialylated glycoproteins.
Created in BioRender. Sterba, J. (2025) barpa/ /BioRender.com /m3Syi42

in which sialylated structures were identified [12). Glycans with «2,6-
linked NeuSAc and o2,8.linked polySia were shown to be present in
P. spumarius concrement vacuoles of the Malpighian tubules, and Sia was
also confirmed in larvae [12]. In the honeycomb moth Galleria mello-
nella, Sia was detected in larvae in its kactonized form of NeuGe; gAcy
[12]. In Bombyx moari, a2,6- activity was detected in
various organs in different life stages (14, Sia was also detected in the
insect model organism Drosophila melanogaster [15], and glycoprotein
stalylation was later confirmed using metabolic labelling (16, During
its embryonic development, an a2,6-sialyltransferase is expressed [17]
and plays a dominant role in the development and function of the
Drosophila neural system [ 18], In mosquito Aedes aegypt tissues, Sia and
sialylated structures were detected, and the responsible o2,6.sialyl
transferase was identified. Furthermore, Sia was important for recog-
nising mosquito salivary gland tissues by the dengue virus [19). In
contrast, sialyltransferase activity was not detected in various insect cell
lines [20,21].

Ticks are, after mosquitoes, the second most important vector of
pathogens, in terms of the number of species they transmit [22]. They
live a parasitic lifestyle on hasts, whose blood is their only food. Blood
feeding on the host is required for all life stages transformation, Le. from
larva to nymph, from nymph to adult, and for egg laying (23],

Protein glycosylation is vital in the relaticaship between the tick, its
host, and tick-borne microorganisms. For example, al,3-core fucosyla-
tion is necessary for the infection of Ixodes scapularis by the pathogenic
bacterium Anaplasma phagocytophilum and its transmission to the host
(24); further information was reviewed in [25]. Ticks, similarly to other
invertebrates, usually produce high-mannose or hybrid-type N.glycans
125], The ability of tick haemolymph proteins to specifically bind Sia
arx the presence of Sia-binding proteins in ticks and tick cell lines were
reported decades ago (summarised in (26]), Dorin M, & Sia-specific
lectin, was characterised in the soft tick Omithodoros moubara [27,25).
It is mainly expressed in salivary glands, and due to its ability to bind
sialic acid, its potential role in tick innate immunity and pathogen
transmission is discussed (29,

Sia in ticks was detected in salivary glands using Sia-specific lectins

MAA 11 and SNA (30, Later, mass spectrometry analysés confirmed the
presence of sialylated glycans in tick gut and salivary glands, and their
specific localisation was observed using electron microscopy in the
basement membrane of salivary glands [21]. However, the structure of
identified glycans did not correspond to the tick origin due to their
complex nature.

The passibility of host origin of sialylated molecules was proved via
quantification of total Sia compared to bioorthogonally labelled sialy-
lated molecules |22), Experiments showed that most of the Sia in adult
L ncinus females and tick cell cultures odginates in the bost. Small
amounts of tick-origin sialylated glycans were found in salivary glands
and ovaries and were localised in oocytes [12]. Bioorthogonal chemistry
in combénation with Click chemistry has become a powerful toal in
recent years for studying post-translational protein modifications,
including glycosylation [%3]; it has also been used to study tick-bome
pathogens and tick glycosylation [34].

Based on our previous results, we aimed to confirm the ability of
L ricinus ticks and tick cell lines to produce sialylated glycoproteins and
wverify their presence in tick samples.

Firstly, we examined the L ricinus genome for the presence of en-
zymes invalved in CMP-NeuSAc béosynthesis (KEGG pathway M0O0922,
[35]), which s & substrate for sialyliransferase (SEaT). Further, the
expression of the identified enzymes in transcriptomes was verified.
Then, we assessed the sialyltransferase activity in the tick cell line
model. Finally, we used biorthogonal chemistry to track the sialylated
molecules of tick otigin in the tck cell line and adult tick females, eggs,
and larvae, To verify the production of sialylated proteins, we used
metabolic labelling with a precursor of sialic acid, N-azido-mannos-
amine (ManNAz, used &s a tetraacetylated precursor), which is metab-
olised to N-azido-neuraminic acid (NeuNAz, [76,37]), followed by the
Click reaction (361, to distinguish the tick sialylated glycoproteins from
sialylated proteins originating in the host blood. ManNAz was added to
blood for in viro artificial tick feeding or to tick cell line growth media.
Tick females fed on ManNAz-spiked blood were left to lay eggs, which
allowed us to trace NeuNAz from fed females through eggs to larvae. We
confirmed the presence of sialylated molecules of tick origin in the IRE/
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CTVMZD tick cell line and tissues using fluorescence microscopy and
western blotting,

2, Materials and methosds

Al procedures were performed &t ambient temperanee (i ot
ptherwize stabed.

Z1. Identfication of sialic acid bosynthesis patfiway members ond
shimyiraniferoie genes in e Leodes ricings gemome

‘The presence of enzymes participating in Sia metabolism and
artachiment o probeing was searched within the published 1 meine ge-
mamses and transcriptomes. First, the Sialic acid binsynthetic pathway

Teremarkaed Seaema! af Sipdogical Macromakioider 355 L0300 152505
22 Expression of siglyliransferose gere in [xodes ricinus genome

T30l and SToGal transcripds presence and expression were verified
in rranscriptomic data from multiple 1ife stages of I riciats (GenBank 1D
GIDEIO00000, [19]), which includes eggs, larvae, fed mymphs, unfed
females, and fed females; thus, this dataser also comprises the early [ife-
stages of I noinus. The read counts were normalised across libraries o
produce a catalogue of sage-specific wanscripts and are expressed as
noemalised read counts.

Mext, RNA-seq data retrieved from the Sequence Read Archive
published i [47 | (BloProject 1D PRIMAZIS009) were used o seanch for
5T3Gal and 5TéGal expression profiles across different L ricinus life
stages (unfed and partially fed nymphs, males, and unfed and partially

members, inclading ManNAc 6-kinase (MME EC:L7.1.60), N-ace-
tylneuraminate (N-acetylneurami S-phosphate) synthase (MANS
BEC:25.1,56/57), and sialic scid [N-scetylneuraminate-2-phoaphate)
phosphatase (NANP EC:31.3.28) were searched for, see Fig. 1. As no
geivis bearing aimilarity to the known eneymes of this pathway wene
found, we searched for an Ne-acetylneuraminate lyaselike ercyme
(BC:4.1,3.3) potemtially performing an alternative resction of Sia syn-
thesis fraom ManNAc. Additionally, two more enzymes, completing the
pathiway, were searched forr CMP-sialic acid synthetase [CMAS
EC:27.7.43) and sinlyltrnnsferases (SiaT, BC2.4.3.1 and BC: 2.4.306).
For mare information on the pathways, see the Kyoto Encyclopedia of
Genes and Genomes (KEGG), which includes three other tick species
(namely Dermocentor sivorwm, Rhipicephofis sanguineus,  and
R maleropili, [ 351 The searched data included 1) our Oxford Nanopone
Technology  polished long  read  assembly  (BioProject  ID
PRINALOZAS02): 2} previously published assemblies of two L el
izolates (BioProject 1D PRINAS16462)k 1) and our comprehensive
rranseripromic data from multiple 1ife stages of 1 e [GenBank 10
CIDGODODON0N, [ 59]0.

For thi N-acerylneusaminate lyase-like enzyime, sequencss wene
identifisd in EukProt ¥3 [40] using hmmsearch of the HMMER suite
%3.3.2 [41] and the PTHR12128 Panther datahase Hidden Markov
Medel (HMM) profile. These sequences were complementesd with
reference N-acetylneuramine lyase sequences from EEGG (KED1639) and
reannotated with kofamscan v1.3.0 with KEGG profiles «2022-04-03
[42]. Following clussering with MMsegs? (easy.linclust—min.seq.id (.5.
¢ D.5-cov-mode 1-cluster-made 3; [43]), the sequences were aligned
with Buscle (¥5.1; BEF) and trimmesd with trimal (vl 2rev&9,
parameter-gt 0.3 44,45 ) The Maximum Likelihood tree was cakon-
lated wsing PastTres (v2.1.11, substitution model WAG; (4601 or 10
TREE {v2.3.4, substination model WAG + 1 + R10, 1000 ulra-fast
bontstrap replicates and 1000 SH.ike alAT replicates; [REF PMID:
E200117040] ) Finally, the dataset was manually prumed 1o recain curated
hamalogs of N-acetylneuraminate lyase and 4-hydroxy-tetrabydrodipd-
colinate symihase, twoe of which showed a phivlogenetie relationship in
our analyses, and reanalysed as abave.

annatated ST3Gal from Cloma savignyi (CenBank ID CAFZS172.1)
ard STEGAL fram Varroe destnector (GenBank 1D ADRIZ0T2.1) were
used o search the mites and ticks ar protein datahase, The best hits
found in the L seapalaris gendime were ussd vo find their arthelogs in the
I ricinus transcriptome. Both transcripts were ussd to search for their
Iomsologs in the gencmbc context im the [ riciaus gename sssembly, The
ket hits were sxtracted, and their exoo-intron structure was identifed
by mapping tee transcrips o the extracted genamic comtigs using
Bowitie? in Gensions Prime v3025.0.2

Protein alignments were prepared from ranstamed TSA sequendes
and the identified closely related proteins in Geneious Prime 2024.0.7
uming the BLOSUMSZ substitution matrix and alfine gap costs with a gap
open penalty of 12 and a gap extension penalty of 3 (https:/ /www._gen

elousoomk

fed females). Raw reads were aligned, and counts were extracted using
Salmon v1.10.1 [48], Cross-sample normalisation by libeary depth and
compasition was done using Defeg2 v 1.46.0 [45].

23 Tick cell lines

The I Acinis embryo-derived tick cell lne IREACTVM20 provided by
thee Thek Cell Biokank (50057 was eulmred in Leibosite' L-15 mseclium
supplemented with 20% foefal bovine serum (Cytiva), 1% antibiotics,
antimycotle mix (all Biosera), 2 mM glocamiee, and 10% oryplose
phasphate broth (Merck] in 2 ml volumes in sealed, fatsided cell cal
nare rubes (Munc, Rochester, USA) at 28 "C as described before [52].

2.4, Tieks

Lenides Ficliin theka wene oolbected during the sammer by Qagging in
Ceské Budgjovice. The ticks were kept in the tick-rearing facility at the
Inatitute of Parasitalogy, Biology Centre of the Ceech Academny of Sci-
ences. Here, the ticks were stored in glass containers with vents at high
relative humidity and & temperature of 26 °C,

25 Elood

Far ia vire feeding, (mesh bull blood eollecred an a slaughterhouse in
Ceské Budijovice was used. The blood was treated with an anti-clotting
agent, heparin (Ifthium salt, Merck) at a concentration of 15 Us/ml and
ek gtomed at 4 “C until we,

2 6. Sinfyitransferase acmity

IREACTVMO cells from cne cultivation tube (approcimately 10%)
were centrifuged at 600 RCF and washed with 1< PBS (137 mM NaCl,
1.6 mM KHa POy, 10 b NagHPO, 2,7 mbd KCI, pH 7.4 theee times, Thi
cells were then resuspended with RIPA buffer (0. 1% SDS, 1% KNP0, 25
nM Tris-HCI, pH 7.6, 150 mM NaCl, 1% sodium deoxyeholate], mixed
with HALT protease inhibitors (Thermo Fisher Scientific] and sonicated
for 15 min on ice, Sonicated samples wene then vortened for 10 min and
centrifaged for 10 min at 13000 RCF. The concentration of the probeins
wiad measuned using the Pierce BCA Protein Assay Kir (Thermo Fisher
Scientific). Sialyltransferase activity was measured with a Sialyl
trarsferase activity kit (R&D Systems) in o 96-well plate. Briefly, the
optical density of phosphate standards was measured at 620 nm, and the
phosphinte standard curve was prepared. A sialyliransferase assay wi
prepared by mixing 1.25 mM CMP.sialic acid (Merck) as a donor sub-
strate, 2 5 mM Asialofetmin (Merck) 25 an acceptar substrate, and 10 ng/
plof coupling plosphatase , The reaction was initiated by adding IRE/
CTVM20 ool lysate in a protein concentration of 1800 ngAd as a
warking sialylrransierase solution, o-2,3-Sialylransferase from Puos-
tenrelln muftocida (Merck) in a 0.1 ngspl concemtration and human me-
dullehlastoma DADY ol lvsate (DAOY HTE-186; American Type
Culture Collection: in a protein concentratian af 1500 ngful in RIPA
budfier) were used as positive controls; mammalion cell lysate was used
instead of an insect cell line as sialyliransferase actiwity is naturally
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present in mammalian cells contrary to insect cell lines. Negative contral
amd Phosphatase 2 controls wine prepaed according o the mavial in-
structions. The microplate was incubated at 37 “C for 4 h. Then, Mala.
chite Green Reagent A, deionised water, and Malachite Green Reagent B
were added to each well. After 20 min incubation at room temperature,
the oprical density ar 620 nm was measared, and the product formation
was calculated accoeding to the manufacturer's instructions. A positive
reading (alter the sabraction of the blank) served as 8 confirmation of a
detectable sialyltransferase activity, rather than directly comparing the
activity herween the samphes, thus, a smatistical analysis was mat
ineluded.

2.7, Membobic labelling of tick cell line proteies

{(ManMAz, Thermo
Fisher Scientific or Click Chemistry Toods) ar N-{4-pentynoy]) manneos-
amine (ManhAl Click Chemdstry Tocks) dissolved in DMS0 (Merck) was
added to a tick cell culiure bo a final concentration of 100 pg/mk; DMS0
in the same volume was added o the control samples ag 8 negative
comtral. Experiments were performed at least in héological triplicates.

Cells were seeded &t a densiny of 10° cella per tube ina 4.5 ml me-
dium and cultivated for five days. Next, cells were harvested separately
from each cultivation pabe and seeded for a Auorescent detection af
MeuMAr and a cell wiability assay as described below. The remaining
cella were pelleted at 600 RCF for 5 min, the sipernatant was nemoved,
and the cells were washed three times by resuspending the cell pellet in
phosphate-baffered saline, pH 7.4 (PRS) and spinning at 600 RCF for 5
min. The cell pellet was stored at ~ 20 “C until further use. Mext, the cell
pedler was lysed in 50 mM Tris-HCl with 1% SDS, pH 8.0 and HALT
protease inhibitors [Thermo Pisher Scientific).

Tm}h‘md Nlﬂ.l.;l.‘l.rﬂh:l.‘ il

28, Cell vishility assay

Harvested tick cells were seeded in a 24-wedl plate (TPP) at a density
of 1.5 = 107 gelle/well in 1 ml of cultivation media, seabed with parafilm
to prevent excessive evaparation of media and cultivated for ane day in
am air-tight humid chamber st 28 °C, The fallowing day, alamarBlue Cell
Viability Reagent (Therme Fisher Scientific) was added 1o a 1= working
canceniration. The bank sample (1 ml of 1< alamarBlue in cultivatian
miedia] was added 1o a separate well, The plave was seabed with parafilm,
covered with aluminium fodl to prevent flunrescence bleaching, and
placed in an air-tight humid chambser at 28 “C. The change of the colour
indicator was monitored contineowsly for 13 b after the alamarBlue
addition. When a visually detectabde eolour change from dark Bl o
purple was observed, the medium was collected, the contained cells
were pelleted ar 600 «g for 5 min, ard the leorescence of the super-
natant was measured in technical triplicates per sample in a S6.well
plate (TPP) using an Infinfte M200 Microplate Resder (Tecan), The
relative viability of treated cells was related to the viability of DMSO
contrals and the untrested culiure,

28 Menbodc lahelting of tck prareing — i vitro tick feeding

Before uwse, 5 pgdml gentamicin, 1 mb ATP, and 100 U ml Kystatin
{all from Merck) wers added to the blood (final Hood concentrations).
ManhAz was added to a Al concentration of 1 pgdml of 10 ggsml in
the blood for metabalic labelling. As o control, blood with DMS0 was
med.

The preparation of e tick feeding units followed the published work
of Erober and Guerin [53,54] with two differences: the incubation
petind belore in viero feeding was cmirted, and the stimualas using animal
fur was not used. The glass plate was wrapped with food foil and fAxed
with adhesive tape. Cellubose papers (Kodak) were placed on the top of
this foil and fixed with tape at opposite ends. A silicone mixture con-
taining E4 silicone (Wacker), FL white colour paste (Wacher), DC 200
slicone oil (Fluka/Honeywell), and 150 g/kg hexane (Merck] was
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prepared and spread in a 60-80 pm thin layer over the paper. The
enixnare was left 1o dey for 14 b, The feeding units were coated on the
battom side with a thin layer of B4 silicone, pressed onbo the membrane,
anid left to adhere for 4 b The feading units were then released with &
scalpel, and the film an the bottom side of the membrane was remaved.
These feeding umits were then used with six-well plates (TPPL

To each well of the six-well plate, 3.1 ml of blocd was added. The
blood was enriched with ManMAZ in DM5O 1o 8 concentraton of 10 pg
ml, or with a corresponding valume of DMS0 in contral wells. Ten tick
females and five mabes were placed in each feading unit, phagged with &
breathable kandage (Sapplementary File 510, The panel was then plaond
in a water bath heated to 37 “C and covered to maintain high humidity.
Thee blocd was changed every 12 h, and during each change, the paned
was cleaned with distilled water and FBS containing Nystatin at a con-
centratian af 100 Usml. Ticks were fied for 7-9 days in this manner unl
the spontaneous release of the tick ocourred.

After feeding, ticks were surfsce-disinfected with 70% ethanal for 10
&, washed three times with sterile water, and left at high hamidity wntil
oviposition of dissected. Salivary glands, gat, Malpighian rubes, and
ovaries were remaved from three females partially fed on blood eom-
plemented with ManM Az or DMSD, 15 egps were collected after 3, 7, and
14 days. Larvae were collected and processed immediately after hatch-
ing. Experiments were performed in biclogical wiplicates.

2.10. Preparation of tiek s and cell lyaates for SDS-PAGE, wetern
bt anabysts, amd Click reaction

Sterilised and washed individual tick crgans and eggs were homo-
genised in |yais buifler (100 mM sodivm phosphate, 1% 508, probess:
inhibitors (Thermao Pisher Scientific) using Tissuelyser 11 homogeniser
(Qeagen) an 30 beatsss for 15 min Subsequently, the sampks were
sanicated in a sonication bath at 4 °C for 18 min, vortexed for 15 min,
and centrifuged at 14,000 RCF for 5 min &t 4 "C The supersamant was
pipetied infr a new micratube, and protein concentration was measured
using the Pierce BCA Protein Assay Kit (Thermo Fisher Sciemtific)
Samples were kept a1 —20 °C for further use.

Click reaction with proteins from tick tssoes was prepared according
1o |55], L, 50 pl of tesue lyaate containing 50 g of proteins was mixed
with 382.5 pl of 100 mM potassiom phasphate baffer, pH 7.0, Subse-
queritly, 10 pl 5 mM Click resctant, 25 pl deionized water, 7.5 pl of 1:2
premix aof 20 mM  CweSOy and 50 0 2mM Tris(3-
hydroxypropyliriszolylmethyl}amine, and 5 mM sodium  ascorbace
were added. Por MeuMAz-containing samples, biotin-alkyne or Abexa
488-alkyne was uped; for NeuNal-containing samples, biotin-azide or
Alexa A8 aride was nsed. The mixture was incubated for 1 hoat 37 °C
Click reaction with proteins from the TREACTVMZD tick cells was per-
formed according to the mamual far the ClickT Protein Reaction Buffer
Kit [Thermo Fisher Sciemtific)

Both types of samples were then precipitated with the methanal-
chloroform techmigue described in the Click-iT Frotein Reaction Buffer
Kit {Thermo Fiaher Scientific). The dried proteins were then dissolved in
1% Larmmbi boading buffer with DTT (SERYA).

211 SDE-PAGE amd Westam bloming

Pritein extracts from ticks, organs, eggs, barvee, and oells were
prepared for SDS-PAGE similarly. An approprinte amount of 4=
reducing Laemmili 08 sample buffer (Thermo Fisher Scientific) was
adied 1o the processed samples. The samples were biated to 75 °C for 5
min and centrifuged at 5000 RCF for 5 min. SDE-PAGE was perfommed
acconding 1o the protocel publighed previously |56, Protein marker
{(Protein Marker VI (10-24%5) prestained (AppliChem) and PagsRuber
Plus Prestained Protein Ladder (Thermo Fisher Scientific)) was applied
together with the samples to the 12% aoylamide gel. The separation
wias carrhed out &t 120V for approzimately 75 min.

The gel was then minsed with distilled water, and blotting was carried
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out according to protocal [57). Tick organs and egg samples were
Elerted for 12 b at 3 W asing a Trans-Blot S0 Semi-Dry Teansfer Cell (Bio-
Rad, Hercubes, CA, USA). The blotting of samples from tick cells was
carried out for 1 b at 20 V using & seml-dry bloter (Cleaver Scientific,
United Kingdom).

After elecoroblotting, the PVDF membranes were washed with
distilled water. First, the membranes wers blocked with 5% pon-at
milk/PBS for 1 b, Alver blocdking, they were incubated with 5% npan-fat
milk/PHE with Anti-Alexa Ploor 488 made in rabbit (Vectar Labaora.
torkea) dilted 1:1000 for 1 h, Subsaquently, they were washed 3= in
FBE-T for 10 min each. Afver washing, membranes were incubared with
Anti-Rabbit TG conjugated with Alkaline Phosphatase/Horseradish
Peroxidase [Vector Labarararies) dilured 1:1000 in 5% pon-fat milk/PRS
salutian for 1 h. This was followed by washing again with PRS.T 3 for
10 mim, Finally, the membranes were spilt ower with 10 ml AP devel-
cping baifer (100 mM TRIS, 0.1 mM MaCl, 10 m Mgcly) with 100 4l of
BCIP/MBT (both final concentration 500 mgsml fn 100%  dime-
thylformamide (BCIF) or P04 dimethylformamide (NBT)) or HREP
developing  buffer (100 mM Tris-HCl pH 7.2, 0.6 mM 3.3-dia-
minobenzidine, 0.01% Ha0;) and left on the workbench until a signal
developed, The membranes were then rinsed with distilled water and
left an the bench to dry. Separated proteins were stained using the Blue
Silver method (58]

212 Preparation of fick fxsues ard [REACTVM2D bick cell Tine with
ManNAg for fuoreicemnce microscapy and Click reaction

Harvested tick oelle were sedded in B-well Mexible tissue culture in-
serts (FlexiPERM slide, Sarstedt] attached to a microscopy slide (5 = 10°
cells/well) and cultivated for two more days.

Tick cells were fized with Roti-Histofix (Carl Roth) for 15 min and
permeabilised with 0.25% Triton X.100/PBS for 15 min. Samples were
then washed with 1% BSA/FBS for 10 min, and the Click resction was
performed with 1 pb Alexa Fluor 594 Alkyne (Thermo Fisher Scientific)
according 1o the manufacrurer's protocol using Click-iT Cell Resction
Buffer Kit [Thermo Pisher Sciemtific). Subsequently, samples wers
washed 3= with PBS. Alter this aep, autalluorescence was guenched
wiith ammenium chlaride (50 mbd NHCL 1% BSAPRS) 2 = 10 min, and
the cells were 3= washed 10 min with 1% BSAPES and 3= in PBS and
left to dry. Vectashield Mounting Medium containing DAPD (Vector
Labaraneries) was added, and the cell samples were covered with cover
glass. The edges of the glass have been coated with nadl polish and stared
ar 4 *C until farther analysis,

Unless otherwise stated, eggs and larvae sections were prepared at
RT. First, the samples were washed 3= with FBS for 15 min. Eggs wers
figed with 4% formabdebivde0.1% glataraldehyde PBS solution for 60
min, while larvae were fixed for 120 min. Samples were washed 3% for
15 min with PRS/20 mM glyeine, 10% gelatine preheated ta 37 °C was
added, mixed thoroaghly, and beft for 10 min az 4 "C. The larvae and
epas in the gelatine were then placed in a 2 cm long rectangubar form
cantaining Tissoe Freering Medium. In this form, it was deep frozen
iming liquid nitropen. After complete freezing, the sample was peeled
oat, and the part containing the eggs/larme was cut into 5 pmethin
sections for eggs and 4 pm-thin sections for Brvae a1 — 24 °C, which were
heeat-fixed to micrascopy slides. This was followed by permeabilisation
wiith 0.25% Tritan X-100/PBS for 20 min, Click meaction was pecfarmed
using the Click-iT Cell Beaction Buffer kit (Thermo Fisher Scientific] per
the manufactarers protocod with 1 pM Alexa Fluor 488 Alkyne (Thermo
Fisher Sefentific), The sections were blocked with 3% BSA/PBES for 60
min. After this step, agtofluorescence was quenched for 20 min with
ammonium chioride (50 mM NHyCL% BSASPBS)L Nexn, the sections
wiere washed thres times with PES/1% BSA for 10 min. & 1% BSA/PRE
solution containing rahbit Amti-Alexa Fluor 88 [Vector Laboratories,
121000 dilution) was applied, with incubation for 1 k. This was followed
by washing three temes with 1% BSA/PBS for 10 min each, & 1% BSAS
FBE solution containing Anti-rabbit DyLight 549 (Vector Laboratories,
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1:1000 dilution) was applied, and the sections were incubated for 1 b In
cage of bectin labelling, samples were incubsated with bictinylated GNL
bectin {ralanthes rvmlis lecting, Vector Laboratories) diluted im 1% BSAS
PES 1:2000 for 1 h, washed 3= for 10 min with 1% BSACPES and
incubated 1 h with Streptavidin DyLight 488 (Vectar Laboratories) in
1% BEASPES diluted 1:2000, Sections were washed theice in 1% BSAS
PBS for 10 min and three times in PBS for 10 min. After this step, they
were left on the bench for 20 min to dry. Samples were coated with
Vectashield Mpuanting Medivm containing DAPL and covered with a
coveralip,

2,13, Fluorescence and confecal micrescopy

Sections of eggs and larvee were ohserved ander an Dlympus Flao-
view FV.10i conforal laser scanning microscope and viewed using FV-
106-5W soltware. The acquired images wene processed and edited with
thie FV10-45W 1.7 Viewer software,

Samples of tick cells were viewed wing an Olympus BXS3 (Olympus,
Tokya, Japan) flucfescende microscope equipped with & DPFT3 camera.
Using OLYMPUS cellSens Standard saftware, images of cells with Man-
MAz staining were taken at the exposition time of 48 ms, images with
DMSO control staining were taken at the exposition time of B-12 ms,
and DAPL staining was photographed at the exposition time of 15 mea.
Images from the floorescence micrascope were processed using Imagel
pafivwade [59).

2 14, Mass spectrometry identificetion of proteing and prediction of M-
ghvosylation sites

Prodein bands selected from SDE-PAGE gels were excised amd pro-
cesged using Pieroe Trypdln Protease [Thermo Fisher Scientific), The
resulting tryptic peptides were purified using StageTips containing C18
salid-phase exiraction discs (CDS Empone). Purified peptides wene dis-
salved in &0 pl of 3% acetonitrile and 0.1% formic acid and subsequently
analysed by LC-MS, Chromatographic separation was performed on an
UltiMate 3000 BSLCnano system (Thermo Fisher Scientific] coupled
anlie 1o & imETOF Pro mass spectrometer (Bruker Daltonics), &
deseribied in [G0].

Prodein identification was carried out wsing MaxQuant (versicn
2.6.3.0) with the integrated Andromeda search engine [61]. Searches
were perfosmed againe the Ioodes rcinis protein database downlasded
from UniPrer (21 August 2023; 61,426 entries), supplemented with the
Max(uaant contaminant database. Default parameters for the TIMS-DDA
warkilow and Bruker TIMS instruments were used, as deseribsed In [50].
Trypsin/F was specified as the protease, with up to two missed cleavages
allowed, Carbamidomethylation of cyspeine was set a3 & fived modifi-
cation, while protein MN-terminal acetylation and methiomine owidation
were defined &5 variahle modifications, Peptide spectrum  msic s
(PShls) and protein identifications were fltered using a target-decoy
srategy an & false discovery rate (FOR) of 1%, N-plyveosylation sites
were predicbed using NetNGlye — 1.0 [52].

3. Results and discuszion

Sialylated glycans are essential in varioas cellular processes in Eu-
karyotes, mainly in the animal kingdom. While Sia i3 abundant]y present
in vertebhrates, it is bess prominent in invertebrates and medically
important parasites. The presence of Sia in arthropods has been a topic
of debate far a bang tinse: however, Aok and eolleagees provided direct
evidence of arthropod sialylated glycans using mass spectrometry
analysis in the Drosaphile melomegseer embryn in 2007 [63), 50T was
reported in the [ melorogaster genome | 17] with proven expression and
actiwity, amd the impomance of salylaved glyeans for meural thssses
during development [1E]. Purthermsore, sialylation pathway enzymes
are pegessary for heatand exidative stress tolerance and for malntainiog
the normal levels of voltage-gated sodiam ch s im the neural system.
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In addition, the findings of Scott and colleagues [64] unveiled a distinct
two-part sialylation pathway that facilitates communication between
ghial cells and neurons, regulating neural excitability and stress
tolerance.

Sialylated glycans/glycoproteins in tick tissues have been continu-
ouasly investigated in the last few decades. Initially, Sia was identified in
Ixodes ricinus salivary gland cells using SNA and MAA 1T lecting, sug-
gesting Sia in a2,3.(MAA Il and SNA) and a2,6.(SNA) glycasidic bonds
(30]. Subsequent studies confirmed the presence of Sia in the gut using
Western blot and mass techniques [31]. However, these
methods cannot definitively determine the origin of the detected sialy-
lated glycoproteins.

As ticks are blood-feeding ectoparasites, several factors suggest a
host origin for sialylated molecules, Firstly, ticks feed primarily on
mammalian blood rich in sialylated glycoproteins. These compounds
can persist in the tick for long periods of time [65]. Moreover, the
gradual digestive process in ticks allows pralonged exposure to ingested
material, contributing 1o their remarkable resistance to starvation
[66,67]. Secondly, the MS analysis revealed that sialylated glycans in
ticks exhibit two or three antennae, with Sia binding to terminal regions
on galactose. This characteristic pattern aligns with the hybrid and
complex N-glycans typical of vertebrates [23],

Besides the more detailed information on the presence of sialylated
ghyoopeoteins and their role in Droasaphila, there are only a few reports an
the presence of sialic acid or sialylation in Arthropods, with some re-
ports on the absence of sialyltransferase activity in insect cell lines and
yet more scarce information on sialylation in ticks. Especially in blocd-
feeding parasites, confirmation of endogenous production of sialic acid
and sialylation of proteins is important, taking into account blood rich in
sialylated proteins as the sole source of food and survival of intact host
proteins of the digestion process; as an example, host proteins or they
passible fragments were detected in salivary glands of ticks, which

means they survived the digestion in the midgut, were transported to the
haemolymph and next to the salivary glands. Among other proteins,
several sialylated serum proteins were identified, such as transferrin, w2-
macroglobulin, or fibrinogen (68 70]. A more or less specific recogni-
tion of some host proteins and their transpaort to tick organs is suggested
by the presence of bost proteins also in other argans, such as transferrin
in the ovaries [71]. Overall, the utilisation of host (glyco)proteins for
some physiological functions, such as immune system suppression [68]
or participation in the regulation of feeding site defence mechanisms
[69], can be suggested.

Thus, the presence of sialylated glycoproteins in tick tissues could
serve to host immune system inhibition in the case of reuse of the hast
blood sialylated glycoproteins or participate in the development of tick
(early life stage) tisswes in the case of sialylated glycoproteins produced
by the tick itself (Fiz. 2). Until now, there has been no direct evidence of
ticks to sialylate proteins, nor confirmation of the enzymatic pathways
required for this process.

3.1. ManNAsz processing ensymes and siclyltransferases in the Loodes
ricines genorme

There are two known paossible Sia synthetic pathways within Eu-
karyotes (Fig. 1); firstly, a threestep pathway in which enzymes Man.
NAc Gkinase (MNX EC27.1.60), Nacetylneuraminate (N-
acetylneuraminate-9-phosphate) synthase (NANS EC:2.5,1.56/57), and
sialic acid (N-acetylneurnminate S.phosphate) phasphatase (NANP
EC:3.1.3.29) are involved; the other is comprised of N-acetylmveur-
aminate lyase-like enzyme (BC:4.1.3.3). Both these pathways result in
the production of NeuSac from ManNAc. Next, CMP-NeuSAc is pro-
duced by CMPsialic acid synthetase (CMAS EC:2.7.7.43), and NeuSAc is
transferred to & glycoprotein by sialyltransferases (SiaT, EC:2.4,3.1 and
EC: 2.4.3.6). Identification of these enzymes in the tick genome could
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confirm the possibility of ManNAz use for biocorthogonal labelling of
intrinsically produced sialylated glycoproteins in ticks.

We could not find evidence for canonical sialic acid synthesis via
MNK, NANS, and NANP in either 1) our Oxford Nanopore Technology
palished Jong read assembly (BioProject ID PRINA1028502); 2) peevi-
ously published assemblies of two I ricinus isolates (Bioproject ID
PRINAB16462); and 3) and our comprehensive transcriptomic data
from multiple life stages of I ricinus (GenBank ID GIDGOOI0O000, [471),
Neither of the three tick species in the KEGG database [35], namely
Dermacentor silvarum, Rhipicephalies sanguinews, and R microplus, en-
codes any homologs of this pathway. Instead, all these species encoded
an annotated N-acetylneuraminate lyvase-like enzyme (Fig. 3, Supple-
mentary Piles $2, §3, $4), a distant homalog of 4-hydroxy-tetrahydrodi-
picolinate synthase (EC:4.3,3.7), which is & pyruvate and (-aspartate-4-
semialdehyde condensing enzyme. We posit that the tick N-acetylneur-
aminate lyase is capable of a reverse, analogous condensing reaction
using pyruvate and N.acetyl-D-mannosamine as substrates and, thus, is
the enzyme responsible for Sia biosynthesss in ticks. For I ricéaus, four
sequences encoding parts of the NeuSAc lyase-like gene can be found in
the Transcriptome Shotgun Assembly (TSA) sequence database;
furthermare, N-acetylneuraminate lyase GenBank ID XM_002410163
can be found in I. scapularis, a closely related tick. The alignment of the
translated products of these sequences and closely related proteins from
other ticks and Arthropods can be downloaded from Supplementary File
S5,

Next, CMP-NeuSAc-synthetase was identified in the I ricinus data.
bases. In the TSA database, CMP-NeuSAc-synthetase fragments were
found in five assemblies (GIXLO1003653.1, GFVZ01001309.1,
GIDGO1027528.1, GANPO1000285,1, GCIO01002967.1); additionally,
this gene was found in five assemblies in the Whole Genome Shotgun
database (JBDEHMWO10008074.1, JAZHYWD10054697.1,
JBDHMVO10017173.1, JXMZ02167595.1, JAZHYWO010010247.1). For
the closely related I. scapularis, a gene encoding this enzyme and two
protein entries were found (XP_029849120, EEC15406). Alignment of
the translation of the TSA sequences and the closely related proteins
from ticks and other Arthropods can be downloaded from the
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Fig. 4. (A) Sialyltrancdernses expression n L ricins life stages, incloding the
epgs and larvae, Normalised read counts of the putative SiaT3 and SiaT6 are
shown for the dataset compeising five L riclus lfe stages, Including eggs and
larvae, This dataset was primanily used to confirm the expression of the two
genes throughout the Nfe of the tick. (B) Slalyltransferases transcripts relative
bund, in the rip of Jate I. ricinus life stages. Relative abun-
dances of the putative SiaT3 and SiaT6 are shown for the dataset comprising
five life stages, Including eggs and larvae. The highest expeession can be seen in
the unfed life stages (nymph and female).

Supplementary File S6.

- 108 -



J. Swerboea et af

Table 1

Sialyltransferase activity in the tick cell line lysate, human cell line lysate, and
mmmercially available SiaT, A mammalian cell hysste with 3 detectable sialyl-
transferase activity and a pure sialyltransferase were wed as controls. Protein
concentration is shown in ng/pk; 0.1 ng/ sl of the pure sialyltransferase was used
to obtain measurable results. Mean of specific activity with standard deviation is
shown.

IREACTVNZO cell DAOY lysate e2,3
Trsate Salyhransferase
frem Patarelln
mufiscife
Cracentrution 1500 1500 a1
(ng/uly
Specific L1588 + 0,194 3541 £ 0500 197,000 = 6705
awctivity
(pezol/min/
(4

3.2, Sialylransferases in the Ixodes ricinus genome

Two putative sialyltransferase genes were identified in the 1 ricinus
genome and uploaded to GenBank; a putative beta-galactoside alpha.
2,3-sialyltransferase 1 (ST3GAL) GenBank ID PQ468783 encoding the
putative enzyme GenBank 1D XJQG68691 (partial sequence) and a pu-
tative beta-galactoside alpha-2,6-sialyltransferase 1 (STEGAL) GenBank
ID PQ476023 encoding the putative enzyme GenBank [D XKBS9570
(partial sequence),

The alignment of the two protein sequences and the closely related
proteins from ticks and other Arthropods can be downloaded from the
Supplementary Files S7 and S8.

3.3, Sialylransferase (54aT) expression

After confirming the presence of the sialyltransferase genes in the
L. ricinus genome, we verified the production of mRNAs encoding these
fenes,

First, a dataset comprising all the various life stages, including eggs,
larvae, fed nymphs, unfed females, and fed females 1397, was used o
verify whether the two identified salyltransfernses were expressed. The
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expression of both genes was confirmed across all life stages, including
eges and larvae and was depicted &s normalised read counts (Fig. 4A).

Next, raw reads of five I nicinus kife stages, unfed nymph (UN),
partially fed nymph (PFN), unfed female (UF), partially fed female
(PFF), and unfed male (UM) [49], were mappad to the two SiaT se-
quences, cross-sample normalised and mean relative abundances
calculated from normalised read counts from 3 béological replicates of
the respective transcripts were extracted. Both sialyltransferases were
expressed in the various life stages, with the highest expression in the
unfed stages (nymph and female) (Fig. 4B, transcripts per million values
provided in Supplementary File 59, differential analysis in Supplemen-
tary file S10).

3.4. Sulyltransferase activity

To confirm the expression data and demonstrate & detectable sia-
Iyltransferase activity, we measured sialyltransferase activity in tick cell
lysates using the Sialyltransferase Activity Kit; the removal of phasphate
from cytidine 5 monophosphate (CMP) released upon sialyltransferase
transfer of Sia from the CMP-Sia donor to glycans was measured. The
optical density was measured after incubation of CMP.sialic acid as a
donor, asialofetuin as an acceptor, and IRE20 cell lysate as the working
sialyltransferase solution. As positive controls, 2 human DAOY cell line
naturally expressing stalyltransferase and a purified sialyliransferase
were used (Table 1),

After 4 h of incubation, sialyltransferase activity was documented in
the [RE/CTVM20 cell lysate with a calculated specific activity of 1.588
+ 0.194 pmol/min/pg, which was less than half the calculated activity
in the DAOY cell lysate. Commercially available SiaT showed activity
several arders higher, as expected, namely 197.03 + 6.7 nmol/min/pg,
after subtraction of the values corresponding to the blank, the pasitive
values confirm the presence of sialyltransferase activity. Compared to
the tick cell lysate, a lysate from a naturally sialyltransferase-expressing
cell line, DAOY, was used. A reaction containing a pure sialyltransferase
was also performed, confirming the test's functionality. From this
experiment, we conclude that sial expressed in tick cells
are active and can sialylate proteins. In addition, the Ixodes tick genome
encodes a complete pathway from ManNAc to sialylated glycoproteins
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Fig. 5. (A) SDS-PAGE viswalisation of IRE/CTVM20 cell protein lysates prepared after the fifth day of incubation of IRE cells with 100 pg/ml of MasNAz [n DMSO
and with DMSO as a coatral. 8 pg of protedn lysate was loaded into each well. (B): Chemiluminescence desection of NeuNAz in [RE 20 tick cells oo western blot
membrane using anti-Alexa 488 primary antibody and anti-rabbit HRP secondary antibady. IRE/CTVM20 cell protein lysates were prepared after the fifth day of
Incubation of IRE cells with 100 pg/mi of ManNAz & DMSO and with DMSO as a coatral. Experiments were done in biodogical triplicates.

- 109 -



J. Sterboea e ol Ierernational Journa! of Sofogioal Macromalecues 3

Fig. 6. Detection of NeuNAz in IRE/CTVMZO tick cells. IRE/CTVM20 tick cells Incubased for 7 days with ManNAz (10 gg/ml) dissolved in DMSO (A, B, C) and DMSO
oontral (D), both visuakised after click reaction with Alexa Fioor 594 Allgme (red colour), The samples and controls were done in biological triplicates. Nudei were
stained with DAPI (ddoe colour)

(Fig. 1), avoid side effects (72,73 that can arise from the removal of Sia caused
by the mutation of sialyltransferases ar by deavage by sialidase. These
precursors have been previously used for bicorthogonal labelling and

35 tection of NeuNAz-containg e ins in IRE/CTVM2! :
Detection of NadiAs comataing gyseprotstns 4 ¢ v subsaquent detection of sialylated glycans in various organisms,

After confirming the sialvltransferases expression and activity in incloding ticks [32), and other precursors, such as N-levuli-
n i » slalvitransferases express ’ . : -
¢ ¥ P ‘ noylmannosamine [74], were also used. 100 pg/ml ManAz ar ManNAl

ticks, we detected sialylated proteins of tick origin using a bio
orthogonally labelled precursor of NeuAc, N-szidomannosamine (Man-
NAz) or N-(4.pentynoylmannasamine (ManNAI). This approach helps

was added to the cultivation medium to detect sialylated glycoproteins
metabolically produced by the tick cells. The presence of glycoproteins

A B C
C MT SG G OV kDa 180 70 30 Q Q kDa 130 70 30 Q1 Q2 kDa
a0 rn
W~ 1 140
N i R —— 190
— Y 133 : £ a — s
”» 0 . B s 100
d n |} %
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Fig. 7. (A) Detection of NeuNAz in organs and eggs of Ivodes ricions female fod fn-vire with blood with ManNAz (10 pg/mi) co westemn blot membrane using anti-
Alexa 488 primary antibody and anti-rabbit secondary antibody, MT — Malpighian tabales, SG — salivary glands, G — gut, OV — ovary, C — the whole hyvate of »
female tick fed in vitro with DMSO In blood. (B), (C) Detection of NewNAz produced In eggs from a femsale tick fed (n wiro with blood with ManNAz (10 pg/ml) on
western blot membeane using antl-Alexa 488 primary antibody and anti-rabdit secoadary antibody. 14D — eggs collected 14 days after ovipasition, 7D — eggs
oollected 7 days after oviposition, 30 — eggs collected 3 days after oviposition, C1 — protein hnate from eggs from L ricinus female fed m-wiro with DMSO with dick
reaction, €2 — protein lysate from eggs from L ricloss female fed in-vivo with DMSO without click reactica.

o
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Fig. 8. Desection of NeuNAz produced [n eggs from [ ricinus female fod fv-vitro with blood with MaaNAz (10 pg/ml) (A, B) using foorescent mécroscopy. The eggs
were collected 14 days after oviposition. Eggs from a female tick fed with DMSO without ManNAx were usad as a control (C). ManNAz was reacted with Alexa Fluor
488 Alkyne. Next, rabbit Anti-Alexa Floor 488 and Asgi-rabbit DyLight 549 (red colour) were used for visaalisation. Noclel were stained with DAPT (blwe colour, A, B,
C). The inner structure of the egg was interspersed with the Nomarski comtrast (E, G).

incorporating the metabolised NeuNAz or NeuNAl was verified using
two different Click reactants — biotine-azide or -alkyne, and Alexa 488-
azide or -alkyne and subsequent detection with either a Streptavidin
HRP conjugate or a combination of rabbit anti-Alexa 44 antibodies
and anti-rabbit-HRP conjugated secondary antibodies (Supplementary
File S11). Protein bands corresponding to the detected NeuNAl or
NeuNAz.containing proteins were identified using mass spactrometry,
and their putative N-glycosylation sites were listed (Supplementary File
$12). Because the protein profiles and protein identifications were
similar in samples with incorporated NeuNAz or NeuNAl, ManNAz was
used in subsequent experiments.

The addition of ManNAz did not significantly affect the tick cell
viability and metabolic activity (Supplementary File S13). After the
incorporation of ManNAz, metabolised to NeuNAz to tick glycoproteins,
mewly created sialylated glycoproteins were labelled with Alexa Fluor
488 alkyne using the Click reaction and visualised by western blot
analysis (Fig. 5) 1751, DMSO without ManNAz was added to the tick cell
culture as a control.

After 5 days of incubation, several sialylated glycoproteins ranging
from approximately 48 kDa to appraximately 245 kDa were detected in
the cell lysate in each triplicate with a very strong signal of a protein
with an apparent molecular weight of ca. 150 kDa (Fig. 5B); these
proteins are of low abundance as can be seen from the comparison tw
Coomassie-stained proteins (Fig. DA).

A detailed visualisation of sialylated NeuNAz-comtaining

glycoproteins produced by the tick cells revealed their presence in the
IRE/CTVMZ20 cell line (Fig. 5, Supplementary File S14), Tick cells were
incubated with ManNAz (10 pg/ml) for 7 days. After the Click reaction
with Alexa Fluor 594 Alkyne and DAPI staining, the cells were directly
imaged without additional staining. Cells incubated with DMSO without
ManNAz were used as a control, Experiments were done in biological
triplicates. A positive reaction was cbserved in the cytoplasm of some
cells, confirming a low protein sialylation in ticks. Vacuoles and regions
surrounding the nucleus and within the cytoplasm were stained. An
overview of positively stained cells is in the Supplementary file 514,

3.6. Detection of NeuNAz-containing glycoproteins in Ixodes ricinus eggs
and female organs by Western hlor and fluorescence microscopy

Lxodes ricines females were fed ir virro on blood containing 1 or 10
pg/ml ManNAz. Several fed females were dissected to obtain salivary
glands, microtubules, gut, and ovaries. Furthermore, eggs were collected
3, 7, or 14 days after oviposition by females fed on blood with both
ManNAz concentrations.

Using the Click reaction with Alexa Fluor 488 Alkyne and subsequent
antibody staining, NeuNAz.containing proteins were detected by
Western blot. A similar glycoprotein profile is detected at both these
ManNAz concentrations in the fed bleod; however, the signal is
considerably stronger at the higher concentration, Thus, the higher
concentration used did not affect the profile of detected glycoproteins
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Fig. 9. The darsal (A, B) and vestral (C, D) view of I. ricinus larva origisating from an egg from a female fod (n wiro with blood containiag ManNAz (10 gg/ml).
ManNAz was reacted with Alexa Fluor 488 Alkyne. Next, rabbit Anti-Alexa Fluor 488 and Anti-rabbit Dylight 549 (red colour) were used for visualisation (A, B)
Nuchd were stained with DAPI (doe colour, A, B, D). A — DAP] and DyLight 549 filters, B — DAPI and DyLight 549 filters interspersed with Noasarski contrast, C —

light phase, D — DAPI filter

but ensured a higher proportion of proteins that had incorporated
NeuNAz, For this reason, we used the concentration 10 pg/ml in the
further experiments (Supplementary File S15).

In the organs collected from females fed on blood with 10 pg/ml
ManNAz, a sialylated glycoprotein with an approximate molecular
weight of 70 kDa was detected in salivary glands, gut, and ovaries by
Western blot (Fig. 7). The whole lysate of a female tick fed in vitro on
blood containing only DMSO without ManNAz was used as a control

Based on reports from other invertebrates and following the detec
tion of NeuNAz-containing proteins in the ovaries (Fig. 7A), we expected
the presence and importance of sialylated glycoproteins in the devel
opment of the embryo and/or egg. Therefore, we performed further
analyses an the eggs at various time points after oviposition (embryos at
various stages of development).

Three fed tick females were left to hatch, and the 15 eggs were
collected for each time interval at 3 days, 7 days, and 14 days after
oviposition, and the presence of tick-self sialylated proteins was
visualised (¥ig. 7B). The highest amount of sialylated glycoproteins was
present in 3 day old eggs, whereas the intensity of detected proteins
decreased from the 3-day-old to the 14 day old day after ovipasition,
showing the highest production of sialylated glycoproteins early in the
development, Besides the protein with an approximate molecular
weight of 70 kDa, other proteins with anly a light signal also appeared.

As controls, eggs from females fed with blood with DMSO were used
The eggs were collected three days after ovipasition, 15 eggs per group.
C1 represents protein lysate after the Click reaction and subsequent
precipitation, C2 represents protein lysate without the Click reaction;
these controls were used to verify an absence of artificial pasitive
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staining resulting from the Click reaction or the precipitation of pro-
teins, The efficiency of NeuNAz incorporation into glycoproteins was
assessed by comparing protein profiles of eggs laid by females fed blood
supplemented with either 1 gg/ml or 10 pg/ml ManNAz. Following the
Click reaction, NeuNAzlabelled proteins were detected by Western
blotting (Supplementary file $15). The resulting protein profiles were
comparable between the two conditions; however, a stronger signal was
observed in eggs froe females fed blood containing the higher ManNAz
concentration. These results confirm the suitability of using the higher
ManNAz concentration, which remains below concentrations previously
reported to be toxic,

The presence of NeuNAz in eggs/embryos was further confirmed by
confocal micrascopy in thin sections of eggs 14 days after oviposition,
NeuNAz signal was detected in cell membranes and vacuoles inside the
cells (Fig. BA, B, red colour), nuclei were stained with DAPI (Fig. BA, B,
C, blue colour). The inner structure of the egg was interspersed with the
Nomarski contrast (Fig. SE, G),

The highest content of tick-produced sialylated glycoproteins in the
larval stage agrees with findings in Drosophila, showing the importance
of sialylated glycoproteins and sialyltransferase activity for the devel.
opment of the nervous system in the embryonic stage and the highest
abundance of stalylated glycans in the early embryo stage [17,18]. In
this regard, protein sialylation is also not surpeising in tick cell lines, as
these are derived from tick embryas (511, 15 eggs per one interval were
left to develop until larvae hatched, and § pm thin sections of larvae
were prepared & for eggs. The slices were then prepared identically o
the egg sections. In larvae, sialylated glycoproteins were localised in
specific structures on both sides of the larva body (Fig. 9A, B, red
colour); a pasitive signal was not detected throughout the body nor in
plasma membranes. These structures do not correspond to a described
specific organ within the larval body; their localisation seems to corre-
spond to structures stained by DAP located in the vicinity of the anterior
legs observed using an Olympus BX.60 micrascope (Olympus, Tokyo,
Japan) (Fig. 9C, D, arrows),

Regarding the potential inhibition of host immune system activation
by stalylated glycoproteins (Fig. 2, summarised in [8]), an ability o
selectively recognise host sialylated proteins, transport them to the
salivary glands, and excrete them into saliva would be beneficial for
ticks. Therefore, we plan to decipber the ability of ticks to recognise and
selectively transpart hast sialylated glycoproteins in the future.

4, Conclusion

The metabolic pathway to produce sialic acid and for protein sialy-
lation was klentified in the tick Ixodes ncinus, and protein sialylation was
confirmed in both the ticks (females, nymphs, larvae, eggs) and the tick
cell line IRE/CTVM20 derived from I ricinus embryos using bio-
rthogonal and Click chemistry. A higher abundance of tick sialylated
glycoproteins was detected in the early embryonic stage, suggesting a
passible rale of sialic acid in tick development. A more detailed
description of sialic acids role and processes related to the hast sialy-
lated glycoproteins within the tick and their relaticn to tick physiology
must be elucidated,
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Over the last few decades, there has been a boom in technologies and methods concerning
increasing sensitivity and specificity. As a result, the research on glycosylation and other post-
translational modifications is coming to the forefront. Glycosylation is a posttranslational modification
in which monosaccharides are covalently attached to the mature glycan. Glycans are not encoded
directly in the genome, but they provide significant proteomic diversity and can confer additional
functions to a single protein (summarised in Critcher et al., 2022). Continued investigation of
glycosylation has underscored its growing importance. As a common protein modification (in
Eukaryotes), it plays a role in many cellular processes in both vertebrates and invertebrates, as well as
in interactions among hosts, parasites, and pathogens (summarised in He et al., 2024a).

Ticks are blood-sucking parasites, meaning their only source of food is the host's blood. During
their life cycle, most of the Ixodid ticks change from larva to nymph to adult after each feeding. Ticks
also transmit pathogens of medical and veterinary importance, and, due to their parasitic lifestyle, they
produce a variety of active molecules that affect the hosts, the ticks and the pathogens they transmit.
Among them, glycosylated proteins and enzymes of the glycosylation pathways deserve greater
attention, as they play a key role in cell-cell communication, development, pathogen transmission, and
human disorders.

Sialic acid, a negatively charged nine-carbon saccharide, is a specific, multifunctional molecule
present mainly in vertebrates, including humans. Research on sialylated glycoproteins and Sia itself has
focused mainly on humans and other higher animals, because it has long been known that Sia covers
the surfaces of most vertebrate cells and is involved in their cellular processes. In invertebrates, however,
their occurrence, diversity, and function are more variable and historically overlooked.

This thesis provides a comprehensive overview of Sia in the /. ricinus tick, the most common
tick in the Czech Republic and a parasite of humans and addresses the challenge of distinguishing host-

and tick-origin sialylated molecules.

The origin of . ricinus Sia

To date, Sia has been described in organs of a few arthropod species - in Malpighian tubules of
cicada P. spumarius (Malykh et al., 1999), in prothoracic glands of honeycomb moth
Galleria mellonella (Karagali et al., 1997), in D. melanogaster embryo (Aoki et al., 2007), in the
haemolymph of the silkworm B. mori (Soya etal., 2017), in A. aegypti tissues (Cime-Castillo et al 2015),
and in a mosquito cell line (He et al., 2024b).

As ticks receive mammalian blood as their only source of nutrients, the origin of sialylated
glycans is debatable because they could come from both the host and the tick source. The origin of
sialylated glycans in ticks is thus a key question in tick glycobiology.

Research over the last few decades has shown that host-derived proteins are present in both tick

-117 -



tissues and saliva during and after feeding. These are acquired from the blood meal and selectively
retained, transported, or even re-secreted. For example, Tirloni and colleagues (2014) identified 68
bovine proteins in R. microplus saliva alongside tick proteins, and Liu and colleagues reported 40 host-
derived proteins in H. flava haemolymph (Liu et al., 2022).

We firstly reported the observation of Sia in SG and in the gut of partially fed /. ricinus females
using an electron microscope (Vancova et al., 2012). In combination with MS analysis and western blot
using a specific antibody/lectin, two Sia types were detected, NeuSAc and Neu5Ge. However, some
evidence suggests that the detected molecules are of host origin. The structure of the identified sialylated
glycans, whether bi- or triantennary, resembles that of mammalian glycans more than that of sialylated
glycans found in Drosophila that feature sialic acid residues attached to only one antenna (Aoki et al.,
2007). Park and colleagues (2020) also identified both Neu5Gc and Neu5Ac glycans composed of two
or three branches in A. americanum that correspond to our findings; nevertheless, the origin of the
identified glycans was not elucidated. Moreover, NeuGc attached to the end of four glycan branches
was found in 4. americanum males.

The structure of Sia glycans of 1. ricinus differs from the sialylated glycans detected in partially
fed females of A. americanum tick (Park et al., 2020), as the sialylated glycans from /1. ricinus females
lack al,3-core fucose. al,3-core fucosylation, a characteristic feature of invertebrates, belongs to the
group of so-called cross-reactive carbohydrate determinants that are responsible for the IgE production
in humans. Humans lack al,3-core fucose, so their immune system considers this epitope foreign.
al,3-core fucosylated glycans have also been observed in 1. scapularis salivary glands, but without
Neu5Gce/NeuSAc (Pedra et al., 2010) and with NeuSAc in A. americanum partially fed female (Park et
al., 2020).

The host origin of the reported NeuGc in /. ricinus tissues is supported by its localisation in
digestive cells, in the cytoplasm and in small vacuoles. Their path was recorded as it passed through the
gut basement membrane (Vancova et al., 2012), which is consistent with the observations that several
host glycosylated proteins can survive tick digestion and may be incorporated into tick tissues or
transported into saliva (Ackerman et al., 1981; Fujisaki et al., 1984; Valenzuela, 2002; Wang & Nuttall,
1994). Host plasma proteins typically found in ticks include albumin, immunoglobulins (IgG, IgM),
complement components, fibrinogen, and other clotting factors; some of them also bear Sia in their
glycans. For example, transferrin can carry up to four Sia on its N-glycans (van Dijk et al., 1994), and
about 5 % of IgG molecules feature core-fucosylated biantennary complex glycans with two Sia residues
(Routier et al., 1998). In human serum, sialylation of plasma protease C1 inhibitor, orosomucoid,
haptoglobin, caeruloplasmin, al-antitrypsin, and many other glycoproteins has been identified (Alley &
Novotny, 2010; Taniuchi et al., 1981). Regarding other potential mammalian hosts for ticks, Neu5Gc

occurs in horses, as well as in deer and cattle, being highly variable among species (Conto et al., 2025;
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Nemanichvili et al., 2022).

Neu5Gc was also detected in low amounts in the gut of unfed tick females (Vancova et al., 2012).
As hard ticks can digest the host blood gradually, which is made possible by the tick’s specialised slow
intracellular digestion based on lysosomal degradation. This enables intact host proteins to persist in the
tick environment, allowing ticks to survive without feeding for extended periods. Additionally,
host-derived proteins can stay in the tick body for extended periods, lasting several months after feeding
and moulting (Wickramasekara et al., 2008).

Neu5Gc was detected in acini type III (cytoplasm) and in f cells (basal labyrinth and microvilli)
in SGs, suggesting the possible excretion from haemolymph to saliva. Moreover, NeuSGc was stained
in granular acini type II (basement membrane), which is responsible for the secretion of many tick
salivary components. Finally, the different intensity of anti-Neu5Gc staining was reported between
tissue homogenates of fed and unfed /. ricinus females in comparison to guinea pig serum (Vancova et
al., 2012).

To address the question of the origin of sialylated glycans, we used two different biochemical
quantification methods — the thiobarbituric acid assay (TBA; Warren, 1959) and metabolic labelling
using NeuNAz to determine the content of Sia in ticks, tick organs, and a tick cell line (Sterba et al.,
2014). Thus, we compared the amount of total Sia content to tick-derived metabolically created Sia
(NeuNAz). The TBA method, compared with NeuNAz quantitation, showed Sia levels several orders
of magnitude higher in all tick tissues and homogenates. The Sia content measured by the TBA assay
ranged from 1.3 to 8.5 umol Sia/g of protein in tick organs and approximately 60 umol Sia/g of protein
in whole tick homogenates; the gut was washed to remove the lumen, which contains the ingested blood.
This difference can be explained by the nature of the TBA assay, which measures total Sia released after
hydrolysis and therefore includes both host-derived and endogenous pools, and the inclusion of the gut
lumen in the whole tick homogenate (Sterba et al., 2014). In contrast, metabolic labelling with NeuNAz
specifically reflects newly synthesised sialylated glycoconjugates (Chang et al., 2009). The NeuNAz
level was about 3 orders of magnitude lower in OV and SG, and even less in the gut and in whole tick
homogenate (Sterba et al., 2014). Taken together, Sia levels were lower in individual organs than in the
whole tick homogenate and, overall, were markedly higher than the tick-produced NeuNAz content.
This indicates that the whole tick — particularly the gut — contains substantial amounts of sialylated
molecules derived from the host, whereas sialylated proteins produced by the tick itself are more
abundant in the salivary glands and ovaries. The lower levels of NeuNAz compared to total Sia strongly
support the conclusion that the majority of sialylated glycans present in ticks originate from the host
blood meal rather than from tick biosynthesis. This interpretation is consistent with our previous study,
which demonstrated that ticks internalise sialylated glycans (derived from the host) and transport them

from the gut to other organs, including the salivary glands (Vancova et al., 2012).
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The amount of Sia and NeuNAz was also examined in the tick cell line IRE/CTVM19. Sia
content exceeded that in the full tick homogenate, reaching 86 pmol Sia per gram of protein (Sterba et
al., 2014). The presence of Sia in a tick cell line is not surprising and can be linked to the binding of
sialylated proteins from bovine serum in the culture medium to the tick cells. However, it was not
possible to quantify NeuNAz in the cell lysate (Sterba et al., 2014). Later, we confirmed NeuNAz in the
IRE/CTVM20 cell line after optimising conditions for metabolic incorporation and bioorthogonal
labelling (Sterbova et al., 2026b).

As mentioned above, to differentiate between host- and tick-derived sialylated molecules, we
used a bioorthogonally labelled Sia precursor, N-azido-mannosamine (ManNAz). ManNAz, containing
a small inert azido-group, can be metabolised to N-azido-neuraminic acid and incorporated into glycans,
provided that the corresponding synthetic pathway is present. Despite the predominance of host-derived
glycans, the presence of NeuNAz in tick tissues and IRE cells suggests that ticks possess a functional
capacity for de novo sialylation, and corresponding genes can also be found.

In Eukaryotes, there are two possible pathways for the synthesis of NeuSAc. The classical
pathway includes ManNAc-6-kinase (EC:2.7.1.60), N-acetylneuraminate-9-phosphate synthase
(EC:2.5.1.56/57), and sialic acid (N-acetylneuraminate-9-phosphate) phosphatase (EC:3.1.3.29). The
less common synthetic pathway involves the N-acetylneuraminate lyase-like enzyme (EC:4.1.3.3).
ManNAc (N-acetylmannosamine) enters both pathways as a precursor and is metabolised to NeuSAc.
Then, CMP-sialic acid synthetase (CMAS EC:2.7.7.43) creates CMP-Neu5Ac, which is transferred to
the mature glycan by SiaT (sialyltransferase) (EC:2.4.3.1 and EC: 2.4.3.6). Searching for the various
databases — our Oxford Nanopore Technology polished long read assembly (BioProject ID
PRINA1028502, previously published assemblies of two [ ricinus isolates (Bioproject ID
PRINAS816462) and our comprehensive transcriptomic data from multiple life stages of I ricinus
(GenBank ID GIDG00000000) (Vechtova et al., 2018), we did not find homologues of these enzymes.
Additionally, none of the D. silvarum, R. sanguineus, and R. microplus species listed in the KEGG
database (Kanehisa et al., 2024) possess homologues of this enzymatic pathway.

On the other hand, an annotated N-acetylneuraminate lyase-like enzyme was found in all of
them. This enzyme is a homolog of 4-hydroxy-tetrahydrodipicolinate synthase (EC:4.3.3.7), a pyruvate
and L-aspartate-4- semialdehyde condensing enzyme capable of NeuSAc synthesis from ManNAc. We
propose that this enzyme can perform a reverse condensation reaction, similar to its usual activity, by
using pyruvate and N-acetyl-D-mannosamine as substrates. Based on this, we suggest that this enzyme
can synthesise Sia in ticks. In 1. ricinus, four sequences corresponding to fragments of a NeuSAc lyase—
like gene are present in the Transcriptome Shotgun Assembly (TSA) database. Additionally, in the
closely related species /. scapularis, an N-acetylneuraminate lyase sequence is available under GenBank

ID XM_002410163.
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For glycosylation, CMP-Neu5SAc-synthetase is then required for the attachment/activation of
NeuSAc as a next step. This enzyme or its fragments were identified in five TSA assemblies
(GIXL01003653.1, GFVZ01001309.1, GIDG01027528.1, GANP01000285.1, GCJO01002967.1) and
in five assemblies in the Whole Genome Shotgun database (JBDHMWO010008074.1,
JAZHYW010054697.1, JBDHMV010017173.1, JXMZ02167595.1, JAZHYW010010247.1).
Furthermore, two genes and protein entries were found in the closely related 1. scapularis
(XP_029849120, EEC15406).

Attachment of Sia to glycans is the final step in protein sialylation. We confirmed the expression
of two SiaT isoforms in various /. ricinus developmental stages as well as in IRE/CTVM?20 cell lysate
and SiaT activity in the tick cell line (Sterbova et al., 2026b). The putative a2,3-sialyltransferase
(GenBank EEC07371) and a2,6-sialyltransferase (GenBank ADO17789) were also found in the genome
of 1. scapularis and in A. americanum (JAT98667.1) (Park et al., 2020). In other Arthropods, SiaT has
been identified in the D. melanogaster genome (Koles et al., 2004), where its expression and functional
activity have been confirmed, along with the crucial role of sialylated glycans present in neural tissues
during development (Repnikova et al., 2010).

To test our assumption that ticks can synthesise their own sialylated glycans, we used metabolic
labelling in combination with biorthogonal chemistry. Using this approach, we were able to detect
tick-derived Sia in every life stage — from fed 1. ricinus females through eggs to larvae and nymphs. As
a precursor, ManNAz in tetraacetylated form (AcsaManNAz) was used. It has already been applied as a
bioorthogonal probe to label and subsequently detect sialylated glycans in various organisms, including
ticks (Sterba et al., 2014) and Drosophila (Granell et al., 2011). Other precursors, such as
N-levulinoylmannosamine (Charter et al., 2000), have been successfully used previously (Du et al.,
2009; Prescher & Bertozzi, 2006).

For our purpose, ManNAz was added to bovine blood during in vitro feeding or to the tick cell
growth medium. DMSO instead of ManNAz was used as a control. Generally, this modified sugar
precursor competes with the natural substrate ManNAc in the Sia biosynthetic pathway and is converted
to NeuNAz. NeuNAz is then incorporated into newly synthesised sialylated glycoproteins, introducing
a small, bioorthogonal azido group derived from the administered ManNAz. This azido group can
subsequently be covalently coupled via a triazole ring (Tornge et al., 2002) using a copper-catalysed
1,3-dipolar cycloaddition (Click reaction) with Alexa fluorophores carrying an alkyne group. NeuNAz
incorporated into tick glycoproteins was thus tagged with Alexa Fluor 488 and subsequently detected
using Western blotting and fluorescence/confocal microscopy. Metabolically derived sialylated
glycoproteins were detected in IRE cells and in various stages of /. ricinus (Sterbova et al., 2026b).

In the tick cell line, the signal from NeuNAz was localised particularly in vacuoles and areas

close to the nucleus and inside the cytoplasm of some cells, which suggests that Sia is produced in small
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amounts. Newly synthesised proteins visualised by western blot ranged from approximately 45 kDa to
150 kDa; for several of them, MS identification was performed alongside the prediction of glycosylation
sites (Sterbova et al., 2026b).

In eggs collected at various time intervals after oviposition, glycoproteins with NeuNAz were
detected by Western blot. Additionally, a change in the amount of these glycoproteins was observed,
with the highest levels at egg laying, gradually decreasing until the larvae hatched. It is therefore
possible that these glycoproteins play a certain role in embryogenesis. This result corresponds to
research on sialylated glycoproteins in the fruit fly. Here, Sia was detected during embryonic
development, where it plays a role in nervous system development (Roth et al., 1992). We further
examined the presence of NeuNAz in eggs/embryos and larvae using confocal microscopy. A positive
signal was detected at the cell membranes and in numerous scattered clusters within vacuoles (Sterbova
et al., 2026b).

The larval stage was prepared as 5-pm-thick sections, in which the signal was displayed in
specific structures located on both sides of the larval body. Although larval anatomy is only partially
described in the available literature, the structures appear to correspond to structures stained with DAPI
located in the vicinity of the anterior legs, as observed using an Olympus BX-60 microscope (Sterbova
et al., 2026b). The elevated levels of sialylated glycoproteins produced by ticks during the larval stage
are consistent with observations in Drosophila. Studies by Koles and colleagues (2004) and Repnikova
and colleagues (2010) highlight the crucial role of sialylated glycoproteins and sialyltransferases in
nervous system formation during embryogenesis, as well as the highest occurrence of sialylated glycans
in early embryos. Accordingly, the occurrence of protein sialylation in tick-derived cell lines is expected,
given that these lines originate from tick embryos (Bell-Sakyi et al., 2007).

In the I. ricinus tick and the tick cell line, our recent studies have identified sialyltransferase
activity and demonstrated the metabolic incorporation of a Sia precursor into tick glycoconjugates,
confirming that ticks can synthesise their own sialylated molecules. Notably, the distribution of NeuNAz
suggests that endogenous sialylation is more active in early developmental stages, particularly in eggs
and larvae. Moreover, we quantified and compared the total amount of Sia and the amount of
metabolically created Sia (NeuNAz). The amount of host-derived Sia exceeded that of tick-derived Sia.
We showed that tick gut and salivary glands contain NeuGc glycans, pointing to the host origin of the

detected molecule.

Immunologically interesting glycans
In parallel to our research on Sia, glycomic studies appeared to be a very relevant tool for
revealing and describing the mechanisms of pathogen transmission and host-parasite interactions.

Despite growing interest in protein glycosylation and arthropod glycans, major knowledge gaps remain
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to be filled regarding the nature and specific functions of glycoconjugates in the tick-pathogen-host
triad.  Ticks transmit a broad range of bacterial, viral and protozoan pathogens, making
pathogen-specific vaccines expensive and difficult to develop. A promising alternative is a general
anti-tick vaccine, potentially exploiting tick glycoproteins such as the midgut antigen Bm86, which is
more immunogenic in its glycosylated than in its non-glycosylated form (de la Fuente et al., 2006).
Vaccines based on this antigen, TickGARD and Gavac, protect cattle against R. microplus by reducing
tick numbers and decreasing egg production (Willadsen, 2008). Additionally, an anti-tick vaccine based
on recombinant Ferritin 2 and native tick protein extract showed promising results (Hajdusek et al.,
2010; Knorr et al., 2018).

Modern glycomic approaches have revealed that tick glycosylation is more extensive than
previously assumed, and unusual combinations of glycans are present (Park et al., 2020). Some glycan
epitopes are increasingly recognised as immunologically relevant, contributing to allergies and offering
promising targets for diagnostics, therapies, and broad anti-tick vaccines. Among them, CCDs absent in
humans have emerged as clinically relevant epitopes that contribute to allergy, anaphylaxis (e.g., a-Gal
syndrome), and diagnostic interference. One prominent example is the a-Gal epitope, which is involved
in delayed allergy to red meat associated with tick bites known as a-Gal syndrome. AGS cases have
been reported in increasing numbers worldwide, but the reason for this rapid rise remains unclear. From
a clinical standpoint, anti-aGal vaccines have been proposed both to reduce anti-aGal IgE production
and basophil activation and as potential broad-spectrum vaccines targeting multiple vectors and
pathogens (summarised in Petry et al., 2026).

The presence and immunogenicity of CCD epitopes in tick tissues and saliva pose an obvious
paradox, as ticks need to suppress the host’s defensive responses to feed successfully. Our hypothesis
is that inhibitory signals, including sialylated glycoproteins derived from the tick or the host, can
modulate the immune response and, through molecular mimicry, mask highly immunogenic
tick-specific glycans. Ticks may transport undigested host sialylated proteins and glycans from the gut
to their salivary glands and saliva. This may allow them to present host-like glycan patterns at the
feeding site, helping to suppress host immune activation while still utilising immunogenic carbohydrate

complexes for other functions (Sterbova et al., 2026a; Vancova et al., 2012).
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4.  Conclusion and future prospects
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Over recent years, the occurrence of ticks, tick-borne pathogens, and tick-borne diseases has
increased worldwide. Due to climate change, various tick species are spreading to higher elevations and
into areas where they were previously not found (Daniel, 1993; Daniel et al., 2003), thereby posing a
threat to a greater number of people, wild animals, and cattle. Due to the increasing incidence of
tick-borne diseases and AGS, the development of new strategies to control their life cycles is a hot topic.
To gain a deeper understanding of the complex interactions between parasites, pathogens, and hosts, it
is essential to examine the role of individual components at the molecular level. More recent work at
the tick-host-pathogen glycobiology interface highlighted the broad importance of glycans and
glycan-binding molecules in vector competence and in the development of anti-tick vaccines
(summarised in Vechtova et al., 2018).

In this study, focused on sialylated glycoproteins from the Ixodes ricinus tick and cell line,
NeuAc and NeuGce were shown to be present in tick saliva/salivary glands, and the gut, and their host
origin was suggested. Their transport from the blood meal through the gut into the haemolymph and
salivary glands was visualised. Subsequent research quantified Sia in different tick organs and tick cell
lines, showing that host sialylated molecules dominate in gut and whole-body homogenates, whereas
metabolically incorporated Sia is more enriched in salivary glands, ovaries, and embryo-derived tick
cell lines. Additionally, genomic and transcriptomic analyses identified tick sialyltransferases,
CMP-NeuSAc synthetase, and an N-acetylneuraminate lyase-like enzyme, supporting a non-canonical
endogenous Sia biosynthetic pathway. Using a bioorthogonal precursor (ManNAz) and Click chemistry,
the study provided evidence that ticks synthesise their own sialylated glycoproteins, particularly during
embryonic and larval stages and in tick-derived cell lines. The tick glycome emerges as a dynamic,
composite system shaped by both endogenous biosynthesis and the incorporation of host-derived
glycoconjugates. Sialylated glycoproteins of host origin seem to be recycled, potentially even reattached
to tick proteins, while endogenously produced sialylated glycoproteins seem especially important during
early tick development. This complexity underlies key aspects of tick biology, including long-term
survival without feeding, immune evasion at the feeding site, pathogen transmission and the induction
of allergic responses in the host.

In parallel, the coexistence of immunogenic CCDs with inhibitory, often sialylated,
glycoproteins from both host and tick sources supports a model in which ticks use molecular mimicry
and glycan-mediated signalling to suppress host defences while still eliciting carbohydrate-specific
immune responses. As tick ranges expand with climate change and tick-associated allergies and
infections continue to rise, a deeper understanding of tick glycobiology, including sialic acid
metabolism, glycan-mediated interactions and immunogenic carbohydrate epitopes, will be essential for
designing new diagnostic tools, vaccines and therapies, and for improving the management and

prevention of tick-borne infections and associated allergies such as AGS.
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The roles and mechanisms in the glycobiology field in ticks remain incompletely understood;
therefore, translating this knowledge to benefit humans remains a challenge for research. To complete
the overall picture of Sia in the 1. ricinus tick, one crucial piece of this puzzle remains to be solved: the
question about host-derived Sia in tick tissues and cells. Therefore, our future research will aim to clarify
how ticks selectively recognise and transport host sialylated glycoproteins, how endogenous and
host-derived glycans are integrated into the tick glycome and how these processes impact immune

modulation and pathogen transmission.
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