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Anotace

Spirochéty Borelia burgdorferi a virus klistové encefalitidy (TBEV) jsou patogeny
prenasené klistaty do hostitele spolu s klistécimi slinami béhem sani. Modulaci hostitelskych
obrannych mechanizmu vytvaii sliny v misté sani pfiznivé podminky pro pienos patogend,
jejich pfeziti a mnozeni v hostiteli. Tato asistence slin byva oznacovana jako slinami
asistovany pienos (Saliva-assisted transmission, SAT). Cilem studii, které jsou soucasti
predlozené prace, bylo rozpoznat mechanizmus plsobeni kliStécich slin a vybranych
klistécich proteinti na dendritick¢é buiilky na urovni bunécéné signalizace a tim pfispét
k objasnéni SAT efektu. Dendritické buiky tvofi prvni linii hostitelské obrany a jejich
jedinec¢nost tkvi v schopnosti spojovat nespecifickou a specifickou imunitu a tim ovliviiovat
celkovou hostitelskou odpovéd. Dendritické bunky rozeznavaji patogeny pomoci
specifickych receptorl, coz néasledn¢ vede ke kaskad¢ signalizacnich reakci, vysledkem
kterych je jejich aktivace. Vliv slin a tii klistécich proteini, Sialostatinu L, Sialostatinu L2 a
IRS-2 byl studovan na dendritickych buinkach infikovanych boreliemi, virem TBE, nebo

aktivovanych relevantnimi ligandy.
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1. KLISTE A KLISTATY PRENASENE PATOGENY

Klistata jsou vektory mnoha patogeni véetné spirochét rodu Borrelia, viru klistové
encefalitidy (TBEV), Francisella tularensis, Babesia microti, Anaplasma phagocytophilum,
Ehrlichia chaffeensis a bakterii rodu Rickettsia (1, 2). Cetnost a zavaznost nemoci, které tyto
patogeny zpusobuji, umocnuje vyznam studii vénovanych interakci vektor-patogen-hostitel.
Klistata jsou obligatni krevsajici ¢lenovci, ktefi parazituji na Sirokém okruhu hostiteld
véetné saved, ptakd, plaztl a obojzivelnikt. Radi se do tiidy Acari, fadu Ixodida, v némz se
rozliSuji dvé hlavni celedi; Celed” Ixodidae (tzv. tvrda klistata) a Celed’ Argasidae (tzv.
mekka klistata). Existuje pres 900 druht klistat, z toho 700 z celedi Ixodidae a 200 z celedi
Argasidae. Tieti je celed’ Nuttalliellidae, ktera ma jenom jednoho zastupce. Tvrda a mékka
klistata se lisi ve zplisobu sani; mékka klistata saji rychle a opakované, zatimco tvrda
klist'ata saji jednou za nékolik dni v kazdém jejich vyvojovém stadiu (3).

Z 1ékatského hlediska jsou vyznamna hlavné tvrdd klistata, protoze prenasi fadu
vyznamnych patogeni. Na zakladé morfologickych rozdila se déli na dvé skupiny: Prostriata
a Metastriata. Ixodes je jedinym rodem skupiny Prostriata, zatimco Metastriata reprezentuje
5 podceledi: Amblyomminae, Haemaphysalinae, Hyalomminae, Rhipicephalinae,
Zivotni cyklus klistéte trva od 6 mésict do 6 let, v zavislosti na podminkach. Sestava ze tii
stadii, které zahrnuji larvu, nymfu a dospé€lce. Klisté¢ v kazdém vyvojovém stadiu saje
jednou, pii¢emz samecéek (dospélec) klistéte krev nesaje. Samicka po oplodnéni a plném
nasati klade vajicka v poctu 400-20 000 (3). Klistata piedstavuji vyznamny rezervoar
klistaty pfenaSenych patogent. Jednim z nich jsou spirochéty Borrelia burgdorferi sensu
lato.

B. BURGDORFERI SENSU LATO

Jednim 7z nejcastéjSich kliStaty prendSenych patogenli jsou spirochéty serokomplexu B.
burgdorferi sensu lato zpusobujicich lymskou boreliézu. V Evropé a Asii jsou u ¢lovéka
etiologickymi agens lymské boreliozy hlavné téi druhy rodu Borrelia: B. burgdorferi sensu
stricto (s.s.), B. garinii a B. afzelii, v USA je pti¢inou Lymské boreliozy B. burgdorferi s.s.
Existuje pocetna skupina borelii, které jsou ptvodcem tzv. navratné horecky (relapsing
fever). Tyto borelie ovSsem nejsou pienaseny tvrdymi klistaty (1).

Lymska borelidoza je multisysttmové onemocnéni, které se déli do tii fazi. Prvnim
symptomem je erythema migrans, ¢ervena skvrna S$ifici se v misté pfisati s postupnym
centralnim vyblednutim. Druhd fdze onemocnéni se objevuje nékolik mésicii po prvni fazi,
kdy se spirochéty §ifi do sekundéarnich orgénti. Symptomy se liS§i v zavislosti od druhu
borelii, B.burgdorferi s.s. je asociovana s artritidou a karditidou, B.garinii je neurotropni a
vyvolava neuroborelidzu, zatimco infekce B.afzelii je spjata s koznimi projevy (5). Tieti faze
nemoci mé jiz chronicky charakter a miize zplsobovat chronickou artritidu, karditidu, ¢i
téz8i formu encefalomyelitidy. Symptomy prvi faze jsou jedinym projevem onemocnéni az
v 20 % piipadl nelécenych boreliovych infekei.



Borelie jsou gram-negativni bakterie spiralovitého tvaru, jejich vnéj$i membrana obklopuje
protoplasmaticky cylindricky komplex skladajici se z peptidoglykanu, vnitini bunécné
membrany a cytoplasmy. Borelie maji nékolik bi¢ikti umistnénych v periplasmatickém
prostoru, které slouzi k jejich charakteristickému Sroubovitému pohybu a k udrzeni
bunééného tvaru. Genom borelii sestava z jednoho linearniho chromozému, 12 linearnich a 9
cirkularnich plazmida (6, 7).

Borelie perzistuji v piirodé v enzootickém cyklu mezi klistaty Ixodes spp. a Sirokym
spektrem hostitelti véetné savet, plazt a ptakli. V Europé je primarnim vektorem spirochet
B. burgdorferi sensu lato klisté 1. ricinus, v Asii |. persulcatus, v USA jsou to I. scapularis a
I. pacificus. V ramci zivotniho cyklu klistat se borelie pfenasi transtadialné z larvy na nymfu
a znymfy na dospélce. Transovaridlni pfenos borelii zaznamenan nebyl, larvy klistat
ziskavaji spirochéty b&hem sani na infikovaném hostiteli. Clovék je ndhodny hostitel a
obycejné je nakazen nymfou nebo dospélcem. Borelie jsou na hostitele pfenaSeny slinami
béhem sani klistéte. V klistéti jsou borelie zachycené ve stfevé pomoci adhesinu OspA.
Behém sani klistéte se borelie aktivuji, dochazi k down regulaci OspA a up regulaci OspC,
€0z umoznuje uvolnéni spirochét a jejich prenos do hostitele. Existuje né¢kolik studii, které
popisuji, ze ptenos borelii je podporovan klistécimi slinami (8).

VIRUS KLISTOVE ENCEFALITIDY (TBEV)

DalSim patogenem, ktery je pfenasen kliStaty je virus kliStové encefalitidy (TBEV). TBEV
je neurotropni virus zpisobujici zdvazné onemocnéni, encefalitidu. TBEV patii do rodu
Flavivirus, ¢eledi Flaviviridae a spolu s virem Langat, virem Omské hemoragické horecky,
virem horecky Kjasanurského lesa, virem Louping ill, ¢i virem Powassan se fadi do
komplexu flavivira ptenaSenych klistaty. Do komplexu flavivirt pfenasenych komary, které
jsou piibuzné s TBEV, patii virus Dengue, virus zapadonilské horecky (WNV), virus
japonské encefalitidy nebo virus Zika. Tyto viry, s vyjimkou viru Zika, podobné jako TBEV,
zpusobuji encefalitidu (1).

Na zaklad¢ serologickych a sekvenénich analyz se TBEV rozd€luje na 3 subtypy, evropsky,
sibifsky a dalnévychodni, pfi¢emz kazdy subtyp je asociovany s rdznou zavaznosti
onemocnéni. Evropsky subtyp zpusobuje mirngj$i onemocnéni, naopak infekce
dalnévychodnimi kmeny muze byt fatalni. Vektorem pro evropské kmeny je I. ricinus, pro
sibifské a dalnévychodni kmeny je vektorem I. persulcatus (1).

Flaviviry jsou je obalené RNA viry, jejich genom tvoii jednovlaknova pozitivné orientovana
nukleova kyselina. Genomova RNA je translatovana do jednoho polypeptidového proteinu,
ktery je Stépen virovymi a bunéénymi protedzami na nékolik nestrukturnich (NS1, NS2A,
NS2B, NS3, NS4A, NS4B a NS5) a strukturnich proteinti (C, M a E) (9). Nestrukturni
virové proteiny hraji dilezitou roli jak v replika¢nim cyklu TBEV tak v inhibici hostitelské
antivirové reakce. Strukturni proteiny se ucastni vytvoieni nukleokapsidu a infekéni virové
castice a zodpovidaji za interakci s hostitelskou buinikou. Virus, po vazbé na specificky
bunécny receptor, vstupuje do buiiky klatrin-dependentni endocytdézou. K uvolnéni virové
RNA z endosomalniho vacku dochazi po fizi virové membrany s membranou endosomu
nasledkem nizS§iho pH v pozdnim endosomu. Nasledna translace virové RNA probiha
V cytoplazmé za vzniku polyproteinu, ktery je Stépen na jednotlivé virové proteiny. Virovy
genom je replikovan v blizkosti membrany endoplazmatického retikula (ER) v tzv.
replika¢nich vezikulech. Virova castice se formuje skladanim kapsidového proteinu a
virového genomu, a naslednym pucenim do lumenu ER. Takto vytvofena virova Castice
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dozrava v Golgiho aparatu, kde se po konformacnich zménach prekurzorového M proteinu
meéni V pln¢ infek¢ni virus (10).

Ptenos TBEV v ramci zivotniho cyklu klistat je mozny transovaridln€, transstadidlné a
horizontaln¢ pti sousani. K prenosu TBEV na ¢lovéka dochazi béhem sani infikovanym
klistétem (jiny ovSem mén¢ Casty zpiisob nakazy je mozny PO poziti nepasterizované¢ho
mléka). Virus se prendsi s kliStécimi slinami do mista séni jiz kratce po pfichyceni klistéte na
hostitele. Nicmén¢, mnozstvi pieneseného viru naristd 10 az 100 krat béhem sani (11).
Rezidentni buiiky kiize jsou mistem, kde dochéazi k zmnozeni viru jesté pred detekovatelnou
virémii. Keratinocyty, Langerhansové bunky, makrofagy a fibroblasty jsou vnimavé
kinfekci TBEV a jsou dulezitym zdrojem viru v kuzi. Langerhansovy bunky (typ
dendritickych bunék) maji schopnost migrovat do lymfatickych uzlin, kde Vv dusledku
dal§iho zmnoZeni viru dochazi k viremii a nasledné diseminaci viru do jinych organt jako
jsou slezina, jatra a kostni dfen. Kone¢nym cilem viru TBE jsou bunky centralniho
nervového systému (12).

KLISTECI SLINY

Tvrda klistata saji po dobu nékolika dni a je pro né Zadouci zustat hostitelem
nezpozorovany. Uz po vniknuti klisteciho hypostomu do kize dochdzi k jejimu
mechanickému poskozeni a naruseni hemostazy, ¢imz se iniciuje koagulace, vasokonstrikce
a agregace krevnich desticek. Tyto procesy jsou potlaceny béhem sani klistéte skrze ucinky
klistécich slin (13). Rovnéz jsou inhibovany bolest a svédéni. Dalsim dulezitym obrannym
hostitelskym mechanismem je aktivace komplementu, zanétu a rekrutace leukocytti do mista
sani. Aktivace nespecifické a adaptivni imunity jsou slinami ovlivnény ve prospéch sajiciho
klistéte (14-17). Sliny maji prokazatelné pro klisté esencialni vyznam, protoze mu umoziuji
zachovat hemostazu a potladit hostitelskou imunitni reakci (Obr. 1).

Biologicky aktivni latky v klistécich slinach jsou proteinové, peptidové ¢i ne-peptidové
povahy. VétSina proteinli a peptidii je syntetizovdna v slinnych zldzach b&hem sani.
Transkriptomové studie ukazaly, Ze je sekretovano vice nez 500 riznych proteini a peptida
(18). Ty muzou byt rozdéleny do skupin na zakladé vzajemné ptibuznosti. Nejvyznamnéjsi
skupiny tvofti lipokaliny, proteiny a peptidy obasahujici Kunitzovu doménu, metaloproteazy,
proteiny s bazickym koncem, cystatiny, ixostatiny a dalsi (14).

Za anti-hemostatické Gcinky slin jsou zodpovédné prostaglandiny, apyrazy, metaloproteazy,
disintegriny, inhibitory trombinu, FXa a FVIIa/TF komplexu, inhibitory kontaktni faze a
modulétory fibrinolyzy. Analgeticky ucinek slin se pfifazuje inhibitorim bradykininu a
lipidovym medidtorim, endokanabionidiim. Protizanétlivé ucinky byly popsany pro histamin
a serotonin vazajici proteiny a inhibitory komplementu. Serpiny a cystatiny tvoti kategorii
slinnych komponentd, u kterych byl vramci imunomodula¢nich uéinku prokazan i
protizanétlivy efekt. Vyznamné imunomodula¢ni ucinky maji evaziny (proteiny vazajici
chemokiny) a imunoglobulin  vazajici proteiny (14, 19) Podrobné&jsi popis
imunomodulacnich ucinki slin a vybranych slinnych komponentt bude v dalsi kapitole.
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Obr. 1. Interference klistécich slin s hostitelskou obranou béhem sani klistéte. Sliny ovliviiuji proces
hojeni, hemostazu, svédéni, zanét, imunitni reakce a pienos patogenti. Pfevzato a upraveno z review
(7).

SLINAMI ASISTOVANY PRENOS (SAT)

Klistéci patogeny jsou pienaSeny do hostitele béhem sani s klistécimi slinami. Slinami
ovlivnéné prostredi v misté sani vytvaii pfiznivé podminky pro pifenos patogenii
z infikovaného klistéte na hostitele i pro jeho zmnozeni v hostiteli (8). Tato asistence slin pfi
pfenosu patogenti byva oznaCovana jako slinami asistovany pienos (Saliva-assisted
transmission, SAT). Sliny rovnéz napomahaji pfenosu patogeni z infikovanych klistat na
neinfikovand klistata béhem sousdni (cofeeding). K tomuto zpisobu pienosu patogenil
dochazi nezavisle na virémii a je proto oznacovan jako neviremicky pienos. SAT byl poprvé
popsan pro Thogoto virus (20), u kterého byla zvySena transmise prokazana pod vlivem
extraktu ze slinnych zlaz (salivary gland extract, SGE) z klistéte Rhipicephalus
appendiculatus. Pozdé&ji byl SAT prokazan pouzitim SGE a klistécich slin i pro jiné
patogeny véetné TBEV (21), B. burgdorferi sensu lato (22-24), Francisella tularensis (25),
Rickettsia conorii (26), Powassan virus (27) a African swine fever virus (28).

Mechanizmus pozitivniho vlivu klistécich slin na pfenos riznych patogenti neni zcela
objasnén. Za SAT pii prenosu bakteridlnich patogend mohou pravdépodobné
imunomodula¢ni u¢inky slin na hostitelské imunitni bunky (29, 30). Z divodu unikatniho
postaveni dendritickych bunék (DC) v ramci hostitelské imunity byly pravé DC intenzivné
studovany s cilem podrobné popsat modulacni uinky klistécich slin na DC a pfispét tak
k objasnéni mechanizmu SAT. V ptipadé virové infekce je role dendritickych bun¢k dvoji,
kromé& modulace imunitni odpovédi jsou tyto burniky permisivni k virové infekci a jsou tedy i
zdrojem virovych castic.




2. DENDRITICKE BUNKY

Dendritické buriky jsou buitkami vrozené imunity a jSOU povazovany za tzv. hlidace. Jejich
unikatni tlohou je rozpoznat nebezpeci pomoci specifickych receptorti a poslat varovné
signaly formou rozpustnych mediatorti jinym imunitnim bunikdm, které hrozbu, napf.
v podob¢ mikrobialni infekce, potlaci.

Obecné mezi hlavni funkce dendritickych buné€k patfi rozpoznani patogenniho motivu,
fagocytoza, zpracovani antigenniho peptidu a jeho prezentace na bunééném povrchu pomoci
molekuly MHC Il (hlavni histokompatibilni komplex tiidy II). Prezentace antigenu naivnim
T lymfocytim, ke které dochazi po migraci zralych DC do lymfatickych uzlin, je tou
vlastnosti, diky které jsou tyto bunky povazovany za profesionalni antigen prezentujici
bunky. Naivni T lymfocyty po interakci s DC diferencuji na jednotlivé subtypy; rozlisuji se
Thl, Th2, Th9, Th17 a regula¢ni T lymfocyty. K tomuto rozdéleni dochazi na zakladé
cytokind, které lymfocyty produkuji. Pfevaha nékterého Th subtypt je oznacovana jako
polarizace imunitni odpovédi. Diferenciace T lymfocytd a tedy 1 smér polarizace zavisi od
sloZeni cytokind, které produkuji DC pfi prezentaci. Je dilezité zminit, ze béhem zpracovani
antigenu dochazi k tzv. maturaci neboli zrani dendritickych bun€k, coz je proces provazeny
zvysenou expresi molekul MHC 1II a zvySenou expresi kostimula¢nich molekul jako jsou
napt. CD80, CD86, CD83. Snizena exprese téchto molekul na povrchu DC negativné pisobi
na vyvoj specifické imunitni reakce. Funkéni DC jsou tedy esencidlni pro nastartovani
specifické adaptivni imunity (31).

Existuje nekolik subtypli dendritickych bunék, které se li§i ptvodem, lokalizaci a funkci
(32). Vin vitro studiich se pouzivaji dendritické bunky izolované ze sleziny (CD1lc
pozitivni buiiky) nebo derivované z bun¢k kostni dfené pomoci riznych faktort. Slezinné
dendritické buiiky jsou heterogenni populaci bunék nesouci znak CD8', CD4", nebo
specifické znaky pro plasmacytoidni dendritické buiiky (pDC) (B220'/CD11b/CD11c").
Derivaci bun¢k kostni diené s ristovym faktorem GM-CSF vznikaji myeloidni dendritické
bunky (mMDC) a z monocytti derivované makrofagy nesouci kromé znaku CD11c i znak
CD11b (33). Derivaci bun¢k kostni diené s FIt-3L vznikaji plazmacytoidni DC (pDC), mDC
(CD11b*/CD4") a lymfoidni DC (CD103"/CD8a") (34). V kazi se nachazi rezidentni
Langerhansovy bunky, dermalni dendritické bunky a DC derivované z monocyti, tzv.
monocyte-derived DC (tyto buiiky vznikaji z monocytl, které migruji do kiize v zavislosti na
podnétu). Lisi se mezi sebou povrchovymi znaky, transkripénimi programy a funkci (34).

DC rozpoznavaji nebezpeci v podobé patogennich motivu PAMPs (pathogen associated
molecular pattern) nebo DAMPs (danger associated molecular pattern) pomoci specialnich
receptorti nazyvanych pattern recognition recepotors (PRR). Tyto receptory se d¢€li na Toll-
like receptory (TLR), Nod-like receptory (NLR), RIG-like receptory (RLR) a C-type lektin
receptory (CLR). Aktivace téchto receptort spousti kaskadu signaliza¢nich reakci vedoucich

k aktivaci transkrip¢nich faktorti zodpovédnych za indukci interferonu a prozanétlivych genti
(35).

TOLL-LIKE RECEPTORY A JEJICH SIGNALIZACE

Skupina Toll-like receptort sestava z 10 ¢lenti u lidi a 13 ¢lend u mys$i. Receptory se
navzajem li§i substratovou specificitou a bunéénou lokalizaci. TLR1, 2, 4, 5, 6 a 10 jsou
lokalizované v cytoplazmatické membrané, zatimco TLR3, 7, 8, 9, 11, 12 a 13 jsou ukotveny
vV membrané endosomu. Obecné, povrchové TLR rozeznavaji komponenty mikrobidlnich
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membran, jako jsou lipopolysacharid (LPS), peptidoglykan, flagelin, lipoprotein a jiné.
Endosomalni TLR rozpoznavaji nukleové kyseliny vird a nukleové kyseliny derivované
z intracelularnich baktérii (35). Ligaci TLR se iniciuje kaskada signaliza¢nich reakci, které
zaCinaji rekrutaci adaptorti obsahujicich TIR (Toll/interleukin-1 receptor) doménu. I kdyz
existuje 5 adaptort (MyDS88, TRIF, TIRAP, TRAM a SARM), vétsina TLR signalizace je
MyD88 nebo TRIF zavisla. Nasleduje kaskada fosforylacnich reakci koncici aktivaci
nuklearniho faktoru kappa B (NF-xB) a fosforylaci serin-treoninovych kinaz rodiny
mitogen-aktivovanych protein kindz (MAPK). Do rodiny MAPK kinaz patii extracelularné
regulovana kinaza (Erk), p38 kindza a JNK kinaza (taky oznacovana SAPK-stresem
aktivovana kindza). MAPK nejsou transkripéni faktory, ale reguluji aktivitu mnoha
transkrip¢nich faktort (AP1) a cytoplazmatickych proteinu. TRIF zavisla signalizace pfes
aktivaci interferon regulujicich faktorti (IRF) iniciuje expresi gent pro interferon typu I.
Vysledkem TLR signalizace je tedy indukce prozanétlivych a protizanétlivych cytokint,
interferont, vyvoj adaptivni imunity a kontrola apoptozy. Zjednodusené schéma na obr. 2
ilustruje signaliza¢ni drahy aktivované jednotlivymi TLR receptory.

TLR1 TLRS @ PAMP é P

TLR2 TLR6 TLR4

PI3K /
TLR7

( + sSRNA
v
MyD88 TRIF

S

TLR9 TLR3

Akt

v v

anti-apoptotické
signaly AP1
TNGNTSTNG ONONTNONY

Exprese genu pro prozanétlivé cytokiny: Exprese gent pro interferony
+ Cytokiny (TNF, IL-1, IL-6) typu | (IFN a/B)

+ Chemokiny (CCL2, CXCLS, jiné) l

+ Kostimulacni molekuly (CD80, CD86)

Sekrece IFN

Obr. 2. Zjednodusené schéma TLR signalizace. Receptory ukotvené v cytoplazmatické a
endosomalni membrané po rozpoznani specifickych ligandia (PAMP, pathogen-associated molecular
pattern) rekrutuji adaptory MyD88 a TRIF. Nasleduje kaskada reakci, ktera vede k aktivaci
transkripcnich faktord NF-kB, AP1 a IRFs. Vysledkem je exprese gentli pro cytokiny, chemokiny,
kostimula¢ni molekuly a interferony typu I. Ligaci nékterych receptorti dochazi k aktivaci PI3K/Akt
drahy, ktera iniciuje expresi gend s anti-apoptotickymi ucinky. Lipopolysacharid (LPS) je PAMP,
ktery se vaze na receptor TLR4.
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NOD-LIKE RECEPTORY A JEJICH SIGNALIZACE

Nod-like receptory jsou cytosolické receptory rozeznavajici mikrobialni komponenty jako
jsou peptidoglykany bakterii a endogenni alarminy. Alarminy (neboli DAMPSs) jsou
molekuly/proteiny asociované s nebezpecim a produkované v reakci na buné¢ny stres. Vazba
ligandi na NLR receptory vede k aktivaci NF-kB signalizacni drahy a umociuje
prozanétlivou reakci buniky. Nékteré receptory ze skupiny NLR, ktera celkem ¢ita 22 ¢lend u
lidi a 34 u mysi, oligomerizuji a vytvaii tzv. inflamazém. V inflamazému dochazi, kromé
aktivace NF-kB signaliza¢ni drahy, i K aktivaci kapasazy-1 a kaspazy-11, a k naslednému
stépeni prekurzort IL-1B a IL-18 do jejich aktivni formy, ¢imz se prozanétliva reakce jeste
vic zesili. Signalizace pfes NLR ovliviiuje krom¢ imunitni odpovédi i vicero bunécnych
procesi véetné bunééné smrti (36).

RIG-LIKE RECEPTORY A JEJICH SIGNALIZACE

Virova infekce je, kromé endosomalnich TLR receptort, detekovana cytosolovymi RIG-like
receptory, které predstavuji dalsi skupinu PRR. RIG-like receptory vézou virovou RNA a
vyuzivaji MAVS adaptor (mitochondrial antiviral signaling) k spusténi kaskady signalnich
drah vedoucich k aktivaci transkripnich faktori NF-xB a IRF3 a IRF7. Nasledn¢ se
indukuje exprese prozanétlivych cytokint a interferonu typu I. IFN aktivuje IFN receptor na
téZze bunce a na okolnich bunkach a aktivuje signalni drahu JAK/STAT (Janus-activated
kinase/signal transducer and activator of transcription), ktera vede k indukci interferon
stimulujicich gent (ISG). Produkty téchto geni zprostfedkovavaji protivirovou ochranu
v infikovanych i neinfikovanych burkach (35).
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3. REAKCE HOSTITELE NA BORELIOVOU INFEKCI

Borelie, podobn¢ jako jiné extracelularni bakterie, vyvolavaji v hostiteli obranné reakce,
kterych se tcastni jak slozky vrozené nespecifické imunity, tak slozky ziskané imunity.
Lipoproteiny borelii jsou rozpoznavany pomoci specifickych receptorti na fagocytujicich
bunkach, jako jsou makrofagy, neutrofily a dendritické bunky, coz vede k jejich aktivaci a
nasledné produkci prozanétlivych cytokini a chemokind (37). Kromé receptori na
imunitnich buiikach jsou borelie detekovany rozpustnymi mediatory V podobé nékterych
slozek komplementu; vazba borelii na tyto slozky vede k aktivaci komplementu alternativni
cestou (38). Aktivace komplementu spolu s fagocytozou borelii buiikami vrozené imunity
jsou klicové mechanizmy, jakymi hostitel eliminuje borelie. V ramci ziskané imunity se po
boreliové infekci vyviji Th17 imunitni odpoved’.

DENDRITICKE BUNKY A MAKROFAGY VERSUS BORELIOVA INFEKCE

Dendritické buniky a makrofagy jsou jedny z prvnich bunék, které pfichazeji do kontaktu
s boreliemi. Boreliové lipoproteiny jsou rozeznavané receptory skupiny TLR, NLR a CLR
(37). TLR receptory hraji v kontrole boreliové infekce klicovou roli. Bylo zjisténo, ze mysi
deficientni na spolecnou signalni molekulu, adaptor MyD88, maji 250-krat vyssi pocet
spirochét nez kontrolni ,wild-type mysi (39, 40). Ze skupiny TLR, povrchové TLR2 a
TLR5, a endosomalni TLR7/8 a TLR9 jsou aktivovany boreliemi (Obr. 3). TLR2 je
nejdulezitéjsi pro indukci prozanétlivych cytokint, zatim co endosomalni receptory TLR7/8
a TLRY zprostiedkovavaji indukci interferonu typu I (41-44). Produkce prozanétlivych i
kooperaci TLR2 a TLR8. Fagocytéoza =zavisla na signalizacni kaskadé PI3K/Akt
(fosfatidylinositol-3 kinasa/Akt) je nezbytna pro plnou aktivaci fagocytujicich bunék. Navic
infekce lidskych monocyti boreliemi vede k indukci transkripce TLR2 a TLR8 (45).
Zvysena exprese TLR2 po stimulaci boreliemi byla pozorovana i v dendritickych bunkach
(46). Ze skupiny NLR receptort boreliové peptidoglykany rozeznava NOD2 receptor. Zda
se, Ze jeho uloha v kontrole boreliové infekce spoc¢iva v indukci tolerance, protoze pii pouziti
NOD2-deficientnich mysi byla artritida, indukovana B. burgdorferi vyrazng&jsi. V in vitro
experimentech vedla absence NOD2 receptoru k nizsi produkci prozanétlivych cytokind
(47).

Spirochéty Borrelia aktivuji nékolik signalnich drah ve fagocytujicich buikach. Jsou to
drahy, pti kterych dochazi k aktivaci NF-kB, kinaz z rodiny MAPK jako jsou Erk1/2, p38 a
JNK, PI3K a protein kinazy C (48-52). Pro produkci prozanétlivych cytokind jsou dulezité
NF-kB a p38 MAPK, zatimco PI3K je zasadni pro fagocytozu (53). Je dilezité zminit, ze
prozanétlivych cytokini (54, 55). Indukce IL-10, ktera je zprostiedkovana i signaliza¢ni
kaskadou CAMP/PKA, je jednim ze zpusobu jakymi borelie moduluji imunitni systém (56,
57).
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Obr. 3. Receptory skupiny TLR podilejici se na rozpoznani boreliovych antigent. Receptory TLR,

ukotvené v cytoplazmatické a endosomalni membrané, vyuzivaji adaptor MyD88 a signalizuji pies
kindzu TRAF-6. Nasledné dochazi k aktivaci transkripcnich faktord NF-xB a AP-1. Ligaci

endosomalnich receptord navic dochazi k aktivaci transkripéniho faktoru IRF7. Boreliemi je
aktivovana i signaliza¢ni draha PI3K/Akt a cAMP/PKA.
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4. ROZPOZNANI FLAVIVIROVE INFEKCE DENDRITICKYMI BUNKAMI

Hostitelska buiikka napadend flavivirem rozeznava virové struktury pomoci specifickych
receptord. V ramci skupiny TLR jsou to endosomalni TLR3 a TLR7, a cytosolické tzv. RIG-
like receptory, konkrétné RIG-1 a MDA. Ligaci zminénych receptorti se aktivuje NR-«xB,
IRF a PI3K/Akt signaliza¢ni drahy (Obr. 4). Exprese virus-specifickych receptorti se lisi
mezi jednotlivymi subtypy DC. pDC, z diivodu vyss$i exprese endosomalnich TLR7 a TLRO,
reaguji na virovou infekci robustni produkci IFN typu L. I kdyz tento typ bunék nemusi
podporovat replikaci viru, virus bunky aktivuje a ty produkuji IFN. V ptipadé¢ mDC, které
vznikaji derivaci kostni dfené s GM-CSF a jsou Casto modelovymi DC, je virus TBE
rozeznan pomoci cytosolickych RIG-1 receptoru (58).

Existuje nékolik mechanizmt, jakymi flaviviry unikaji pfed hostitelskym obrannym
aparatem. Interferon (IFN) je klicovym faktorem v nastoleni hostitelské antivirové obrany a
je atakovan virem na nékolika urovnich. Dvé nezavislé studie prokazaly, ze produkce IFN je
opozdéna z divodu maskovani replikatni RNA (59, 60). Dulezitou roli Vv negaci
interferonovych 0c¢inkt hraje nestrukturni protein NS5, ktery byl identifikovan jako
antagonista JAK/STAT signalizace (61). Kromé toho tento virovy protein zpisobuje
snizeni exprese receptorové podjednotky IFNARI na povrchu bunék (62). Jiny stupen
modulace byl odhalen na rovni produkce IL-12, které je inhibovana virem TBE v disledku
antagonistického ucinku na IRF1 (63). Jedna z nov¢jsich studii odhalila, ze virus TBE
inhibuje buné¢nou translaci ¢im interferuje s hostitelskou obranou (64).

TBEV
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Typ | IFN [ ]
Typlil IFN ®
Zanétlivé cytokiny
Signaly preziti
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\_/ —

anti-apoptotické signaly

Obr. 4. Rozpoznani flavivirové RNA receptory PRR. Virova RNA je po uvolnéni z virové Castice
rozpoznana v endosomech receptory TLR3 a TLR7 nebo v cytosolu receptory RIG-1 a MDA.
Nasledné dochazi k aktivaci faktori NF-kB a IRFs a spusténi odpovidajicich transkripénich
programi. Vysledkem je produkce interferonti a zanétlivych cytokint. Iniciace anti-apoptotickych
signald je zprosttedkovana aktivaci PI3K/AKkt signaliza¢ni kaskady.
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5. VLIV KLISTECICH SLIN NA HOSTITELSKE BUNKY

Ve vétsing piipadil je pozitivni asistence slin pfisuzovana imunomodulaéni aktivité¢ latek
obsazenych ve slinach. Klicové postaveni DC v hostitelské imunité je divodem, pro¢ byly
pravé tyto bunky intenzivné studovany i ve vztahu kinfekci B. burgdorferi (29). Autofi
pouzivali k aktivaci bunék borelie, nebo relevantni TLR agonisty.

IMUNOMODULACE DENDRITICKYCH BUNEK KLISTECIMI SLINAMI

Funkce dendritickych bunék jsou klistécimi slinami ovlivnény téméf na vSech urovnich.
Cavassani et al. odhalili inhibi¢ni efekt slin z Rhipicephalus sanguineus na diferenciaci,
maturaci a funkci DC pouzitim agonisty TLR4 (65). SniZzena produkce nékterych cytokini
byla pozorovana v DC ovlivnénych slinami z I. scapularis; tyto DC produkovali po stimulaci
TLR2, TLR4 a TLR9 méné IL-12 a TNF a rovnéz byla potlacena schopnost DC stimulovat
antigen-specifickou CD4" proliferaci (66). Sliny z R. sanguineus negativné ovlivnily migraci
DC k MIP-1a a MIP-1p a byla prokéazana snizena exprese chemokinového receptoru CCRS
(67). Inhibiéni vliv slin na migraci v disledku snizené exprese chemokinovych receptori byl
prokazan i u slin A. cajennese (CCR5 a CCR7) (68). Schopnost polarizovat Th odpoveéd
k Th2 byla opakované prokdzana v riznych experimentalnich modelech. Slezinné DC po
interakci se slinami z klistete 1. ricinus indukovaly Th2 diferenciaci z CD4" T lymfocyti in
vivo i in vitro (69). Skalova a kol. studovali vliv slin z I. ricinus na schopnost slezinnych DC
aktivovanych agonisty TLR3, TLR7 a TLR9 aktivovat a polarizovat CD4" T buriky. Sliny
vyrazné snizily polarizaci Thl a Th17. Snizena Th1 polarizace a siln¢ indukovany vyvoj Th2
polarizované odpovédi byl potvrzen i in vivo experimentem, kde byl navic prokazan vyrazny
inhibi¢ni efekt na maturaci a migraci DC (70). Mysi deficientni na Langerhansovy buiiky
indukovaly Thl odpovéd po infestaci I. scapularis, co potvrdilo dtlezitost Langerhansovych
bungk v inhibici klistaty- zprostiedkované Th1 reakce (71).

V piedlozenych pracich byly zjistovany zmény v signalizaci pomoci detekce aktivovanych
forem jednotlivych signalizacnich molekul. V pifipadé¢ pouziti patogenniho organizmu
se aktivuje nékolik receptorti najednou. A protoze tyto receptory Caste¢né sdili signalizaéni
drahy, je obtizné odhalit, kde k interferenci slin se signalizaci dochazi. Teoreticky mohou
sliny ovlivilovat rozpoznani patogenu ptisluSnymi receptory nebo nékteré slozky ,upstream’
signalizace. Pouziti specifickych ligandti PRR umoziuje zjistit, ktera signaliza¢ni draha je
slinami ovlivnéna.
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Vliv klistécich slin na signaliza¢ni drahy aktivované ligandem TLR2 a spirochétami B.

afzelii v dendritickych buiikach (1. predloZena prace)

Lieskovska J., Kopecky J. (2012): Effect of tick saliva on signalling pathways activated by
TLR-2 ligand and Borrelia afzelii in dendritic cells. Parasite Immunology 34, 421-429.

Praci popisujicich vliv klistécich slin na funkci dendritickych bunék infikovanych piimo
boreliemi nebo TBEV neni mnoho. Zkoumani interakce spirochét B. afzelii a mysich
dendritickych bunék odhalilo negativni efekt slin l.ricinus na pocet fagocytujicich bunék, na
produkci vSech testovanych cytokinti a na schopnost indukovat proliferaci CD4 T lymfocyta
(72). V piedlozené praci jsme navazali na tyto studie a analyzovali signalni drahy po
stimulaci ligandem TLR2 - lipoteichoovou kyselinou (LTA) nebo spirochétami B. afzelii
v mySich slezinnych DC (73). TLR2-zavisla aktivace NF-kB, PI3K/Akt a Erk1/2 MAPK
signalnich drah byla negativné ovlivnéna klistécimi slinami a podobné byl inhibi¢ni vliv
pozorovan 1 v buitkach stimulovanych boreliemi. Aktivace p38 MAPK indukovand LTA
nebo boreliemi zistala beze zmén. Pouzitim inhibitord PI3K a Erk1/2 bylo prokazano, ze
Erk1/2 kinaza se podili na indukci TNF, ale nema vliv na produkci IL-10 vLTA
stimulovanych bunkach. V bunkéach, které byly aktivované boreliemi, inhibice Erk1/2, NF-
kB a PI3K negativné ovlivnila jak produkci TNF, tak produkci IL-10. Z této analyzy
vyplyva, ze sliny ovlivilovanim vyse zminénych signalnich drah mohou pfispivat ke snizené
specifického inhibitoru Protein kindzy A (PKA) H89 bylo zjisténo, ze cAMP-PKA
signalizacni draha je zodpovédna za slinami vyvolané zvySeni IL-10 v boreliemi
aktivovanych DC. Data z této prace ukazuji, ze kliStéci sliny inhibuji TLR2 zavislou
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signalizaci, ¢imZ moduluji funkci DC na drovni produkce cytokini.

Modulace cAMP-PKA drahy klistécimi slinami z R. sanguineus byla prokazana Olivierou a
kol. Autofi uvadi, ze vétSina imunomodulacnich efektd slin zavisi na cAMP/PKA draze,
ktera je aktivovana nukleosidem adenosinem a prostaglandinem (74). Autofi identifikovali
v klistécich slinach adenosin v koncentraci pfiblizné 110 nmol/ml a prostaglandin E2 v
koncentraci 35.2 ng/ml. Obé tyto nizkomolekularni slozky inhibovaly produkci cytokint
prostfednictvim indukce CAMP-PKA drahy. Pfitomnost adenosinu a prostaglandinu byla
zjistovana i v nasi laboratofi ve slinach I. ricinus; adenosin nebyl nalezen a prostaglandin
byl detekovan v koncentraci 7 ng/ml (75). Koncentrace PGE2 naméfena ve slinach I. ricinus
cAMP/PKA drédhu v DC aktivovanych boreliemi zlistdvd neobjasnéno. MiiZzeme pouze
spekulovat, Ze kaktivaci této drdhy dochazi pifes upregulaci neidentifikovaného
povrchového receptoru.

Interference s Erk1/2 signalizaci byla pozorovana u klistécich slin z R. sanguineus v DC po
stimulaci LPS (46) a ve fibroblastech stimulovanych PDGF v pfitomnosti slin z
Dermacentor variabilis (76). Na rozdil od naSich zjisténi, sliny R. sanguineus pusobily
inhibi¢né 1 na aktivaci p38 MAPK v LPS stimulovanych DC (46). Autofi naznacili, Ze
klistéci sliny mohou indukovat regulacni DC. Dalsi signalni molekula, ktera byla testovana
je IRAK (interleukin -1 asociovana kinaza). Bylo zjisténo, Ze sliny klistéte Dermacentor
variabilis upreguluji IRAK po aktivaci zymozanem v makrofagové bunécné linii IC-21 (77).
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Klistéci sliny potlac¢uji interferonovou signalizaci v dendritickych buiikach po infekci

B. afzelii (2. piedloZena prace):

Lieskovska J., Kopecky J. (2012): Tick saliva suppress IFN signalling in dendritic cells upon
Borrelia afzelii infection. Parasite Immunology 34, 32-39.

Interferon je znam predevSim jako cytokin se siln€¢ antivirovym ucinkem. Kromé toho je
interferon vyznamnym regulatorem ovliviiujicim mnoho aspektii hostitelské imunitni a
zanétlivé reakce. Interferonovd signalizace a STATI aktivace jsou dilezité napi. pro
diferenciaci a fenotypovou maturaci DC (78, 79),(80). Existuji tfi typy IFN, typ | je
reprezentovan IFNa a IFNB, IFNy je jedinym zastupcem typu IFN Il. Typem IFN Il jsou
IFNA1L, IFNA2 a IFNA3. Vazba IFN typu I (IFNB) na IFN receptor iniciuje fosforylaci STAT1 a
STAT2, které po vytvofeni heterodiméru a asociaci s IRF-9 tvoii transkrip¢ni faktor ISGF3
(IFN-stimulovany transkripéni faktor). Ten naseda na ptislusny promotor (ISRE) a spousti
transkripci interferonem stimulovanych gent (ISG) (Obr. 5) (81).

V ramci pochopeni mechanizmu plsobeni klistécich slin na funkci DC byl testovan jejich
u¢inek na interferonovou signalizaci ve slezinnych dendritickych bunkach méfenim aktivace
signalni molekuly STAT1 (82). Bylo zjisténo, ze STAT1 aktivace byla vlivem slin sniZzena po
stimulaci rekombinantnim IFNP, i po stimulaci lipopolysacharidem (LPS) a boreliemi.
Aktivace STAT1 je v boreliemi stimulovanych bunkach zprostiedkovana endogennim IFN,
jehoz produkci sliny neovlivnily. Pokles STAT1 fosforylace v boreliemi stimulovanych
bunkach tudiz reflektuje negativni vliv slin na signalizaci aktivovanou IFN. IFN signalizace je
esencialni i pro produkci IL-12; produkce IL-12 byla vyrazné snizena v STAT1 (-/-) a IRFAR
(-/-) mysich (83). V souladu s t€émito poznatky, klistéci sliny snizuji produkci IL-12 v boreliemi
IFN-a a LPS stimulovanych DC. Interference kliStécich
IFN-B slin s IFN zavislou signalizaci miZe byt jednim
Z mechanismii, které prispivaji ke sniZené
maturaci DC a polarizaci imunitni odpovédi.
Testovanim extraktu ze slinnych zlaz (SGE)
z klistéte Dermacentor reticulatus na antivirovy
ucinek IFN se zbyvala prace Hajnické et al (84).
Autofi zjistili, Ze antivirovy ucinek IFN na
— g replikfflci viru vezikularni ’ stonvlatitidyv (VSV)
v mysich fibroblastech byl vyrazné potlacen SGE.
Dtlezitost STAT-1 pro indukci ISG byla prokézana
I v makrofazich stimulovanych B. burgdorferi (85).

Obr. 5. Interferonova signalizace. INFa a IFNf vazbou

na piislusny receptor iniciuji tzv. JAK/STAT drahu.

STAT1 a STAT2 po fosforylaci dimerizuji a vazou

IRF9. Vytvofeny kompleX, oznacovany jako ISGF3,
P10 Spousti expresi interferonem stimulovanych geni
IRF7 - (1SGS). Ptikladem takovych genu jsou IP-10 a IRF7.

)
(55 (s
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Sliny z Kklistéte |. ricinus zvySuji replikaci viru TBE v dendritickych buiitkach modulaci

Akt drahy (3. predloZena prace)

Lieskovska J., Palenikova J., Langhansova H., Chmelaf J., Kopecky J. (2018): Saliva of
Ixodes ricinus enhances TBE virus replication in dendritic cells by modulation of pro-
survival Akt pathway. Virology 514: 98-105.

Tato studie byla zamétena na testovani vlivu klistécich slin na DC infikované virem klistové
encefalitidy. Duraz byl kladen na analyzu signalnich drah se stejnym cilem jako v ptipadé
borelii, tj. poodhalit molekularni mechanismus, ktery je za G¢inkem slin a porozumét, jak
sliny podporuji ptenos TBEV na hostitele. V pifipadé bakterialni infekce je imunomodulace
DC vnimana jako klicovy faktor zodpovédny za SAT. V pfipad¢ virové infekce jsou
infikované DC navic zdrojem virovych ¢astic, protoze podporuji replikaci viru a migraci z
kize do lymfatickych uzlin se podili na pfenosu viru v hostiteli.

V praci byly pouzity mysi myeloidni DC derivované z kostni dfené a kmen Hypr viru TBE.
Bylo zjisténo, ze klistéci sliny pozitivné ovliviiuji mnozstvi viru v dendritickych buiikéch.
Analyza vybranych signalnich drah odhalila, Ze aktivace Akt a ¢aste¢né i NF-kB a STATL je
zvySena v pritomnosti slin. Akt signalizace je znama pro své anti-apoptotické a proliferaci
podporujici ucinky. Procento apoptotickych bunék bylo dle ofekavani po TBEV infekci
slinami sniZzeno a zivotnost bunék byla slinami zvySena. Pouzitim specifick¢ho inhibitoru
kindzy PI3K, kterd fosforyluje Akt bylo demonstrovano, ze PI3K/Akt signaliza¢ni drdha
pozitivné ovliviluje titr viru v DC a snizuje pocet apoptotickych bunék. Z vysledkt vyplyva,
ze zvySenim aktivity anti-apoptotické kinazy Akt sliny pozitivné ovliviiuji replikaci
viru v mDC (86).

Vliv slin na aktivaci Akt ve virem infikovanych DC je jiny V porovnani s naSimi piedeSlymi
vysledky, kdy byly dendritické bunky stimulovany TLR-2 ligandem nebo boreliemi a sliny
snizovaly fosforylaci Akt (1. pfedloZzend prace). Divodem miZe byt rozdilnd kinetika
analyzy signalnich drah ve virem infikovanych bunkach v porovnani s ptfedchozimi
studiemi. Ve virem infikovanych bunikach byla aktivita signalnich molekul analyzovana po
3, 22 a 45 hodinach na rozdil od TLR-2 stimulovanych DC, kdy trval nejdelsi ¢asovy
interval po stimulaci TLR-2 ligandem 1 hodinu. K aktivit¢ Akt v pozdé&jsich intervalech
muzou prispivat nové vznikajici virionové Castice, a tedy za zvySenou aktivitu signalnich
drah v pfitomnosti slin miize i zvySené mnozstvi replikujiciho se viru. Skute¢na pti¢ina Akt
upregulace neni zatim objasnéna, ale je pravdépodobné, ze zvySena aktivita této kinazy
napomaha k tomu, Ze bunky infikované virem jsou rezistentnéjsi k apoptoze.

Touto praci jsme navazali na jiz diive publikované studie, které vysly z nasi laboratote (70,
87). Ty odhalily na modelu slezinnych DC negativni vliv slin na jejich maturaci a na
produkci TNF, IFNB a IL-6. Pfitomnost slin ve virem infikovanych slezinnych DC
neovlivnila mnozstvi produkovaného viru, na rozdil od mDC, ale vedla k zvySeni procenta
infikovanych bun¢k a snizeni virem indukované apoptozy. Absenci vlivu slin na replikaci
viru byla demonstrovana i v praci zabyvajici se vlivem kliStécich slin na dendritické buiky
infikované virem krymZsko-kongské hemoragické horecky. Autofi zjistili, Ze kliStéci sliny
imunomoduluji DC (kozni DC a Langerhansovy DC) a inhibuji jejich migraci z mista sani
(88).
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Modulace hostitelské imunity klistécimi slinami (4. piredloZena prace)

Kotal J., Langhansova H., Lieskovska J., Andersen J.F., Francischetti .M., Chavakis T.,
Kopecky J., Pedra J.H., Kotsyfakis M., Chmelaf J. (2015): Modulation of host immunity by
tick saliva. J Proteomics. 2015 Jul 17;128:58-68.

V predlozeném review jsou shrnuty uc¢inky klistécich slin na funkce rdznych imunitnich bun¢k,
jak vrozené, tak i ziskané imunity. Prvotni imunitni reakce hostitele na sani klistéte zahrnuje
aktivaci imunitnich bunék, které jsou soucésti tzv. vrozené imunity. Jsou zastoupeny, kromé jiz
zminovanych dendritickych bunck, také makrofagy, monocyty, zirnymi buikami,
granulocytarnimi bufikami jako jsou neutrofily, bazofily, eozinofily a NK bunikami. Makrofagy
a neutrofily jsou profesionalni fagocyty, které hraji dtlezitou roli v eliminaci patogent a podili
se na rozvoji zanétu. Funkce téchto imunitnich buné€k je v mnoha smérech negativné ovlivnéna
klistécimi slinami. Sliny z riznych druhi klist'at inhibuji produkei prozanétlivych cytokini
IL-1a, IL-B, IL-6, IL-8, TNF, IFN-y a zvySuji produkci protizanétlivych Th2 cytokini IL-4
a IL-10 v aktivovanych makrofazich. Schopnost fagocytdozy makrofagi i neutrofilt je slinami
inhibovana. U neutrofild dochazi ke snizené adhezi, rekrutaci, degranulaci a produkci
reaktivnich kyslikovych radikali (ROS). Ovlivnéni tzv. NETs (neutrophil extracellular traps,
extrusion of neutrophil DNA) klistécimi slinami pozorovano nebylo.

Bunky adaptivni imunity, B a T lymfocyty, jsou slinami rovnéZ ovliviiovany. Byla pozorovana
snizena proliferace B a T lymfocytl a snizena produkce cytokint IL-2, IL-12 a IFN-y. Naopak
mnozstvi Th2 cytokini (IL-4, IL-5, IL-6) je v pfitomnosti slin zvySeno. Opakované byla
pozorovana polarizace imunitni odpovédi k Th2 cytokinim vlivem slin z rznych druhd
klist’at.
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Effect of tick saliva on signalling pathways activated by TLR-2

ligand and Borrelia afzelii in dendritic cells
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SUMMARY

Dendpritic cells are a sentinel in defending against pathogens
and tick saliva facilitates transmission of tick-borne patho-
gens by modulating the host immune response. The matura-
tion of dendritic cells is inhibited by tick saliva. To elucidate
the mechanism of this inhibition, we tested the impact of
Ixodes ricinus tick saliva on signalling pathways activated
by Toll-like receptor (TLR-2) ligand and Borrelia afzelii in
spleen dendritic cells. The activation of nuclear factor-xB
(NF-kB) p65 and phosphatidylinositol-3 kinase (PI3K)/
Akt pathways was decreased by tick saliva upon both TLR-
2 and Borrelia stimulation. Among the mitogen-activated
protein kinases (MAPK), the activation of extracellular
matrix-regulated kinase (Erk1/2) was suppressed by tick
saliva, but not p38. In response to spirochaetes, the amount
of TNF-u decreased in the presence of tick saliva which was
mediated by selective suppression of Erkl/2, NF-xB and
Akt as tick saliva mimicked the effect of their specific
inhibitors, UO126, IKK-IV and LY294002, respectively. Sal-
iva-induced enhancement of IL-10 was not observed in the
presence of specific inhibitor of Protein Kinase A (PKA),
H-89, suggesting the involvement of PKA pathway in IL-10
production. Our cumulative data show that tick saliva inter-
feres with several signalling pathways, thus modulating the
immune functions of dendritic cells.
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INTRODUCTION

A number of immunomodulatory activities of tick saliva
or salivary gland extract (SGE) have been reported, for
example, the ability to inhibit the complement cascade (1),
to prevent phagocytosis and production of superoxide by
neutrophils (2), to inhibit the production of nitric oxide by
macrophages (3), to impair NK cell function (4), and to
reduce the antiviral effect of interferon (5). Polarization of
the host immune response towards the Th2 cytokine pro-
file has been repeatedly reported for saliva from various
tick species (6). Finally, the principal role in this process
was attributed to dendritic cells; the inhibitory effect of
Ixodes ricinus tick saliva on their migration, maturation
and antigen-presenting capacity was documented in addi-
tion to promoting the development of Th2-polarized
immune response (7). Thus, tick saliva is able to enhance
pathogen transmission by suppression of the host immune
response (8).

At the frontline of the immune response, dendritic cells
detect various pathogens by several conserved pattern rec-
ognition receptors including the Toll-like receptor (TLR)
family. As a result of pathogen recognition, dendritic cells
start producing immuno-regulatory cytokines affecting
innate and adaptive immune responses and begin to
mature, resulting in phenotypical and functional changes
(9). Several types of TLR are recognized to date; TLR1, 2,
4, 5 are localized on the cell surface, while TLR7, 8, 9 are
restricted to the endosomal membrane (10). To induce
immunosuppression and Th2 prone immune response, par-
asites exploit TLR-2-mediated signalling resulting in
release of IL-10 (11,12). Ligation of TLR-2 by lipoteichoic
acid (LTA) leads to activation of several signalling path-
ways (13), including NF-xB, MAPKs (Erk1/2, p38), and
PI3K/Akt-mediated cascades. These pathways positively or
negatively influence cytokine production and maturation
of dendritic cells. The NF-kB is crucial for the induction of
pro-inflammatory cytokines, but also positively regulates
the ability of dendritic cells to prime T cells to T helper
type 2 (Th2) phenotype (14,15). Several functionally
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independent, parallel MAP kinase signal transduction
pathways are defined in mammalian cells. For example,
p38 is critical for maturation of human derived dendritic
cells in response to LPS (16) and induction of inflamma-
tory cytokines (17). The activation of Erk1/2 MAP kinase
was reported to be prone to Th2 biased response (18).
Another pathway activated by various TLR ligands is
mediated by the phosphatidylinositol 3-kinase (PI3K).
PI3K cascade is involved in a variety of biological pro-
cesses, including cell survival and proliferation (19). Acti-
vation of PI3K pathway poses a negative feedback
mechanism regulating IL-12 production during DC activa-
tion and helps prevent the excessive Thl polarization (20).
In addition, the critical role of PI3K in TLR-dependent
production of type I IFN in plasmacytoid dendritic cells
has been shown (21). Overall, the pathways mentioned
above play different roles in polarizing the phenotype of
dendritic cells (15).

The molecular mechanism underlying how tick saliva
affects immune cells is being investigated. The increased
expression of TLR-2 receptor and inhibition of Erk 1/2
and p38 MAPK kinases activation were associated with
impaired maturation of dendritic cells stimulated with LPS
when saliva from the hard tick Rhipicephalus sanguineus
was used (22). In addition, it was revealed that low molec-
ular weight salivary constituents from R. sanguineus saliva
(i.e. adenosine and prostaglandin-E,) are responsible for
most immunomodulatory effects in dendritic cells upon
stimulation with Toll-like receptor agonists (23). We
recently showed that in response to Borrelia spirochaetes
and LPS, saliva from the hard tick, I ricinus, inhibits
STAT-1, the signalling molecule activated indirectly by
interferon produced by dendritic cells. The attenuation of
IFN signalling partly accounts for tick saliva immuno-
modulatory effects (24).

Tick saliva facilitates transmission of Lyme disease
agent, Borrelia burgdorferri sensu lato to the host; the phe-
nomenon termed ‘saliva activated transmission’ (25). Bor-
relia spirochaetes are recognized by several innate
receptors, including TLR, Nod-like receptors and C-type
lectin receptors (26). The binding of spirochaetal lipopro-
teins to TLR1/2 is critical for inducing pro-inflammatory
cytokines, while activating endosomal Toll-like receptors
(TLR7, 8, 9) is important for type I IFN induction
(27,28). Induction of pro-inflammatory cytokines by
B. burgdorferi is mediated by NF-xB and p38 MAP trans-
duction pathways (29,30). Although tick saliva effects on
dendritic cells stimulated with various TLR ligands or
Borrelia spirochaetes have been described (7,31), little is
known about the cell signalling pathways involved. This
study was undertaken to elucidate the molecular mecha-
nism which is behind the inhibitory effects of tick saliva.
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MATERIALS AND METHODS

Animals

Female C57BL/6 mice (10 weeks of age) were obtained
from Charles River Laboratories (Sulzfeld, Germany). Gui-
nea pigs used for I ricinus tick feeding were bred and main-
tained at the Institute of Parasitology, Ceské Budgéjovice
(Czech Republic). All experiments were performed with
permission from local animal ethics committee.

Tick saliva collection

Pathogen-free adult I ricinus ticks from the colony main-
tained at the Institute of Parasitology in Ceské Budg&jovice
(Czech Republic) were allowed to feed in groups of 20
mating pairs on guinea pigs. After 6 days, partially
engorged female ticks were removed, immobilized, and a
10-uL glass capillary tube was fitted over their mouth-
parts. To induce salivation, 2 pL of 0-1 m pilocarpine solu-
tion in ethanol was applied on the dorsum of each tick.
After 60 min, tick saliva was collected, pooled, and stored
at —70°C. The concentration of pilocarpine in tick saliva
was estimated at 4 mm by HPLC/mass spectrometry
method. As a control, corresponding amounts of pilocar-
pine were added to samples not treated with tick saliva.
All salivary samples were filtered through a 0-22-um filter
(Millipore, Billerica, MA, USA), and tick saliva protein
concentration was determined using a Bradford reagent
(Sigma-Aldrich, St. Louis, MO, USA) before use.

Bacteria

The CB-43 strain of Borrelia afzelii isolated from I ricinus
(32) was grown in Barbour-Stoenner-Kelly-H (BSK-H)
medium (Sigma-Aldrich) supplemented with 6% rabbit
serum at 34°C. The fourth passage was used in the experi-
ments.

Dendritic cells isolation

Isolated mouse spleens were minced with scissors, digested
in RPMI containing 1 mg/mL collagenase-D (Roche,
Mannheim, Germany) at 37°C for 1h, and passed
through a 70-um nylon cell strainer (BD Biosciences, Dur-
ham, NC, USA). Dendritic cells were isolated using mag-
netic beads conjugated with anti-CD11lc (N418) Ab and
MACS Column separation following the manufacturer’s
instructions (Miltenyi Biotec, Bergish Gladbach, Ger-
many). Purified dendritic cells were cultured in RPMI sup-
plemented with 10% heat-inactivated foetal calf serum
(FCS), 50 um 2-ME, 100 pg/mL penicillin, and 100 U/mL
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streptomycin (all from Sigma-Aldrich). Purity of isolated
dendritic cells (~90% CD1l1c+ cells) was determined by
subsequent FACS analysis.

Cytokine measurements

Freshly isolated dendritic cells were cultured in 96-well
plate at a concentration of 2 x 10° cells per well for 24 h.
Following 2 h incubation with tick saliva, the cells were
stimulated with 2:5 pg/mL of LTA (InvivoGen, San
Diego, CA, USA) or B afzelii in ratio 10:1 (10
spirochaetes to 1 cell), and cell-free culture supernatants
were harvested after 24 h for TNF-o and 48 h for IL-10
determination. Both cytokines were determined using
Ready-Set-Go! ELISA Set (eBioscience) following the man-
ufacturer’s instructions. The pilocarpine was added to the
control sample at a concentration corresponding to that in
tick saliva. In experiments when IKK-IV (Merck KGaA,
Darmstadt, Germany), UO126 (Cell Signalling, Beverly,
MA, USA), LY294002 (Sigma), and H-89 (Sigma-Aldrich)
were used, cells were incubated with inhibitor for 30 min
prior to the addition of Borrelia spirochaetes or LTA.

Immunoblotting

Freshly isolated dendritic cells were seeded at 1 x 10° cells
per well in 24-well plate. On the following day, dendritic
cells were incubated for 2 h with 20 pg of tick saliva per mil-
lilitre or corresponding amount of pilocarpine prior to the
addition of LTA (2-5 mg/mL) or using live B. afzelii spiro-
chaetes in ratio 10 spirochaetes per 1 cell. Following stimu-
lation, the cells were lysed in a modified RIPA buffer [1%
Nonidet P-40, 0-25% sodium deoxycholate, 1 mm EGTA,
150 mm NaCl, and 50 mm Tris-HCI (pH 7-5)] in the pres-
ence of protease inhibitors (10 ug/mL aprotinin, 1 pug/mL
leupeptin, 1 mm phenylmethylsulfonyl fluoride, 1 pg/mL
pepstatin) and phosphatase inhibitors (25 mMm sodium fluo-
ride and 2 mm sodium orthovanadate). The cell lysates were
centrifuged at 14 000 g for 10 min at 4°C, supernatants were
mixed with 4x Laemmli sample buffer and then separated
by SDS-PAGE using an 8% gel. The proteins were then
transferred to Immobilon-P membranes, which were
blocked for 1 h in Tris/saline buffer containing 0-1% Tween
20 and 5% nonfat milk. The blots were incubated overnight
at 4°C with the anti-phospho-Erkl/2 (Thr202/Tyr204),
phospho-p38 (Thr180/Tyr182), phospho-Akt (Serd73), and
phospho-NF-kB p65 (Ser536) (all from Cell Signalling) or
with anti-GAPDH (Santa Cruz Biotechnology), and anti-
Erk1/2 antibody (Enzo Life Science) at dilution 1 : 1000.
The proteins were visualized using enhanced chemiluminis-
cence (Pierce), and their abundance was analysed using the
FUIJI FILM Luminiscent Image Analyse LAS-3000. Densi-
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tometric analyses of the images were performed using Image
J software, version 1.61 (http://rsb.info.nih.gov/nih-image/).

Statistical analysis

Student’s ¢ test was used to compare the differences
between control and treated groups. A P < 0-05 was con-
sidered statistically significant.

RESULTS

Tick saliva interferes with the activation of several
signalling pathways in dendritic cells upon TLR-2
ligation

To determine how tick saliva interferes with signalling cas-
cades triggered through TLR-2 receptor, we analysed
pathways mediated by NF-kB, MAPK and PI3K/Akt —
effectors implicated in controlling maturation of dendritic
cells (15,33).

The effect of tick saliva on the MAPK activation was
analysed by determining phosphorylation of the serine/
threonine kinases, p38 and Erkl/2. Dendritic cells were
cultured in the presence or absence of 20 pg tick saliva for
2 h followed by stimulation with LTA. This concentration
of tick saliva (20 pg/mL) was chosen because it had the
most pronounced effect on cellular activation (data not
shown). As expected, the phosphorylation of both MAP
kinases increased upon stimulation with LTA. The Erk1/2
activation was decreased in the presence of tick saliva com-
pared with control samples at all time points monitored (at
the time of maximum activation (30 min) the suppression
by saliva reached 72:5%) (Figure la). Upon LTA stimula-
tion, however, tick saliva did not affect the activation level
of p38 (decrease at 30 min was only 17%) (Figure 1a).

The activation of NF-kB signalling pathway was exam-
ined by measuring phosphorylation of a member of NF-
kB transcription factors family RelA (p65) containing
transactivation domain in its C terminus. Dendritic cells
were pre-incubated with tick saliva for 2 h prior to adding
LTA. LTA-induced activation of Rel p65 at all time points
tested and tick saliva attenuated activation of this signal-
ling molecule by 80% at 30 min when NF-«kB activation
reached a peak (Figure 1b). The difference between NF-
kB activation in the presence and absence of saliva was
not detected after 60 min of adding LTA to the cells.

We then examined the PI3K/Akt signalling axis, a
transduction pathway believed to inhibit signals that
induce inflammatory cytokines (20). We assessed activa-
tion of PI3K/Akt pathway by determining the serine
phosphorylation level of Akt, the PI3K downstream tar-
get. As seen in Figure 1(b), phosphorylation of Akt
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Figure 1 Effect of tick saliva on NF-kB, MAPK and Akt activa-
tion in dendritic cells upon TLR-2 ligation. After pre-incubation
with tick saliva (20 pg/mL) or corresponding amount of pilocar-
pine for 2 h, dendritic cells were stimulated with 2-5 pg/mL lipot-
eichoid acid (LTA) for the time indicated. Cell lysates were
analysed by Western blotting using specific antibody against phos-
phorylated Erk1/2, p38 MAPK (a), NF-kB and Akt proteins (b).
Level of GAPDH protein is shown as an internal control. The
phosphorylation of kinases was quantified using scanning densi-
tometry and normalized by the GAPDH protein. Relative activi-
ties are corresponding to densitometric readings where values
achieved in unstimulated control were set up to 1. Representative
experiments and their densitometric readings are shown. Two
independent experiments were performed.

(though only mildly induced) was suppressed by tick saliva
upon ligation of TLR2.

Erk1/2 pathway (suppressed by tick saliva) is involved in
the production of pro-inflammatory cytokine TNF-ao
upon TLR-2 ligation

Specific kinase inhibitors were utilized to determine
whether identified kinases (that were suppressed by tick
saliva) are directly involved in regulating pro-inflamma-
tory or anti-inflammatory cytokines production. The pro-
duction of pro-inflammatory cytokine (represented by
TNF-0) by dendritic cells stimulated with LTA was
assessed in the presence of tick saliva or in the presence
of UOI126 or LY294002, specific inhibitors of MEK
(kinase upstream of Erk1/2) or PI3K, respectively (Fig-
ure 2a). LTA-induced TNF-a secretion had the tendency
to be reduced by tick saliva (P = 0-1) and was decreased
by Erk1/2 inhibition (P < 0-05). In contrast, the produc-
tion of TNF-a was not influenced by PI3K inhibitor.
The finding that the Erk1/2 inhibitor mimicked the effect
of tick saliva suggested that saliva-attenuated TNF-o
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Figure 2 Effect of tick saliva and inhibitors of Erk1/2 and PI3K
on the production of TNF-a and IL-10 by LTA-stimulated den-
dritic cells. Tick saliva was added to cultures 2 h prior to the
stimulation at concentration 20 pg/mL. In some wells, dendritic
cells were incubated with inhibitor for 30 min prior to the addi-
tion of LTA. Culture supernatants were collected 24 h or 48 h
after ligand addition and analysed for presence of TNF-a (a) or
1L-10 (b), respectively. Data are expressed as the mean cytokine
concentration from triplicate wells £ SD. * indicates the effect of
tick saliva and kinases inhibitors on LTA-stimulated cells signifi-
cant at P < 0-05.

production is mediated, at least in part, by inhibiting
Erk1/2 signalling pathway.

Next, the IL-10 production (representing anti-inflamma-
tory cytokine) was examined in the presence and absence
of tick saliva (Figure 2b). Stimulation of dendritic cells
with LTA led to an increase of IL-10 and the presence of
tick saliva further enhanced the amount of IL-10 pro-
duced. When Erk1/2 inhibitor was applied, IL-10 produc-
tion was not affected. For the PI3K inhibitor, we observed
a slight increase in IL-10 production. We concluded that
the production of IL-10 upon LTA stimulation seemed to

© 2012 Blackwell Publishing Ltd, Parasite Immunology, 34, 421-429
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be independent of Erk1/2, but partly dependent on PI3K-
mediated signalling pathways.

The activation of Erk1/2, NF-kB and Akt in response to
Borrelia spirochaetes is attenuated by tick saliva

As we have shown that tick saliva suppresses some signal-
ling pathways upon TLR-2 ligation, we anticipated
whether saliva would have similar effects on signalling
pathways activated by B. afzelii (bearing multiple TLR
ligands). Dendritic cells were pre-incubated with tick saliva
and live Borrelia spirochaetes were added as indicated.
Activation of NF-kB, MAPK and PI3K/Akt signalling
pathways was examined. Spirochaetes induced activation
of all kinases tested (Figure 3a). The analysis of NF-kB
pathway showed that phosphorylation of Rel p65 was
decreased in the presence of tick saliva by 48:5% at 30 min
(P < 0-05), and by 51-4% at 60 min (P = 0-07) (Figure 3b).
Among the MAP kinases, tick saliva negatively affected

Effect of tick saliva on signalling pathways

activation of Erk1/2 (by 43-8% at 30 min, P < 0-05), but
not p38. Activation of Akt kinase was also attenuated in
the presence of tick saliva, though to a lesser extent (by
29-3% at 30 min, P = 0-16 and 25-8% at 60 min, P = 0-07)
(Figure 3b). Overall, dendritic cells stimulated with B. afz-
elii shared similar signalling pathways affected by tick sal-
iva, as those stimulated with LTA.

Erk1/2, NF-kB and Akt pathways, negatively influenced
by tick saliva, are implicated in pro-inflammatory
cytokine TNF-a production in response to Borrelia

To further investigate the relevance of the identified kinas-
es with regard to the cytokine production by dendritic
cells, we utilized NF-xB, Erk1/2 or PI3K inhibitors (IKK-
IV, UO126 or LY294002 respectively). The amount of
secreted TNF-o and IL-10 by dendritic cells upon infec-
tion with B. afzelli was measured in the presence or
absence of tick saliva, IKK-4, UO126 or LY294002. As
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Figure 3 Tick saliva attenuates Erk1/2, NF-xB and Akt activation, but not p38 MAPK in dendritic cells in response to Borrelia afzelii.
Dendritic cells were pre-incubated with tick saliva for 2 h (20 pg/mL) followed by the addition of live spirochaetes (10 spirochaetes per cell)
and incubation for the time as indicated. Cell lysates were analysed by immunoblotting with antibody against phosphorylated Erk1/2, p38
MAPK, NF-kB and Akt (a). The total amount of protein was determined by reprobing the membrane with antibody against Erk1/2 pro-
tein. The phosphorylation of kinases was quantified using scanning densitometry and normalized by control protein (b). Each point repre-
sents the mean fold increase of three independent experiments. * indicates the effect of tick saliva significant at P < 0-05. Representative
immunoblots are shown.
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shown, the production of pro-inflammatory TNF-o was
decreased by tick saliva and by all inhibitors (Figure 4a).
The observation that tick saliva and all tested inhibitors
had an inhibitory effect implicates that tick saliva may
interfere with the production of cytokines and subse-
quently with the maturation of dendritic cells by attenuat-
ing NF-xB, Erk1/2 and PI3K/Akt signalling pathways.

In contrast, the production of IL-10 in response to spi-
rochaetes was enhanced by tick saliva, but decreased in
the presence of IKK-IV, UO126 or LY294002 inhibitors
(Figure 4b). Based on the opposing effects of tick saliva
and inhibitors on IL-10 production, we conclude that
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Figure 4 Effect of saliva and inhibitors of NF-kB, Erk1/2 and
PI3K on the production of TNF-o and IL-10 cytokines in den-
dritic cells in response to Borrelia afzelii. Tick saliva was added to
cultures for 2 h at concentration 20 pg/mL followed by addition
of spirochaetes at ratio 10 : 1. In some wells, dendritic cells were
incubated with inhibitor for 30 min prior to the addition of Bor-
relia spirochaetes. Culture supernatants were collected 24 h or

48 h after stimulation and analysed for presence of TNF-a (a) or
IL-10 (b). Data are expressed as the mean cytokine concentration
from triplicate wells + SD. * indicates the effect of tick saliva or
specific inhibitors significant at P < 0-05, ** indicates the effect of
tick saliva or specific inhibitors significant at P < 0-005.
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saliva-evoked enhancement of IL-10 is independent of
pathways inhibited by the saliva.

The saliva-induced enhancement of IL-10 production is
mediated by Protein Kinase A (PKA) pathway

Most of the immunomodulatory effects of tick saliva from
R. sanguineus in dendritic cells are mediated through acti-
vating the cAMP/PKA pathway (23). We set out to deter-
mine whether cAMP/PKA pathway is critical for I1L-10
production. Therefore, the inhibitor of PKA, H89, was
applied and the amount of secreted IL-10 in response to
Borrelia was measured in the presence or absence of tick
saliva. As seen in Figure 5, the amount of IL-10 was
up-regulated by tick saliva. The presence of H-89
completely blocked saliva-induced enhancement of IL-10.
This result suggests that the enhancement of IL-10 is
dependent on PKA pathway.

DISCUSSION

Tick salivary constituents facilitate host transmission of
tick-borne pathogens by modulating the host immune sys-
tem. Dendritic cells play a critical role in recognizing
pathogens and tick saliva negatively affects the maturation
and differentiation of these cells (7). Still, which signalling
pathways are influenced by tick saliva remains elusive. We
recently reported that tick saliva from I ricinus negatively
interferes with IFN signalling (24). Herein, we expand our
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Figure 5 Saliva-induced enhancement of IL-10 production is
dependent on PKA-mediated pathway. Pre-incubated with

20 pg/mL tick saliva for 2 h in the presence or absence of PKA
inhibitor H89 (3 um), dendritic cells were stimulated with Borrelia
afzelii at ratio 10 : 1. Supernatants were collected 48 h after add-
ing spirochaetes and analysed for IL-10 by ELISA. Data are
expressed as the mean cytokine concentration from triplicate
wells £ SD. ** indicates the effect of tick saliva or tick saliva and
H&89 significant at P < 0-005.
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study to describe the effects of tick saliva on activating
signal transduction pathways in dendritic cells upon TLR-
2 ligation and addition of Borrelia spirochaetes. Because
of low numbers obtainable from skin dendritic cells, we
used spleen dendritic cells as our model system. The impli-
cation of tick saliva effect on signalling cascades for
induction of pro-inflammatory and anti-inflammatory
cytokines is suggested.

Upon ligand binding to innate receptors (e.g. TLR),
several signalling pathways are activated in dendritic cells.
This activation leads to a production of cytokines whose
composition determines the course of the immune
response. We show here that tick saliva attenuated NF-kB
pathway, negatively influenced Erk1/2 but not p38 MAPK
pathway, and attenuated PI3K pathway in response to
TLR-2 ligand and Borrelia spirochaetes. All inhibited
pathways seemed to be involved in the induction of pro-
inflammatory cytokine TNF-o. The saliva-induced
enhancement of anti-inflammatory IL-10 production, how-
ever, appeared to be dependent on activation of
cAMP/PKA pathway.

Balance between pro-inflammatory and anti-inflamma-
tory cytokines determines the outcome of adaptive
immune response; TNF-o is a pro-inflammatory cytokine
and IL-10 is an anti-inflammatory cytokine. Pro-inflam-
matory cytokines production, including TNF-a, critically
depend on NF-kB pathway (14). We showed that tick sal-
iva severely decreased TLR-2 and Borrelia-dependent NF-
kB activation. Moreover, the production of TNF-o was
decreased in the presence of either tick saliva or the inhib-
itor of NF-xB in response to Borrelia. Our data confirm
the involvement of NF-kB pathway in TNF-o induction
and imply that by suppressing this pathway, tick saliva
decreases TNF-o production. In addition, B. burgdorferi
lipoproteins up-regulate chemokines and adhesion mole-
cules in endothelial cells and fibroblasts that are also med-
iated by the activation of NF-kB (29). It is conceivable
that saliva-induced suppression of NF-kB pathway may
impact production of additional pro-inflammatory cyto-
kines or chemokines as well.

Among MAP kinases, p38 has been associated with the
production of pro-inflammatory cytokines such as IL-12,
TNF-o and IL-1B (17,30). Oliveira et al. (22) have shown
that the presence of tick saliva impaired p38 activation
upon LPS (TLR4 ligand) stimulation in dendritic cells. In
our experimental setting, however, the components of tick
saliva did not affect activation of p38 upon TLR2 or Bor-
relia stimulation. As activation of p38 by LTA is weaker
compared with LPS, it is possible that smaller differences
in p38 activation could be missed.

Interestingly, another MAP kinase, Erk1/2 was clearly
suppressed by tick saliva in response to both LTA and

© 2012 Blackwell Publishing Ltd, Parasite Immunology, 34, 421-429
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Borrelia. The impairment in Erk1/2 activation by tick sal-
iva was reported in dendritic cells stimulated with LPS
(22) and in fibroblasts when Erkl/2 activation was trig-
gered with a growth factor affecting their migration (34).
However, the signalling cascade mediated by Erkl/2 is
important for Th2 biased response (18), and the ability of
tick saliva to induce Th2 prone phenotype has been
repeatedly reported (7). Our observation that tick saliva
inhibits Erk1/2 phosphorylation suggests that there is a
different mechanism of the immune response polarization
than of that described by Dillon ef al. (18). Indeed, an
Erk-independent Th2 cell induction was also described in
TLR-stimulated Langerhans dendritic cells (35).

What are the consequences of suppressing Erk1/2-medi-
ated pathway in dendritic cells? We attempted to answer
this question by comparing the effect of Erk1/2 inhibitor
on pro-inflammatory cytokine TNF-o production with
that of tick saliva. We showed that tick saliva mimicked
the effect of Erk1/2 inhibitor upon both LTA and Borrelia
stimulation. The suppression of Erkl/2 pathway may con-
tribute to the decrease in pro-inflammatory cytokine pro-
duction in addition to the effect on NF-kB-mediated
pathway.

PI3K/Akt signalling pathway is considered to be inhib-
itory to TLR-2-mediated pro-inflammatory cytokines
induction (20), and we show that tick saliva attenuated
PI3K/Akt signalling in response to both TLR2 and Bor-
relia. Correspondingly, we found no positive association
between saliva-induced dampening of PI3K/Akt pathway
and TNF-o production. In response to B. afzelii, how-
ever, TNF-a production was sensitive to PI3K inhibition.
As Borrelia activates several TLRs, signals mediated by
TLRs other than TLR2 may be sensitive to PI3K and
required for TNF-o induction in response to spirochaetes.
Indeed, cooperative interaction between TLR2 and TLRS
in phagosomal signalling triggered by B. burgdorferi was
demonstrated to be involved in pro- and anti-inflamma-
tory cytokine production (36).

Recently, it has been shown that 1. ricinus saliva compo-
nents negatively influence the phagocytosis of tick trans-
mitted pathogen B. afzelii (31). The inhibition of PI3K
resulted in significantly decreased uptake of B. burgdorferi
spirochaetes, pointing to the importance of PI3K in
phagocytosis (37). We presume that the impaired phagocy-
tosis of B. afzelii is a consequence of the saliva-induced
attenuation of the PI3K/Akt signalling axis. In addition,
the PI3K pathway is a key regulator of cellular adherence
junctions (38). The impairment in PI3K transduction
pathway may represent a link in the disruption of the
actin cytoskeleton and altering cellular morphology
induced by saliva from different tick species as described
recently by Hajnicka ez al. (39).
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Development of Th2 prone immune response is charac-
teristic for parasites, and IL-10 is a typical cytokine of
the Th2 subset (11,12). The production of IL-10 seemed
to be independent of pathways suppressed by tick saliva
(NF-xB, Akt and Erkl1/2). Interestingly, the inhibitory
effect of tick saliva on the production of several cyto-
kines was attributed to the activation of cAMP/PKA
pathway (23). We did not directly test the activation of
PKA by tick saliva, however, the PKA inhibitor com-
pletely reversed saliva-induced enhancement of IL-10. In
agreement with the results by Oliveira ef al, we con-
cluded that PKA-mediated pathway is critical for IL-10
up-regulation by tick saliva. Moreover, PKA pathway can
contribute to saliva-induced decrease of other cytokines

Parasite Immunology

Overall, our data show that suppression of NF-kB-,
Erk1/2- and Akt-mediated pathways, together with the
activation of PKA signalling cascade, accounts for
tick saliva modulation of dendritic cells in response to
B. afzelii and TLR-2 ligand. This study thus contributes
to a limited knowledge of how tick saliva acts at the sig-
nalling level.
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produced by dendritic cells, because PKA signalling sup-

presses cytokine production (40).
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Tick saliva suppresses IFN signalling in dendritic cells upon Borrelia

afzelii infection
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SUMMARY

Type I interferons (IFN-o and IFN-f) are crucial determi-
nants of the host immune response and tick saliva modulates
this response, thus facilitating the transmission of tickborne
pathogens. The current study therefore examines the effect
of Ixodes ricinus tick saliva on IFN-f signalling in murine
dendritic cells using lipopolysaccharide (LPS) and Borrelia
afzelii spirochaetes as inducers. Activated dendritic cells
secret IFN that activates Signal Transducer and Activator
of Transcription 1 (STAT-1). Our results show that Bor-
relia-induced activation of STAT-1 was suppressed by tick
saliva. As the amount of secreted IFN-[5 was not influenced
by tick saliva, the results indicated that saliva affected the
interferon pathway at the IFN receptor or downstream of it.
By using recombinant IFN-f, we show that tick saliva atten-
uates IFN-triggered STAT-1 activation. Tick saliva also
inhibited LPS-induced IFN-f production suggesting that sal-
iva interferes with the activation of the pathway that medi-
ates IFN-f induction. Our data indicate that I ricinus tick
saliva may modulate the host immune response by attenuat-
ing the initial signal transduction pathway of type I IFN.

Keywords Borrelia, dendritic cells, interferon signalling, tick
saliva

INTRODUCTION

Typical of blood-feeding arthropods, ticks have evolved
mechanisms enabling them to overcome the host immune
system for a successful blood meal. Several components of
tick saliva influence the host immune response such as
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prostaglandins, proteases and protease inhibitors (1). Bio-
active properties of saliva are dynamic and change in the
course of blood feeding (2) — a change that correlates with
differences in salivary gland transcriptome among various
ixodid tick species (3). Reports on the immunomodulatory
activities of tick saliva or salivary gland extract (SGE)
include the ability to inhibit the complement cascade,
prevent phagocytosis and production of superoxide by
neutrophils, inhibit the production of nitric oxide by mac-
rophages, impair NK cell function and reduce the antiviral
effect of interferon (4-8). Particularly, the production of
IFN-y was negatively affected by SGE in host macrophag-
es and lymphocytes (9,10). Polarization of the host
immune response towards the Th2 cytokine profile has
been repeatedly reported for saliva from various tick
species (11). The migration, maturation and function of
dendritic cells were inhibited by tick saliva, while promot-
ing development of Th2 cytokine response (12).

Dendritic cells are considered a sentinel for immune
response bridging naive and adaptive immunity. Several
subsets of dendritic cells are identified based on their tis-
sue distribution, cell surface markers and transcriptional
programmes. Skin dendritic cells, comprising of dermal
and Langerhans cells, encounter tick antigens at the tick
feeding site and are surrounded by keratinocytes and
fibroblasts that play a supplementary role in the cutaneous
immune system (13). Several classes of pattern recognition
receptors are involved in recognizing tickborne pathogens
including Toll-like receptors (TLR), NOD-like receptors
and C-type lectin receptors (14). Several types of TLRs
are expressed either on the cellular surface membrane
(TLR1,2,4,5) or are localized in endosomal membrane
(TLR3,7,8,9). Borrelia burgdorferi sensu lato, the causative
agent of Lyme disease, is one of many pathogens transmit-
ted by ticks. Borrelia spirochaetes are sensed by immune
cells (including dendritic cells) through TLR1, TLR2,
TLR7, TLR8 and TLR9 (15-18), and the induction of
IFN-o/B upon Borrelia infection is mediated by TLR7,
TLRS8 and TLRO (17,18).

© 2011 Blackwell Publishing Ltd
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Upon sensing the pathogen by TLR, dendritic cells
transduce through several signalling pathways engaging two
adaptor proteins: myeloid differentiation marker-88
(MyD88) and Toll-IL-1 receptor domain-containing
adapter inducing IFNB (TRIF) (19). Following TLR-4
ligation by lipopolysaccharide (LPS), both MyDS§8- and
TRIF-dependent pathways lead to activating the latent
transcription factor NF-kB (nuclear factor-kB) and mito-
gen-activated protein kinases (MAPK), while only TRIF-
dependent pathway mediates interferon regulatory factor
(IRF3/7) activation resulting in IFN-f induction (20).
Upon endosomal TLR-7,9 activation, signal is transduced
by MyDS88 leading to activation of NF-kB and IRF3/7,
while activating the latter results in IFN-o/pB induction
(19). Initial production of type I IFN is low and boosts in
an autocrine manner to a more robust second wave of
IFN, often called feedback amplification loop. Induction
of proinflammatory cytokines depends on NF-kB pathway
and MAPK pathway; however, type I IFNs also plays an
important role in producing these cytokines — especially in
the case of IL-12, which critically determines the ability of
dendritic cells to prime T cells to Thl phenotype (21,22).

There are few reports addressing the effect of tick saliva
on TLR-mediated signalling pathways in dendritic cells.
The inhibition of MAPK pathways (determined by Erk
1/2 and p38 activation) and increased expression of TLR-
2 receptor was associated with impaired maturation of
dendritic cells stimulated with LPS when saliva from the
hard tick Rhipicephalus sanguineus was applied (23).
Recently, Oliveira et al. (24) reported that the saliva-
induced inhibition of proinflammatory cytokine produc-
tion by dendritic cells is attributed to the induction of
cAMP-PKA signalling by purine nucleoside adenosine
and prostaglandin E2.

Type I IFN is represented by IFN-o and IFN-, while
IFN-y is the only known type II IFN. Binding of type I
and II TFNs to their receptors results in activating Janus-
activated kinase (Jak)/STAT pathway. Tyrosine kinases
Jak1/Tyk2 and Jakl/Jak2, for IFN-o/f and IFN-y,
respectively, become activated and phosphorylate the
receptor chain enabling recruitment and phosphorylation
of STATs. STAT-1/2 heterodimers associate with IFN reg-
ulatory factor (IRF-9) forming the IFN-stimulated tran-
scription factor (ISGF3), or STAT-1 homodimers forming
IFN gamma activation factor (GAF). These complexes
translocate to the nucleus to induce IFN-stimulated genes
from ISRE or GAS promoter elements, for type I or type
IT interferon responses, respectively (25). TLR-mediated
induction of autocrine IFN-f and activation of the JAK-
STAT pathway are important for dendritic cell matura-
tion, expression of costimulatory molecules and antigen
cross-presentation (26-29).

© 2011 Blackwell Publishing Ltd, Parasite Immunology, 34, 32-39

Tick saliva suppresses STAT-1 activation

Our current study presents data on how tick saliva
affects IFN signalling in dendritic cells stimulated with
Borrelia afzelii and LPS. We demonstrate here that tick
saliva suppresses STAT-1 activation but does not sup-
press the production of IFN-B induced by B. afzelii.
The inhibition of STAT-1 phosphorylation was induced
by tick saliva blocking JAK-STAT signalling, down-
stream of IFN receptor. When LPS was used for den-
dritic cells stimulation, tick saliva inhibited the
induction of type I IFN. We propose that tick saliva-
induced impairment of IFN signalling — in addition to
inhibiting IFN-y production (9) — is part of the mecha-
nism on how saliva modulates the host immune
response.

MATERIALS AND METHODS

Animals

Female C57BL/6 mice (10 weeks of age) were obtained
from Charles River Laboratories. Guinea pigs used for
Ixodes ricinus tick feeding were bred and maintained at
the Institute of Parasitology, Ceské Budg&jovice. All experi-
ments were performed with permission from local animal
ethics committee.

Tick saliva collection

Pathogen-free adult I ricinus ticks from the colony main-
tained at the Institute of Parasitology in Ceské Budg¢jo-
vice were allowed to feed in groups of 20 mating pairs
on guinea pigs. After 6 days, partially engorged female
ticks were removed and immobilized, and a 10-pL glass
capillary tube (Sigma-Aldrich, St. Louis, MO, USA) was
fitted over their mouthparts. To induce salivation, 2 puL
of 0-1 m pilocarpine solution in ethanol was applied on
the dorsum of each tick. After 60 min, the saliva was
collected, pooled and stored at —70°C. The concentration
of pilocarpine in saliva was estimated at 4 mm by
HPLC/mass  spectrometry method. Corresponding
amount of pilocarpine was added to samples not treated
with saliva as a control. All salivary samples were filtered
through a 0-22-pm filter (Millipore, Billerica, MA, USA),
and saliva protein concentration was determined using a
Bradford reagent (Sigma-Aldrich) before use.

Bacteria

The CB-43 strain of B. afzelii isolated from I ricinus (30)
was grown in Barbour-Stoenner-Kelly-H (BSK-H) med-
ium (Sigma) supplemented with 6% rabbit serum at 34°C.
The fourth passage was used in the experiments.
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Dendritic cells isolation

Isolated mouse spleens were minced with scissors, digested
in RPMI containing 1 mg/mL collagenase-D (Roche, Man-
nheim, Germany) at 37°C for 1 h and passed through a 70-
um nylon cell strainer (BD Biosciences, Durham, NC,
USA). Dendritic cells were isolated using magnetic beads
conjugated with anti-CD11c (N418) Ab and MACS Col-
umn separation following the manufacturer’s instructions
(Miltenyi Biotec, Bergish Gladbach, Germany). Purified
dendritic cells were cultured in RPMI supplemented with
10% heat-inactivated foetal calf serum (FCS), 50 um 2-ME,
100 pg/mL penicillin and 100 U/mL streptomycin (all from
Sigma-Aldrich). Purity of isolated dendritic cells (~90%
CDllc+ cells) was determined by subsequent FACS analysis.

Cytokine measurements

Freshly isolated DCs were cultured in 96-well plate at a
concentration of 2 x 10° cells per well for 24 h. Following
2 h incubation with tick saliva, the cells were stimulated
with LPS (50 ng/mL) or B. afzelii in ratio 10 : 1 (10 spiro-
chaetes to 1 cell) and cell-free culture supernatants were
harvested after 4 and 22 h for IFN-f and after 72 h for
IL-12 determination. IFN-B was determined using mouse
IFN-B ELISA Kit (PBL Biomedical Laboratories, Piscat-
away, NJ, USA) and IL-12 using Ready-Set-Go! ELISA
Set (eBioscience, San Diego, CA, USA) following the
manufacturer’s instructions. The pilocarpine was added to
the control sample at corresponding concentration.

Immunoblotting

Freshly isolated dendritic cells were seeded at 1 x 10° cells
per well in 24-well plate. Next day, dendritic cells were
incubated 2 h with indicated concentration of tick saliva
or pilocarpine prior to the addition of LPS (50 ng/mL) or
5 U/mL of recombinant mouse IFN-B (PBL interferon
source) or 5 U/mL of recombinant mouse IFN-y (R&D
Systems, Minneapolis, MN, USA). Following stimulation,
the cells were lysed in a modified RIPA buffer [1% Noni-
det P-40, 025% sodium deoxycholate, 1 mm EGTA,
150 mm NaCl and 50 mm Tris-HCI (pH 7-5)] in the pres-
ence of protease inhibitors (10 pg/mL aprotinin, 1 pg/mL
leupeptin, 1 mm  phenylmethylsulfonyl fluoride and
1 pg/mL pepstatin) and phosphatase inhibitors (25 mm
sodium fluoride and 2 mm sodium orthovanadate). The
cell lysates were centrifuged at 14 000xg for 10 min at
4°C, mixed with 4x Laemmli sample buffer and then sepa-
rated by SDS-PAGE using a 6% gel. The proteins were
then transferred to Immobilon-P membranes, which were
blocked for 1h in Tris/saline buffer containing 0-1%
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Tween 20 and 5% fat-free milk. The blots were incubated
with antibody against phospho-STAT1 (Tyr701) (Cell
Signaling, Beverly, MA, USA), STAT-1 protein or GAP-
DH (BD Transduction Laboratories, Lexington, KY,
USA) at dilution 1 : 1000 overnight at 4°C. The proteins
were visualized using enhanced chemiluminescence (Pierce,
Rockford, 1L, USA), and their abundance was analysed
using the GeneGenome CCD image system (Syngene,
Ltd., Cambridge, UK). Densitometric analyses of the
images were undertaken using NIH ImMAGE J version 1.61.

Statistical analysis

Student’s -test was used to compare the differences
between control and treated groups. P < 0-05 was consid-
ered statistically significant.

RESULTS

Tick saliva reduces amount of secreted IFN-f upon LPS
but not Borrelia afzelii stimulation

First we determined whether IFN-B production is affected
by tick saliva. Dendritic cells were stimulated with LPS or
with live Borrelia spirochaetes following preincubation with
20 pg/mL of tick saliva. IFN-B was detected in the super-
natant of LPS-stimulated cells, mainly 4 h after stimulation.
The amount of secreted IFN-3 was markedly decreased (by
85%, P < 0-05) in the presence of saliva in comparison with
stimulated cells preincubated with pilocarpine (Figure 1a).
The IFN-B, secreted in response to B. afzelii, was detected
in the supernatant at both intervals tested; however, it was
not affected by tick saliva (Figure 1b).

Tick saliva suppresses STAT-1 activation upon addition
of LPS and Borrelia afzelii

Next we analysed the activation of STAT-1 in dendritic
cells after adding LPS in the presence or absence of tick sal-
iva. STAT-1 phosphorylation, mediated by secreted IFN-f,
was detected 2 h after LPS stimulation, and preincubation
with tick saliva resulted in reduced levels (by average 60%,
P < 0-05) of STAT-1 activation (Figure 2a). The decrease
in LPS-induced STAT-1 activation apparently reflected the
decreased amount of IFN-f secreted by dendritic cells. Sim-
ilarly, we analysed the effect tick saliva has on STAT-1
phosphorylation upon infection of dendritic cells with
B. afzelii (Figure 2b). STAT-1 activation was observed as
early as 2 h upon addition of spirochaetes. Interestingly,
STAT-1 phosphorylation was markedly decreased in the
presence of tick saliva at all time points analysed (by 100%
at 2 h, by 100% at 4 h and by 84% at 6 h, P < 0-05).

© 2011 Blackwell Publishing Ltd, Parasite Immunology, 34, 32-39
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Figure 1 Tick saliva reduces production of IFN-f by dendritic cells stimulated with lipopolysaccharide (LPS) but not with Borrelia afzelii.
Tick saliva at concentration 20 ng/mL was added to freshly isolated dendritic cells 2 h prior to the stimulation with 50 ng/mL of LPS (a)
or live Borrelia spirochaetes (b) at the ratio of 10 spirochaetes per cell. Culture supernatants were collected 4 and 22 h after LPS/ Borrelia
addition and analysed for the presence of IFN-f. Results represent the mean from triplicate wells + SD. *The effect of tick saliva signifi-
cant at P < 0-05. Data are representative of two independent experiments.
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Figure 2 Tick saliva suppresses STAT-1 activation in dendritic Figure‘3‘ Tick saliva attenuates IFN-triggered STAT'; activation.
cells upon lipopolysaccharide (LPS) and Borrelia afzelii stimula- Dendritic cells were Frekl.ted Wlﬂ} ﬁve.umts of recombinant IFN-
tion. Dendritic cells were incubated for 2 h with tick saliva (fl) or IFN'Y (b) for indicated times in the presence or absence of
(20 pg/mL) and stimulated with 50 ng/mL of LPS (a) or live spi- t}Ck sa.llva (29 pg/mL). Cell lysates were analysed by immunoblot-
rochaetes (10 spirochaetes per cell) (b) for the time as indicated. ting with anti-phospho-STAT-1 antibody. The membranes were
Cell lysates were analysed by immunoblotting for activation of re-probed with antl.-STAT-.l antlboc%y. The phosphorylatlon of
STAT-1 protein. The membranes were re-probed with antibody STAT-1 was quantified using scanning densitometry and normal-
against STAT-1 or GAPDH protein. The phosphorylation of ized by the STAT-1 protein level. Relative activities are corre-
STAT-1 was quantified using scanning densitometry and normal- sponding to 'dcnsit.ometric readings where Valu'es achieved 30 mif}
ized by GAPDH (a) or STAT-1 (b) protein level. Relative activi- after IFN stimulation were set up to 1. Three independent experi-
ties are corresponding to densitometric readings where values glents were performed with IFN-B and with IFN-y. Representa-
achieved 2 h after IFN stimulation were set up to 1. Three inde- tive blots are shown.

pendent experiments were performed with LPS and with Borrelia
spirochaetes. Representative immunoblots are shown.

interferes directly with IFN-B-triggered JAK/STAT sig-
nalling pathway. The activation of STAT-1 was measured
in the presence or absence of tick saliva in dendritic
cells upon addition of recombinant IFN-B. As shown in
As tick saliva suppressed STAT-1 phosphorylation upon Figure 3(a), IFN-B-induced STAT-1 phosphorylation was
B. afzelii infection in spite of normal amount of endoge- attenuated by tick saliva by 31-2% (+22-9%, n = 3) at
nously produced IFN-B, we tested whether tick saliva the time of maximum activation (30 min). Degree of

Tick saliva attenuates IFN-triggered STAT-1 activation
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STAT-1 attenuation varied between experiments (there-
fore not achieving a statistical significance); however, in
each independent experiment, we observed inhibition of
STAT-1 phosphorylation in the presence of tick saliva.
To detect whether the effect of tick saliva on STAT-1 is
restricted to type I interferon, recombinant IFN-y was
applied to induce STAT-1 activation. The experiment
revealed that STAT-1 activation was also decreased by
the saliva in response to IFN-y (Figure 3b). Reduction
reached 24% (£0-5%, P < 0-005) at 30 min after activa-
tion and 24-4% (+£9:9%, P < 0-05) at 60 min after activa-
tion. Taken together, our data showed the inhibitory
effect of saliva on STAT-1 activation in response to
IFNs.

The effect of tick saliva on the production of IL-12p70
by dendritic cells upon stimulation with LPS and Bor-
relia afzelii

Type I interferon amplification loop is essential for the
production of IL-12p70 by dendritic cells (31). For exam-
ple, IL-12p70 was strongly reduced in bone-marrow-
derived dendritic cells from STAT-1(-/-) and INFAR
(=/—) mice (31). Furthermore, the dependence of differen-
tiation and phenotypic maturation of dendritic cells on
JAK/STAT signalling pathway was reported (26,32,33).
Therefore, we measured the amount of 1L-12p70 produced
by dendritic cells stimulated with LPS and B. afzelii. Simi-
lar levels of TL-12p70 were secreted by cells in response to
both, LPS and Borrelia spirochaetes. Preincubating den-
dritic cells with tick saliva resulted in 45% (P < 0-05)
decrease in LPS-induced IL-12p70 production (Figure 4a),
while Borrelia-induced I1L-12p70 was inhibited by 94%,
P < 0.005 (Figure 4b).
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DISCUSSION

Dendritic cells interconnect innate and adaptive immunity
as they are major antigen-presenting cells and crucial
players in determining T cell polarization (34). As den-
dritic cells are strategically located at the site of arthro-
pod-borne pathogen entry, the effect of tick saliva on
these cells has been recently addressed. It has been docu-
mented that tick saliva inhibits dendritic cells maturation
and function resulting in Th2 polarization of the immune
response (12,35). In this study, we focused on how tick
saliva effects type I IFN in dendritic cells stimulated with
B. afzelii and LPS. Because of low numbers of obtainable
skin dendritic cells, we used spleen dendritic cells as a
model system.

Dendritic cells sense the extracellular environment by
several pattern recognition receptors, including TLR,
NOD-like receptors and C-type lectin receptors (14). Cells,
after recognition of PAMPs (pathogen-associated molecu-
lar patterns), response via activating signal transduction
pathways culminating in cytokine production and cell acti-
vation (36). Type I interferon is one of the earliest cyto-
kines secreted upon bacterial or viral infection, and
dendritic cells possess the ability to secrete and react to
IFNs. Herein we report that tick saliva impaired activation
of STAT-1, the signal transducer of the major signalling
pathway activated by IFNs, in response to B. afzelii. Inter-
estingly, STAT-1 phosphorylation in response to B. afzelii
was inhibited in spite of normal level of IFN-f produced
by autocrine signalling, suggesting that tick saliva inter-
feres with IFN-triggered signalling. In the presence of tick
saliva, STAT-1 activation induced by recombinant IFN-f
was also attenuated, though, to a lesser extent. The impair-
ment, however, in LPS-induced STAT-1 phosphorylation

IL-12 (pg/mL)

Borrelia
+saliva

unstimul.  Borrelia

Figure 4 Tick saliva diminishes IL-12p70 secretion by dendritic cells exposed to lipopolysaccharide (LPS) or Borrelia afzelii. Tick saliva
was added to dendritic cells at concentration 20 pg/mL 2 h prior to the stimulation with 50 ng/mL of LPS (a) or B. afzelii (b) at the ratio
of 10 spirochaetes per cell. Supernatants were collected after 72 h and analysed by ELISA for the presence of 1L-12p70. Results represent
the mean from triplicate wells = SD. *The effect of tick saliva significant at P < 0-05, **significant at P < 0-005. Data are representative of

two independent experiments.
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apparently resulted from the saliva-mediated decrease in
IFN-B production.

As IFN-B induction mediated through TLR4 activation
(with LPS) is TRIF-dependent and MYD88-independent
(20), our results suggest that tick salivary constituents
directly or indirectly target TRIF/IRF signalling pathway.
The process that tick saliva interferes with IFN signalling,
thus varies depending on the ligand used for inducing
IFN (Figure 5). Reports do show that protein extract from
tick salivary glands negatively effect IFN-o mRNA levels
in human peripheral blood cells after LPS stimulation
(37). Moreover, the inhibition of IFN-f induction upon
LPS stimulation may be mediated by tick salivary prosta-
glandin E2 as the inhibitory effect of prostaglandin E2 on
LPS-induced IFN-f production in macrophages at mRNA
and protein levels was reported (38).

Contrary to LPS, induction of type I IFNs by B. burg-
dorferi spirochaetes is mediated by the TLR7, TLRS and
TLRY pathways (17,18). Studies show that phagocytosis
of spirochaetes is a prerequisite for IFN induction by
Borrelia spirochaetes (16), and the uptake of Borrelia spi-
rochaetes by macrophages is decreased under the influence
of tick saliva (39). Our finding that tick saliva did not
effect IFN-B production following B. afzelii stimulation
was quite unexpected. As inhibiting phagocytosis of
Borrelia spirochaetes by tick saliva is not complete, the
number of engulfed spirochaetes was apparently sufficient
for inducing IFN amount compared with that produced
by cells untreated with saliva. In addition, we used B. afz-
elii for IFN induction contrary to other authors who used
B. burgdorferi sensu stricto. Furthermore, as IFN-o was
not the subject of this study, we do not exclude the con-
cept that IFN-o, if secreted, is affected by tick saliva.

Binding of IFNs to their receptors activates JAK/STAT
signalling pathway and leads to the induction of IFN-

TLR4 (LPS) —» TRIF— IRF3/7

\5

IFN receptor

Type | IFN induction l
TLR7/9 (Borrelia) — MyD88— IRF3/7 J/IK-1
STAT-1

Figure 5 Schematic illustration of saliva interference with IFN
induction and signalling upon lipopolysaccharide (LPS) and Bor-
relia stimulation. After LPS stimulation, saliva (&) interferes with
IFN-B induction. In response to Borrelia, saliva does not interfere
with IFN-B induction but inhibits IFN signalling at IFN receptor
level or downstream of it (as determined by STAT-1 phosphoryla-
tion).
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stimulated genes. Information about the signalling path-
way leading to inducing IFN-stimulated genes by Borrelia
spirochaetes is limited. The functional type I IFN receptor
is required for inducting IFN-responsive genes by Borrelia
in bone-marrow-derived macrophages (40). Petzke et al.
(17) reported that in human immune cells, the induction
of IFN-inducible genes, in response to Borrelia, is inde-
pendent of type I IFN feedback signalling. Importantly,
the critical role in Borrelia-induced IFN-stimulated genes
was attributed to STAT-1 feedback amplification pathway
(41). We report here that Borrelia-induced STAT-1 phos-
phorylation is suppressed by tick saliva and thus most
likely affects the induction of IFN-stimulated genes.

As the level of produced IFN-B in response to Borrelia
spirochaetes is not affected by tick saliva, we considered
the possibility that saliva will interfere with IFN at the
level of IFN-triggered signalling. Moreover, the inhibitory
effect of SGE on antiviral action of interferon has been
described (8). In our experiments, STAT-1 phosphoryla-
tion was attenuated by tick saliva upon addition of
recombinant IFN-B. However, saliva-induced decrease in
STAT-1 phosphorylation in response to recombinant
IFN-B was not as pronounced as observed with Borrelia
spirochaetes. Di Domizio (42) reported that phosphoinosi-
tide 3-kinase (PI3K) and p38 MAPK are implicated in the
control of STAT-1 phosphorylation triggered by TLR7
ligand (and independent of type I IFN) in plasmacytoid
dendritic cells. As B. burgdorferi is recognized by TLR7
(17), the decrease in STAT-1 activation upon Borrelia
infection may be a partial consequence of tick saliva-
induced suppression of p38 MAPK or PI3K pathway.
Although the activation of p38 MAPK in dendritic cells
upon B. afzelii infection was not affected by tick saliva,
the activation of PI3K pathway was impaired, as judged
by phosphorylation of its downstream target Akt (data
not shown). Additional mechanisms are therefore conceiv-
able that tick saliva affects STAT-1 activation by impair-
ing PI3K/Akt pathway.

Phosphorylation of STAT proteins is controlled by pro-
teolytic processing in addition to dephosphorylation by
tyrosine phosphatases. STATs are targeted for ubiquitin
ligation followed by degradation in proteasome or are
cleaved by serine proteases resulting in forming novel
STAT isoforms (43,44). The degradation of STAT-1 was
not observed in dendritic cells by tick saliva. In contrast,
tyrosine phosphorylation of STAT-1 in response to
Borrelia spirochaetes and IFN-B was inhibited by tick
saliva. Results thus suggest that neither cellular nor tick
proteases are directly involved in the inhibition of STAT-1
activation by tick saliva.

Tyrosine phosphorylation of STAT-1 is the common
component of both IFN-o/f and IFN-y signalling
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pathways. IFN receptor complexes responsible for phos-
phorylating STAT-1 are different in IFN-0/B- and IFN-y-
triggered signalling. The fact that tick saliva also inhibits
IFN-y-induced STAT-1 phosphorylation suggests that sal-
iva exerts an effect either directly on STAT-1 or indirectly
affecting a negative cellular regulator that acts on both
pathways. The ability of tick saliva to impair IFN-vy signal-
ling may also contribute to modulating the immune
response by interfering with IFN-y-mediated inactivation
of the feedback inhibitory mechanism (mediated by IL-10)
(45).

Type I interferon signalling and STAT-1 activation are
important for many aspects of host immune and inflam-
matory reaction (46). The differentiation and phenotypic
maturation of dendritic cells depend on JAK/STAT sig-
nalling pathway (26,32,33). Both TLR-ligand-induced phe-
notypic maturation and IL-12 production by dendritic
cells are negatively affected by tick saliva (12,47). Our

Parasite Immunology

observation that tick saliva decrease Borrelia-induced
IL-12 agrees with previous reports (47).

The ability of tick saliva to suppress B. afzelii-dependent
STAT-1 activation in dendritic cells presented herein may
apparently manifest in both innate and adaptive immune
responses to an important tick-borne pathogen. To our
knowledge, this is the first report addressing the mecha-
nism and action of blood-feeding arthropod saliva on type
I IFN signalling. We propose that tick saliva-induced
impairment for STAT-1 activation may be a mechanism
underlying impairment of dendritic cells activation follow-
ing infection with Borrelia spirochaetes and partially con-
tributing to Th2 polarization of the immune response.
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ARTICLE INFO ABSTRACT

Keywords:

It has been suggested that tick saliva facilitates transmission of tick-borne encephalitis virus (TBEV) to verte-

TBEV brates. The mechanism of this facilitation has not been elucidated yet. Since dendritic cells (DCs) are among first

Tick saliva
Dendritic cells
Signaling

cells attacked by the virus, we examined the amount of virus and changes induced by saliva in TBEV-infected
DCs. We found that virus replication was significantly increased by saliva of Ixodes ricinus tick. Next, saliva-
induced enhancement of Akt pathway activation was observed in TBEV-infected DCs. Akt mediated pathway is

known for its anti-apoptotic and pro-survival effects. Accordingly, apoptosis of TBEV-infected DCs was declined
and cellular viability increased in the presence of tick saliva. Saliva-induced enhancement of STAT1 and NF-kB
was also observed in TBEV-infected DCs. In conclusion, we suggest that tick saliva provides pro-survival and
anti-apoptotic signals to infected DCs via upregulation of Akt, which may have positive consequences for TBEV

replication and transmission.

1. Introduction

Tick-borne encephalitis virus (TBEV) belongs to the family
Flaviviridae of the genus Flavivirus. Flaviviruses, including mosquito-
borne dengue virus (DEN), Japanese encephalitis virus (JEV), and West
Nile virus (WNV), are enveloped viruses with single-stranded, positive
sense RNA genome. The genome is transcribed as a single polyprotein
and cleaved by viral and cellular proteases into three structural proteins
(C, prM, and E), and seven nonstructural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) (reviewed in (Kaufmann and Rossmann,
2011)). After attachment, the virus is internalized into the host cell by
clathrin-dependent endocytosis. Viral RNA replication takes place at
the membranes of endoplasmic reticulum (ER) and Golgi-derived
membranes called vesicle packets (VP).

Far Eastern subtype of TBEV can cause severe encephalitis with
mortality rate up to 30% and neurological sequelae in 30-60% of sur-
vivors, European subtype infection is much milder (Mansfield et al.,
2009). Transmission of TBEV to humans/vertebrates generally occurs
following the bite of an infected tick. After the inoculation of virus via
vector saliva, the initial round of viral replication is supported by skin
dendritic cells (DCs). Infected DCs migrate to draining lymph nodes,
and a second round of replication occurs in lymphoid tissues leading to

viremia and systemic infection. In addition to DCs, migratory mono-
cytes and macrophages support the replication of TBEV (Labuda et al.,
1996).

Dendritic cells function as sentinels of host defense and as a pro-
fessional antigen presenting cells bridge innate and adaptive immunity.
Several types of dendritic cells are known including "classical" DCs,
plasmacytoid DCs, monocyte-derived DCs, and Langerhans cells
(Austyn, 2016). These multiple and heterogeneous subsets of DCs vary
in localization, origin and cell surface marker expression. Classical DCs
consist of both lymphoid (CD8*) and myeloid (CD8", CD11b ™) type of
cells. Lymphoid type of plasmacytoid dendritic cells (pDC) are char-
acterised by robust production of type I IFN. In the skin, epidermal
Langerhans cells and dermal dendritic cells are present. Myeloid den-
dritic cells that were used in this study can be generated from bone
marrow cells by cultivating in the presence of granulocyte-macrophage
colony-stimulating factor (GM-CSF).

Several reports suggested that saliva released during tick feeding
facilitates transmission of tick-borne pathogens. This was documented
for TBEV (Labuda et al.,, 1993), Powassan virus (Hermance and
Thangamani, 2015), Thogoto virus (Jones et al., 1987), Borrelia burg-
dorferi sensu lato (Zeidner et al., 2002; Horka et al., 2009; Pechova
et al., 2002), and Francisella tularensis (Krocova et al., 2003). Tick saliva
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contains numerous pharmacologically active molecules which mod-
ulate host defenses, including wound healing, hemostasis, inflamma-
tion, innate and adaptive immunity (Kotal et al., 2015). It was shown
that salivary gland extract from I ricinus inhibits the antiviral action of
interferon in mouse fibroblasts (Hajnicka et al., 2000). The ability of
tick saliva to inhibit IFN receptor signaling in mouse spleen dendritic
cells was reported recently. The impairment was demonstrated by
showing a decrease in phosphorylation of the signaling molecule STAT1
(Lieskovska and Kopecky, 2012). The effect of TBEV infection and tick
saliva on phenotype and function of DC's was partially addressed. Tick
saliva treatment increased the proportion of virus-infected cells, de-
creased virus-induced TNF-a and IL-6 and reduced virus-induced
apoptosis (Fialova et al., 2010). DC migration, maturation and function
were modulated by tick saliva in response to virus-specific TLR ligand
(Skallova et al., 2008). The transduction pathways implicated in tick
saliva-induced DCs modulation were not addressed.

Host cells recognize flaviviral nucleic acids via pattern recognition
receptors (PRRs), including Toll-like receptors (TLRs) in the endosomes
or RIG-1-like receptors in the cytoplasm which ultimately leads to the
activation of transcription factors, including interferon regulatory
factor 3 (IRF3) and IRF7. In myeloid DCs, viral RNA is recognized by
RIG-1 receptor (Robertson et al., 2009). This results in the production
of interferon B (IFNP) and consequent induction of interferon stimu-
lated genes (ISGs) via the activation of JAK/STAT pathway. Such a
canonical pathway of innate antiviral immunity results in the inhibition
of viral replication. TBEV is able to circumvent the antiviral response by
delaying the production of type I IFN (Overby et al., 2010; Miorin et al.,
2012). In addition, the virus antagonizes IFN signaling by the protein
NS5 which alters JAK-STAT pathway (Best et al., 2005), down-regulates
the level of IFN- a and f3 receptor (IFNAR1) by binding to prolidase
(Lubick et al., 2015), and antagonizes IRF1 (Lubick et al., 2015).

Phosphatidylinositol 3 kinase (PI3K)/Akt pathway is known as an
anti-apoptotic and pro-survival signaling pathway playing a critical
regulatory role in various cellular processes, including apoptosis, au-
tophagy, RNA processing, endocytosis, and translation. Therefore it is
targeted by many viruses (Diehl and Schaal, 2013). Diverse cellular Akt
targets, including mTOR, GSK-33 and FOXO, confer the protection of
cells through transcriptional and post-transcriptional regulation of pro-
survival/pro-apoptotic proteins (Diehl and Schaal, 2013). Induction of
apoptosis is considered a defense cellular mechanism after viral infec-
tion. Flaviviruses like DEN and JEV can evade this surveillance and
block apoptosis via activating PI3K/Akt signaling (Lee et al., 2005). The
activation of mTOR can provide essential substrates for pathogen re-
plication, because it stimulates protein and lipid synthesis (Brunton
et al., 2013). Simultaneously, Akt strengthens antiviral immune re-
sponse mediated by interferon since it is essential for RIG-1/IRF3 sig-
naling (Yeon et al., 2015). Altogether, Akt is the key regulator of
apoptosis and survival having dual effect on replication of flaviviruses
(Iranpour et al., 2016; Ghosh Roy et al., 2014).

In this study, we analyzed the levels of virus production, signal
transduction and survival of TBEV-infected DCs in the presence or ab-
sence of tick saliva in order to reveal how tick saliva affects the effi-
ciency of TBEV transmission from tick to the mammalian host.

2. Materials and methods
2.1. Animals

Female C57BL/6 J mice (10 weeks of age) were obtained from
Charles River Laboratories. Guinea pigs, used for Ixodes ricinus tick
feeding, were bred and maintained at the Institute of Parasitology,
Ceské Budéjovice. All experiments were performed with permission
from local animal ethics committee.
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2.2. Tick saliva collection

Pathogen-free adult I. ricinus ticks from the colony maintained at the
Institute of Parasitology in Ceské Budé&jovice were allowed to feed in
groups of 20 mating pairs on guinea pigs for 6-7 days. Afterwards,
partially engorged female ticks were removed and immobilized, and a
10-pl glass capillary tube (Sigma-Aldrich) was fitted over their
mouthparts. Salivation was induced by applying 2 ul of 0.1 M pilo-
carpine solution in ethanol on the dorsum of each tick. After 60 min,
the saliva was collected, pooled and stored at — 70 °C. All saliva
samples were filtered through a 0.22 um filter (Millipore) and saliva
protein concentration (ranged from 280 pg/ml to 900 pg/ml) was de-
termined using a Bradford reagent (Sigma-Aldrich) before use.

2.3. Virus and infection

Hypr, a virulent strain of TBEV was used in the experiments. The
virus was propagated in Vero E6 cells (ATCC No. CRL-1586) growing in
RPMI 1640 medium (Biosera) supplemented with 3% fetal calf serum
(FCS) (Biosera) and a mixture of penicillin and streptomycin (Sigma-
Aldrich). Following virus infection, Vero cells were incubated for two
days, and when signs of cytopathic effect were visible, infectious
medium/supernatant was collected and the virus titer was determined
by plaque assay. As a control to virus infected cells, the conditional
medium from non-infected Vero cells was used.

2.4. Plaque assay

The porcine kidney stable cells (PS) (Kato and Inoue, 1962) were
used to determine virus titer as described previously with minor mod-
ifications (De Madrid and Porterfield, 1969). PS were grown at 37 °C in
L-15 medium supplemented with 3% newborn calf serum, penicillin
and streptomycin (Sigma-Aldrich). Tenfold dilutions of the virus sam-
ples were placed in 24-well tissue culture plates and PS cells were
added in suspension (10° PS cells per well). After adhesion (4 h later)
the cells were overlaid with carboxymethylcellulose (1.5% in L-15
medium) and incubated for 5 days at 37 °C. Afterwards, the plates were
washed with PBS and the cells were stained with naphthalene black
(Sigma Aldrich). Virus titer was expressed as plaque forming units
(PFU) per ml.

2.5. Generation of bone marrow-derived dendritic cells

Bone marrow-derived myeloid dendritic cells (BMDCs) were pre-
pared as described before with minor modifications (Lutz et al., 1999;
Brasel et al., 2000). Briefly, mice were sacrificed by cervical dislocation,
intact femurs and tibias were removed, and bone marrow was harvested
by repeated flushing with MEM. Bone marrow cells were seeded at
concentration 2 X 10%/ml in 10 cm-diameter Petri dishes in RPMI 1640
medium supplemented with 10% FCS, 50 mM HEPES, 2 mM glutamine,
50 uM mercaptoethanol, penicillin, streptomycin, and 30 ng/ml of re-
combinant mouse GM-CSF (Peprotech) and cultured for 8 days. Cells
were fed on day 3 by adding 10 ml of fresh medium and on day 6 by
replacing half of the volume with the fresh medium. On day 8, non-
adherent cells were harvested and used as immature DCs.

2.6. Immunoblotting

DCs were seeded at 0.5 x 10° cells per well in 24-well plate. After
3 h, adhered DCs were incubated 2 h with tick saliva (10 pg/ml) prior
to the infection with Hypr at multiplicity of infection (MOI) as in-
dicated. After 1 h, 3h, 22 h or 46 h cells were lysed in a RIPA buffer
(1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EGTA, 150 mM
NaCl, and 50 mM Tris-HCl (pH 7.5)) in the presence of protease in-
hibitors (10 pg/ml aprotinin, 1pg/ml leupeptin, 1mM phe-
nylmethylsulfonyl fluoride, 1pg/ml pepstatin) and phosphatase
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inhibitors (25 mM sodium fluoride and 2 mM sodium orthovanadate).
20 pg of total proteins were separated by SDS-PAGE using an 8% gel
and then electro-transferred to Immobilon-P membranes. Following
blocking in 3% non-fat milk in TBS buffer the blots were incubated with
the primary antibody overnight at 4 °C. Following antibodies were
used: phospho-Akt (Ser*”3), phospho-STAT1 (Tyr”°!), phospho-NF-kB
p65 (Ser>®), total Akt, STAT1, NF-kB p65, and B-actin (all from Cell
Signaling). After washing, the membranes were incubated with sec-
ondary antibody conjugated with horse radish peroxidase (Cell
Signaling). The proteins were visualized using enhanced chemilumi-
nescence (Advansta), and their abundance was analyzed using CCD
image system (Uvitec) and Image J software. Stripping of membranes
was performed with Restore™ Western Blot Stripping Buffer (Thermo
Scientific). Western blots images in Figures are supplemented with
actual ratios of densitometric reading values of phospho-proteins to
total proteins and /or to -actin.

2.7. Flow cytometry

DCs were let to adhere on 96-well plate at the concentration of 1 X
10° cells per ml of complete culture medium without GM-CSF for 3 h.
Tick saliva was added at concentration 10 pg/ml and incubated for 2 h.
Cells were infected by Hypr at MOI 2. After 22 h and 46 h cells were
collected, washed once in PBS with 1% FCS, fixed and stained with anti-
caspase-3 antibody according the protocol (FITC active caspase-3
apoptotic kit, BD Biosciences) or anti-phospho Akt antibody con-
jungated with APC (BD Biosciences) followed by flow cytometry ana-
lysis. Flow cytometry was performed on FACS Canto II flow cytometer
and data were analyzed using FACS Diva software, v. 5.0 (BD
Biosciences). Percentage of active caspase-3 positive cells was de-
termined by number of positive cells in FITC channel. The expression of
phospho-Akt is shown as medium fluorescence intensity (MFI) in APC
channel.

2.8. AlamarBlue assay

Viability of cells was measured by AlamarBlue® Cell Viability
Reagent (Thermo Fisher Scientific), a redox indicator that yields a
fluorescent signal in response to metabolic activity of the cells. DCs
were seeded on 96-well plate at the concentration of 1 X 10° cells per
ml of complete culture medium without GM-CSF, and 3 h later tick
saliva was added at concentration 10 ug/ml. After 2 h incubation, cells
were infected with Hypr at MOI 2. 22 h and 46 h upon infection, 1/
10 vol of AlamarBlue® Cell Viability Reagent was added to cells for
additional 4 h and fluorescence was measured in Synergy H1 micro-
plate reader (BioTek) upon excitation and emission wavelengths
550 nm and 590 nm, respectively. The values from mock-infected cells
were set to 100%.

2.9. Viral replication

DCs were preincubated or not with tick saliva (10 pg/ml) for 2 h or
PI3K inhibitor LY294002 (10 puM, Sigma-Aldrich) for 30 min in 1.5 ml
tubes followed by the infection with Hypr at MOI 2 at 37 °C. After one
hour, cells were washed twice with RPMI medium to remove free virus
and seeded on 96-well plate at the concentration of 1 x 10° cells per ml
of complete culture medium without GM-CSF with or without tick
saliva (10 pg/ml) or LY294002 (10 uM). Following 22 and 46 h in-
cubation, plates with infected cells were transferred into at — 70 °C for
at least one day and the virus titer was subsequently determined by
plaque assay.

2.10. Statistical analysis

With the exception of Fig. 1C, two-way analysis of variance
(ANOVA) followed by Bonferroni post-hoc test in GraphPad Prism,
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Fig. 1. The effect of tick saliva on the phosphorylation of Akt in TBEV-infected DCs. DCs
were infected with Hypr (multiplicity of infection (MOI) 2) and cultured for indicated
times in the presence or absence of tick saliva (10 pg/ml). (A) Cells were lysed and cel-
lular lysates were further processed for analysis of Akt phosphorylation by western
blotting using specific antibodies against phospho-Akt, Akt and B-actin. (B) Quantitative
analysis of Akt phosphorylation from three independent experiments in TBEV-infected
DCs treated by tick saliva. The Akt phosphorylation was normalized by total Akt level and
values from Hypr-infected cells were set up to 1. (C) P-Akt was measured in fixed and
permeabilized cells by staining with anti-P-Akt antibody followed by flow cytometry
analysis. The expression of phospho-Akt is shown as medium fluorescence intensity (MFI).
(D) DCs were incubated with tick saliva (10 pg/ml) for indicated time and phosphor-
ylation of Akt was analyzed by western blotting. Data in column graphs are represented as
means + standard error of mean (SEM) from three independent experiment. * - P < 0.05,
% . P < 0.001.

version 5.0 was used to compare the differences between control and
treated groups. Flow cytometry data (MFI) were analyzed by 1-way
ANOVA followed by Tukey test. P < 0.05 was considered as the level of
statistical significance. * - P < 0.05, ** - P < 0.01, *** - P < 0.001,
*xxx - P < 0.0001.
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3. Results
3.1. Tick saliva increases activation of Akt in Hypr-infected DCs

The activity of PI3K/Akt pathway is critical for survival of several
viruses. We analyzed whether the phosphorylation of Akt, main
downstream target of PI3K, is induced by TBEV in DCs and whether this
is influenced by tick saliva in the time course of two days. We used
Hypr, virulent strain of TBEV, to infect DCs at MOI 2. The infection of
DCs by TBEV did not induce significant changes in the activation of Akt
(data not shown). However, when DCs were infected with Hypr in the
presence of saliva, the enhancement of Akt activation was observed at
all time points tested (Fig. 1A, B). The same effect on Akt phosphor-
ylation was seen in Hypr-infected cells when analyzed by flow cyto-
metry (Fig. 1C). The statistically significant increase of Akt phosphor-
ylation in the presence of saliva was detected by both methods at 22 h
post infection (Fig. 1B and C). To see whether tick saliva alone is able to
change Akt activation, the phosphorylation of this signaling molecule
was evaluated. Phosphorylation of Akt was decreased shortly after
saliva addition (1 h) and by time it had tendency to return to the level
comparable to the one in untreated cells (Fig. 1D).

3.2. Tick saliva decreases the apoptosis and increases the viability of Hypr-
infected DCs

The percentage of apoptotic cells infected by TBEV was determined.
The apoptosis was evaluated by the measurement of executive protease
caspase-3, which is involved in both extrinsic and intrinsic pathways of
apoptotic activation. As seen in Fig. 2A, the percentage of active cas-
pase-3 positive cells in Hypr-infected cells was relatively low (around
5% at 22 h p.i. and 10% at 46 h p.i.). However, the number of apoptotic
cells decreased in saliva treated cells at both time points tested,
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Fig. 2. The apoptosis and viability of TBEV-infected DCs in the presence of tick saliva.
Dendritic cells were infected with TBEV strain Hypr at MOI 2 in the presence or absence
of tick saliva (10 pg/ml). (A) The percentage of apoptotic cells was determined by flow
cytometry; cells positive for caspase 3 were considered apoptotic. The percentage of
apoptotic cells was measured 22 h and 46 h post infection. (B) Viability/proliferation of
DCs was evaluated by AlamarBlue assay 22 h and 46 h after infection in the presence or
absence of tick saliva. Three independent experiments were done to analyze apoptosis
and two to analyze cellular viability. Data are represented as means + SEM. * - P < 0.05,
**% . P < 0.001.
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reaching statistical significance at 46 h post infection (Fig. 2A).

Viability of TBEV-infected dendritic cells was evaluated by mea-
suring the metabolic activity of cells using AlamarBlue assay. The in-
fection by Hypr did not change the viability of cells, however, a sig-
nificant increase was observed in the presence of tick saliva (Fig. 2B).
Saliva itself did not influence DCs viability.

3.3. STAT1 and NF-xB phosphorylation are increased by tick saliva in
Hypr-infected dendritic cells

Activation of RIG-1 receptor by viral RNA leads to induction of IFN
and consequent activation of JAK/STAT signaling. To determine,
whether this pathway is affected, we tested the phosphorylation of
STAT1 in the presence or absence of tick saliva. Weak activation of
STAT1 was detected in virus-infected cells 22 h and later after the in-
fection and the increase in STAT1 phosphorylation was observed in the
presence of saliva (Fig. 3A). The increase in P-STAT1 was partially
caused by increased protein level of STAT1. Interestingly, STAT1 acti-
vation was also increased by tick saliva alone. As STAT1 phosphor-
ylation reflects the level of IFN we have attempted to determine the
level of IFN-P in saliva-treated and virus-infected cells. However, no
detectable level of IFN-3 was found in TBEV-infected DCs.

The transcription factor NF-xB is another RIG-1 downstream sig-
naling molecule. When the activation of this molecule was tested no NF-
kB activation was detected by virus alone. However, an increase of NF-
kB phosphorylation was observed in the presence of tick saliva
(Fig. 3B). It seems that both STAT1 and NF-kB signaling are enhanced
by tick saliva.

3.4. The effect of the PI3K/Akt pathway inhibition on saliva-modulated
apoptosis and signaling in Hypr infected DCs

The involvement of PI3K/Akt pathway in apoptosis and cell sig-
naling was examined. To test whether PI3K inhibition can decrease the
effect of tick saliva on the apoptosis, we measured the percentage of
apoptotic cells in Hypr-infected cells in the presence of both PI3K in-
hibitor (LY294002) and tick saliva. The decrease in the number of
apoptotic cells observed in the presence of tick saliva was only partially
reversed by LY294002 (Fig. 4A) (without statistical significance).
However the level of apoptosis seen in LY294002-treated cells was
significantly decreased by tick saliva suggesting that saliva may over-
come anti-apoptotic signal caused by PI3K inhibition, likely through
PI3K-independent way.

Next we tested how presence of LY294002 influences saliva-pro-
voked changes of STAT1 activation. The STAT1 phosphorylation was
examined in Hypr-infected DCs in the presence of saliva and LY294002
(Fig. 4B). The virus-induced STAT1 phosphorylation was completely
inhibited by LY294002 (lane 5). STAT1 phosphorylation, induced by
the virus in the presence of saliva, was partially decreased by this in-
hibitor (lane 4 versus lane 3) suggesting that STAT1 induction may be
both dependent and independent on PI3K. The efficiency of Akt in-
hibition by PI3K inhibitor was evaluated. While virus-induced Akt ac-
tivation was fully dependent on PI3K activity, in the presence of saliva
the Akt activation decreased only partially. Thus, it seems that both
PI3K-dependent and independent ways of Akt activation exist in the
presence of tick saliva.

3.5. Replication of TBEV in dendritic cells is increased by tick saliva and
decreased by the inhibition of PI3K/Akt signaling

Finally, we set to determine whether the replication of TBEV in DCs
is influenced by tick saliva. Dendritic cells were pre-incubated with tick
saliva for 2 h, followed by the infection with TBEV at MOI 2. The viral
titer was assessed 24 h and 48 h post infection (Fig. 5A) and in Hypr
-infected cells it reached 10° PFU/ml. The significant increase in virus
production was detected 24 and 48 h post infection in cells treated by
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Fig. 3. The activation of STAT1 and NF-kB in TBEV-infected DCs.
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Fig. 4. A decrease of saliva effects on the apoptosis and signaling in Hypr infected DC by
PI3K/Akt pathway inhibition. Dendritic cells were infected with TBEV strain Hypr at MOI
2 in the presence or absence of tick saliva (10 pg/ml) and LY294002 (10 uM) inhibitor.
(A) The percentage of apoptotic cells was determined by flow cytometry; cells positive for
caspase 3 were considered apoptotic. The percentage of apoptotic cells was measured
22 h and 46 h post infection. (B) Cells were lysed upon 22 h and cell lysates were ana-
lyzed by immunoblotting with anti-phospho-STAT1 and anti-phospho-Akt antibody. The
membranes were, after stripping, re-probed with antibody against STAT1, Akt and B-actin
protein. Two independent experiments were performed to test the effect of LY294002.
Representative blots are shown.

saliva. Determination of viral E protein expression in infected DCs by
flow cytometry showed its increase in the presence of saliva (data not
shown). We conclude that tick saliva, in spite of enhanced activation of
antiviral pathways, significantly increases the replication of TBEV in
dendritic cells. To clarify the role of PI3K/Akt signaling in TBEV
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myeloid DCs to analyze tick saliva effects on TBEV-infected DCs to
clarify the supportive effect of tick saliva on TBEV transmission.

The major finding in this study is that tick saliva significantly in-
creased the replication of TBEV in DCs ex vivo. We assessed the degree
of apoptosis and survival of TBEV-infected myeloid DCs and examined
the changes at the level of signaling pathways activation in the presence
of tick saliva.

Number of viruses positively affect survival of cells in order to
complete their replication cycle (Ghosh Roy et al., 2014). Activation of
PI3K/Akt signaling pathway is one of the strategies how viruses slow
down apoptosis and thereby prolong viral replication in both acute and
persistent infection (Diehl and Schaal, 2013). The analysis of signaling
pathways activation revealed that the activation of anti-apoptotic PI3K/
Akt pathway in DCs infected by TBEV is strongly enhanced by tick
saliva. The major increase was detected one day after infection. Other
flaviviruses, like DEN and JEV, activate PI3K/Akt signaling and
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Fig. 5. Replication of TBEV in DCs. Dendritic cells were infected with TBEV strain Hypr at
MOI 2 in the absence or presence of tick saliva (A) or PI3K inhibitor LY294002 (B) or both
(C). Tick saliva (10 pg/ml) was added to cells 2 h prior infection, LY294002 (10 uM) was
added to cells 30 min prior infection. Following 24 h and 48 h of incubation the virus titer
was determined by a plaque assay as described in “Materials and Methods”. Two ex-
periments were done to examine the effect of tick saliva and representative one is shown.
Data from two independent experiment were pooled together to show the effect of PI3K

inhibitor on virus replication. *** and **** indicate the difference in virus production
between control and saliva- or LY294002-treated cells significant at P < 0.001 and P <

0.0001, respectively.

blocking of PI3K signaling results in earlier induction of apoptosis (Lee
et al., 2005). When the apoptosis was examined in TBEV-infected DCs,
rather small percentage of cells were apoptotic (positive for active
caspase-3) but still the significant decrease in number of apoptotic cells
was found in saliva-treated cells. Similar effect of tick saliva was seen
when spleen DCs were examined, though the percentage of apoptotic
cells induced by TBEV was much higher (Fialova et al., 2010). The
second parameter tested, relevant to activation of PI3K/Akt pathway,
was the viability of cells. We found that the viability of TBEV-infected
cells was significantly supported by tick saliva. The cellular viability
was evaluated using redox-sensitive dye. The cellular redox environ-
ment is a balance between the production of reactive oxygen species
(ROS), reactive nitrogen species (RNS), and their removal by anti-
oxidant enzymes and small-molecular-weight antioxidants (Sarsour
et al., 2009). The changes found between saliva-treated and untreated
TBEV-infected cells likely reflect differences in the production of re-
active species or antioxidant enzymes. Interestingly, decreased pro-
duction of ROS was found in Borrelia-exposed neutrophils in the pre-
sence of I ricinus saliva (Menten-Dedoyart et al., 2012). In any case,
saliva-induced changes in the apoptosis and the viability of TBEV-in-
fected DCs could likely influence the virus production. Of note, Akt can
also positively affect the virus production though potentiation of virus
entry and translation (Diehl and Schaal, 2013).
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Akt and PI3K are essential for RIG-1 mediated antiviral signaling
through crosstalk with IPS-1 (Yeon et al., 2015), thus higher activity of
this pathway might enhance the activation of cellular antiviral defenses
in saliva-treated cells. Indeed, two pathways involved in antiviral cel-
lular defenses, JAK/STAT1 and NF-kB were strengthened by tick saliva
in TBEV-infected DCs. It might seem that the potentiation of antiviral
defenses is not beneficial for the virus and does not correlate with
supportive effect of tick saliva. However, at least NF-kB activity is also
critical for survival of cells. NF-kB is an inducible transcription factor
that plays a role in the expression of over one hundred genes involved
in immunity, inflammation, proliferation, and in defense against
apoptosis. The expression of NF-kB target genes typically promotes
cellular survival e.g. via increased expression of antioxidant proteins
(Morgan and Liu, 2011). Thus increased viability of TBEV-infected cells
by saliva may be mediated, in addition to Akt, via increased activation
of NF-kB. If we consider the viability of infected cells as an important
parameter of virus spreading in vivo then the potentiation of NF-xB
pathway is desired.

In contrast to NF-xB, the STAT1 activation drives the expression of
many pro-apoptotic genes (Kim and Lee, 2007). The enhancement of
JAK/STAT1 pathway, observed by tick saliva, is not beneficial either for
virus replication or cellular survival. However, the saliva-induced in-
crease in STAT1 activation was observed only at later time points (22 h
and later). Thus it is not expected that increased STAT1 activation, seen
in the presence of tick saliva, could significantly influence the apoptosis
or viability of cells within the first day or two. In addition, we pre-
viously showed the negative effect of tick saliva on IFN signaling when
exogenous IFN was applied to activate STAT1 phosphorylation in
spleen DCs (Lieskovska and Kopecky, 2012). The transient decline of
STAT1 activation by saliva was also observed in TBEV-infected DCs at
early time points (3-h interval is shown). The activation of STATI is
likely mediated by interferon. However, significant induction of IFN-3
was observed neither in infected nor saliva-treated cells (data not
shown). We can consider that either another type of IFN mediates
STAT1 activation or other receptors are responsible for STAT1 activa-
tion. For example, the activation of TAM receptors, which are involved
in regulation of innate immune response and under certain circum-
stances cooperate with IFNR1A, triggers STAT1 phosphorylation. In
fact, TAM receptors play critical role in determining the final outcome
of IFN action, which can be either pro-inflammatory or im-
munosuppressive (Rothlin et al., 2007). In this context it is noteworthy
that the saliva-induced increase of STAT1 phosphorylation is only
partially dependent on PI3K phosphorylation, in contrast to STAT1
phosphorylation induced by virus alone. It suggests that PI3K-in-
dependent mechanism of Akt activation and consequently STAT1
phosphorylation does exist in saliva-treated TBEV-infected DCs. This is
also supported by the experiment showing that the level of apoptosis,
increased in the presence of PI3K inhibitor, is reversed by tick saliva in
TBEV-infected DC. Altogether, tick saliva, through potentiation of Akt,
NF-xB and STAT1 activation, has dual effect on the apoptosis and sur-
vival. Our data suggest that in TBEV-infected DCs, within first two days
post infection, the anti-apoptotic and pro-survival effects of tick saliva
prevail.

We can only speculate what causes the enhancement of Akt acti-
vation in TBEV-infected DCs. One possibility is that tick saliva facil-
itates the attachment of virus particles to cell surface. It has been
suggested that Akt activation is triggered by binding of virus to host cell
(Yeon et al., 2015) and the number of infected spleen dendritic cells
was increased by tick saliva (Fialova et al., 2010). We assume that the
percentage of TBEV-infected myeloid dendritic cells is increased by
saliva too. Although we were not able to measure the percentage of
positive or negative population, the expression of flaviviral E protein
was increased in saliva-treated cells (data not shown). The surface
molecules like integrins, TAM receptors or C-type lectin receptors are
involved in attachment, entry, or binding of some flaviviruses (Perera-
Lecoin et al., 2013). Saliva may induce conformational changes or
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increase the expression of these receptors to facilitate binding of virus
particles. Interestingly, tick saliva by itself influences the activation of
Akt. The phosphorylation of Akt is transiently decreased at early time
points (1-2 h) upon addition of tick saliva. We think the initial decrease
of Akt phosphorylation can result from the weakened adherence ob-
served already 1 h after the addition of saliva to cells (data not shown)
and is likely mediated by perturbation of integrin signaling. The phe-
nomenon of lost cellular adherence due to tick saliva effect was ob-
served previously in polymorphonuclear leukocytes (PML) and en-
dothelial cells (Francischetti et al., 2005; Montgomery et al., 2004). The
downregulation of 32 integrins in PML and tick metalloprotease-
mediated cleavage of a5B1 integrin in endothelial cells were implicated
in saliva-induced cell detachment.

The most significant result of our study, in the context of virus
transmission, is the observation of increased virus titer in DCs in the
presence of tick saliva. The activation of Akt mediated pathway could
apparently bring opposed effects on virus replication. Increased sur-
vival and decreased apoptosis, which is observed in tick saliva-treated
cells, could have positive effect on virus replication. Facilitation of virus
entry and stimulation of protein synthesis through regulation of mTOR
complex 1 are among other processes which are positively regulated by
Akt (Diehl and Schaal, 2013) and likely contribute to increased re-
plication. The potentiation of antiviral cellular defenses, on the other
hand, could impede virus replication. When the effect of PI3K inhibitor
(leading to suppression of Akt) on TBE virus replication was analyzed in
DCs, the significant decrease in the amount of produced virus was ob-
served. It can be explained by a decrease of the endocytotic uptake,
since endocytosis of several viruses is diminished after inhibition of
PI3K/Akt pathway (Diehl and Schaal, 2013). To measure the uptake of
virus particules by DCs in the presence of tick saliva is our future plan.
Interestingly, it appears that saliva-induced effects accompanied by Akt
phosphorylation are partially independent of its main upstream kinase
PI3K since tick saliva could overcome the apoptotic effect of PI3K in-
hibition as well as the effect of PI3K inhibitor on the virus replication in
TBEV-infected DCs. In agreement, the Akt phosphorylation in the pre-
sence of tick saliva was only partially reduced by PI3K inhibitor. Of
note, blocking of PI3K activation did not affect JEV and DEN virus
production, but accelerated the appearance of cytopathic effect (Lee
et al., 2005).

Last important note which should be discussed in relation to TBEV
transmission is pretreatment of cells by tick saliva before addition of the
virus. Although TBE virus is inoculated by ticks together with saliva,
some saliva inoculation into the skin precedes inoculation of the virus
and it is probably transmitted by parts in accordance with repeated
salivation and blood feeding. Considering that in general every 5-30 s
there is an alteration between sucking and salivation (Kaufman, 1989)
and the virus titer in salivary glands increases markedly (10-100 times)
at least during the first three days since feeding commencement
(Alekseev and Chunikhin, 1990), most of the virus inoculum comes into
the skin already pretreated with tick saliva.

In conclusion, we report here that tick saliva significantly increased
the replication of TBEV in DCs. It can be of particular significance for
spreading of the virus from tick feeding site to draining lymph nodes.
The effect of tick saliva on virus replication is complex. We suggest that
the TBEV replication is at least partly affected by saliva due to mod-
ulation of Akt-mediated signaling resulting into the pro-survival and
anti-apoptotic effect. However, it is not clear, whether the observed
increase of Akt activation by tick saliva is the cause, the consequence,
or both of increased virus replication in DCs.
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Given that tick salivary secretions are critical to the success of the tick transmission lifecycle and, as a conse-
quence, for host colonization by the pathogens they spread, we thoroughly review here the literature on the
known interactions between tick saliva (or tick salivary gland extracts) and the innate and adaptive vertebrate
immune system. The information is intended to serve as a reference for functional characterization of the numer-

i?;g;:,d:immumw ous genes and proteins expressed in tick salivary glands with an ultimate goal to develop novel vector and path-
Innate immunity ogen control strategies.

Saliva Significance: We overview all the known interactions of tick saliva with the vertebrate immune system. The
Salivary glands provided information is important, given the recent developments in high-throughput transcriptomic and
Tick proteomic analysis of gene expression in tick salivary glands, since it may serve as a guideline for the functional

characterization of the numerous newly-discovered genes expressed in tick salivary glands.
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1. Introduction

Ticks are obligatory blood-feeding arthropods that belong to the
subclass Acari, order Ixodida, and three families: Ixodidae (hard ticks),
Argasidae (soft ticks), and Nuttallielidae. Soft ticks feed repeatedly for
minutes to hours, while hard ticks usually stay attached to their hosts
and feed for several days or even weeks, but only once in each life
stage [1,2]. The amount of blood ingested is species and life-stage specif-
ic, with females of some tick species increasing their volume up to 200
times by the end of blood feeding [3].

Ticks are important vectors that transmit a wide range of pathogens.
The most common tick-borne pathogens are viruses and bacteria, but
fungi, protozoa, and helminths can also be transmitted [4]. Clinically
and epidemiologically, the most important tick-borne diseases are:
tick-borne encephalitis (TBE), caused by the TBE virus; Lyme disease,
caused by spirochetes belonging to the Borrelia burgdorferi sensu lato
complex in Europe and B. burgdorferi sensu stricto in the USA; tick-
borne spotted fever, caused by Rickettsia spp.; anaplasmosis, caused by
Anaplasma spp.; and babesiosis, caused by Babesia spp. protozoa [5,6].
Pathogens have different life cycles, but the transmission usually begins
with a tick biting an infected vertebrate host and pathogen uptake by
the tick in the blood meal. Pathogens, e.g. Borrelia spp. spirochetes
then stay in the midgut and wait until next feeding, which triggers
their proliferation and migration through the midgut wall to hemocoel
and, ultimately, to the salivary glands. Moreover, spirochetes interact
with some midgut and salivary components that induce Borrelia prolif-
eration or increase their infectious potential [7]. When the tick bites its
next vertebrate host, pathogens are transmitted via tick saliva. In some
tick species the pathogens are transmitted transovarially from the fe-
male to laid eggs, thus keeping the level of prevalence in the tick popu-
lation [8]. Tick saliva has been shown to facilitate pathogen transfer to
the vertebrate host by virtue of its pharmacological properties, includ-
ing modulation of the vertebrate immune system [9-11]. Moreover,
tick saliva contains toxins belonging to families also found in venomous
animals, such as spiders or snakes, and that can induce paralysis and
other toxicoses [12].

To secure uninterrupted blood uptake, ticks suppress and evade the
complex physiological host immune and homeostatic responses that
are raised against them. Hemostasis, which includes coagulation, vaso-
constriction, and platelet aggregation, is the first innate host defense
mechanism against the mechanical injury caused by intrusion of tick
mouthparts into the host skin. This early vertebrate host response fur-
ther includes complement activation and inflammation, with the host
inflammatory response including, among other factors, rapid leukocyte
infiltration after skin injury [13]. Keratinocytes, endothelial cells, and
resident leukocytes such as mast cells, dendritic cells, and macrophages
make immediate contact with tick saliva or the tick hypostome and are
activated. Pro-inflammatory chemokines and cytokines including
interleukin-8 (IL-8), tumor necrosis factor (TNF), and IL-1(3 are released
to recruit neutrophils and other inflammatory cells to the area of tick
infestation [14]. Following tick feeding, there is activation of both the
cellular and humoral branches of vertebrate adaptive immunity [15].
Activated memory T and B cells (in the case of secondary infestation)
amplify the host inflammatory response to ticks by releasing specific
cytokines and producing antibodies that target tick salivary or
mouthpart-derived antigens to activate complement or sensitize mast
cells and basophils [9,14,15]. The strength and specificity of the host im-
mune response and its effect on tick physiology depend on the host and
tick species, the host's health, and its genotype [16]. The same is true for

tick defense mechanisms, since both tick salivary components and host
immune mechanisms have been co-evolving. As a result, the tick-host
interaction can be considered an “arms race” between the new defense
mechanisms developed by the host and the evasion strategies devel-
oped by ticks [17]. As an adaptation to blood feeding, ticks secrete a
complex mixture of immunomodulatory substances in their saliva that
suppress both innate and adaptive host immune responses that can
cause pain, itch, blood flow disruption in the tick feeding cavity, or
even direct damage to the tick, thereby subverting tick rejection and
death [18-20]. Despite the specificity of tick salivary component targets,
there is also redundancy at the molecular, cellular, and functional level [9,
13]. The richness and diversity of tick salivary compounds have been
established in several transcriptomic studies over the last 15 years and,
more recently, by next generation sequencing (NGS) studies.

The rapid developments in NGS and proteomics are reflected in the
recent progress made in tick research, in which several transcriptomic
and proteomic studies have been published over the last few years.
These studies represent a rich data source that provides the basis for
functional studies and investigation of gene expression dynamics
during tick feeding and different physiological states. For instance,
significant differences in the salivary proteome of partially and fully
engorged female Rhipicephalus (Boophilus) microplus ticks have been
described [21]. More recently, a transcriptomic study described over
800 immuno-proteins in Amblyomma americanum saliva during 24-
48 h of feeding [22]. A transcriptomic analysis of Dermacentor andersoni
salivary glands resulted in over 500 singletons and 200 clusters in which
a number of sequences with similarity to mammalian genes associated
with immune response regulation, tumor suppression, and wound
healing were identified [23]. By combining transcriptomic and proteo-
mic approaches, nearly 700 proteins were identified in D. andersoni
saliva after 2 and 5 days of feeding, from which 157 were postulated
to be involved in immunomodulation and blood feeding [24]. Schwarz
and colleagues performed a comprehensive study of Ixodes ricinus
salivary and midgut transcriptomes and proteomes and found that the
transcriptomic and proteomic dynamics did not 100% overlap in differ-
ent tick tissues [25]. A recent study by Kotsyfakis and colleagues charac-
terized transcriptional dynamics in the I ricinus female and nymph
salivary glands and midguts at various feeding time points [26], and
established that some gene families show stage- and time-specific ex-
pression, possibly via epigenetic control. In addition, the genes encoding
secreted proteins exhibited a high mutation rate, possibly representing
a mechanism of antigenic variation, and analysis of the midgut tran-
scriptome revealed several novel enzymes, transporters, and antimicrobi-
al peptides [26]. A transcriptomic analysis of Amblyomma maculatum
salivary glands revealed almost 3500 contigs with a secretory function
[27]. Another sialome (salivary gland transcriptome) of Amblyomma
ticks was published by Garcia and colleagues [28]: the authors analyzed
samples from Amblyomma triste nymphs and females, Amblyomma
cajennese females, and Amblyomma parvum females and focused on puta-
tive transcripts encoding anticoagulants, immunosuppressants, and anti-
inflammatory molecules. A further study characterized A. americanum
nymph and adult proteomes and compared the data with other
Amblyomma species [29]. A Rhipicephalus pulchellus tick sialome
study revealed differences between males and females [30], with
the sequences identified used for a preliminary proteomic study to
identify 460 male and over 2000 female proteins. A sialomic study
was also performed in Haemaphysalis flava that revealed tens of
thousands of genes, some of which were putative secreted salivary
proteins thought to be involved with blood feeding and ingestion [31].
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A Rhipicephalus sanguineus salivary proteome showed recycling of host
proteins and their secretion back into the host [32]. Lewis and colleagues
used a transcriptomic approach to characterize immunogenic Ixodes
scapularis salivary proteins present after 24 h of feeding [33]; these ap-
peared to be involved in tick feeding even before the majority of patho-
gens could be transmitted.

In addition to the analysis of secreted tick salivary proteins, tick-
feeding lesions on the host have been analyzed by high-throughput
and histological methods. Recently, the feeding lesion of D. andersoni
was described in detail together with microarray analysis of host gene
expression dynamics, thereby characterizing the inflammatory infiltrate
at the feeding site and the changes occurring in the epidermal and der-
mal compartments near the tick [34,35]. The skin lesions examined
from rats infested by Ornithodoros brasiliensis showed edema, muscle
degeneration, and hemorrhage [36], with the rats themselves present-
ing with a bleeding tendency and signs of toxicosis. O. brasiliensis sali-
vary gland homogenates delayed wound healing and had anti-
proliferative or even cytotoxic activity on cultured epithelial cells [37].
An analysis of skin-draining lymph nodes in goats repeatedly infested
with A. cajennese nymphs revealed an increased number of antigen pre-
senting cells (APCs) such as B lymphocytes, macrophages, and dendritic
cells [38]. A skin lesion from a human infested with female Amblyomma
testudinarium was characterized by an inflammatory infiltrate and an
eosinophilic cement in the center of the lesion [39]. Feeding lesions
from rabbits injected with salivary gland extract (SGE) collected from
R. sanguineus ticks after 2, 4, and 6 days of feeding showed signs of in-
flammation, especially at day four [40], suggesting that molecules pres-
ent in R. sanguineus SGE have high immunogenicity and that immune
reaction raised against SGE is stronger than the immunomodulatory ac-
tion of R. sanguineus salivary effectors.

Such high-throughput studies in both ticks and hosts and
complemented with histological information and detailed charac-
terization of salivary components have made a valuable contribu-
tion to our knowledge of the dynamic processes occurring at the
tick-host interface. However, experiments with saliva or SGE high-
light the complexity of host modulation by the tick in vivo. Charac-
terizing individual salivary components can help link specific
pathophysiological events to particular molecules to provide a com-
plete picture of tick-host interactions. In this review, we focus on
the immunomodulatory actions of whole tick saliva or salivary
gland extracts (SGE) rather than the effects of the individual salivary
components, since these are reviewed elsewhere [13,41,42].

2. The role of tick saliva in modulating host hemostasis
and complement

Ticks have developed various mechanisms to counteract the hemo-
static responses of the host so that they can successfully feed on blood
for many days [13,19]. Serine proteases are key players in host hemosta-
sis and, therefore, are specifically targeted by the wide range of serine
protease inhibitors present in tick saliva. The net result is that the physio-
logical balance between host proteases and endogenous anti-proteases is
impaired. Tick salivary secretions also contain vasodilators, platelet acti-
vation inhibitors, and coagulation modulators, as reviewed elsewhere
[14,43,44].

Complement is a cascade of proteolytically-activated components
that eventually leads to the creation of pores in the walls of microbes,
leading to their destruction. There are three main complement activa-
tion pathways: classical, alternative, and lectin; the central reaction in
all pathways is the conversion of complement component C3 to C3a
and C3b [45,46]. The inhibition of the host alternative complement
pathway is crucial for tick feeding and, indeed, the saliva of several
Ixodes species inhibits this pathway [47,48]. In an in vitro study, the
ability of tick saliva to counteract complement activity varied ac-
cording to the animal species source of serum, with specificity
shown towards the most common hosts for each Ixodes species

[49]. Several anti-complement molecules have been identified to date;
however, a detailed description is beyond the scope of this review. Fur-
ther information about the role of complement in tick-host interactions
can be found in the reviews by Schroeder and colleagues [50] or Wikel
[14].

3. Innate immunity and tick saliva

Innate immune responses against tick feeding involve the activation
of resident immune cells that initiate and promote the local inflamma-
tory response as a reaction to skin damage. The resident leukocytes
are macrophages, Langerhans cells (LCs), mast cells, or innate lymphoid
cells, and pro-inflammatory mediators are also released by endothelial
cells and keratinocytes [51]. These mediators and complement compo-
nents are chemotactic for circulating inflammatory cells including neu-
trophils and monocytes.

4. Interaction of macrophages and monocytes with tick saliva

Macrophages are APCs as well as cytokine and chemokine producers
[52]. They can be further divided into two different subpopulations:
(i) bone marrow-derived hematopoietic macrophages, which circulate
as monocytes and, after extravasation at the site of inflammation, differ-
entiate into pro-inflammatory [53] or alternatively-activated macro-
phages [54] and (ii) tissue-resident macrophages of yolk sac origin
that are found in many organs including the skin; the latter tend to be
more immune-modulatory [55]. These macrophage subpopulations dif-
fer with respect to cytokine production, receptor expression, and their
overall effect on any subsequent immune response [54,56,57].

Numerous interactions have been identified between macrophages,
tick saliva or SGE, and pathogens, suggesting that they play a major role
in host defenses against ticks and tick-borne infectious agents. The ef-
fects of saliva or SGE on macrophages are summarized in Fig. 1.

L. ricinus SGE inhibited superoxide and nitric oxide (NO) production
by Borrelia afzelii-activated macrophages, which led to the inhibition of
Borrelia killing in a murine host [58]. I. ricinus SGE also reduced phago-
cytosis of B. afzelii spirochetes by murine macrophages and inhibited
IFN-v- and B. afzelii-stimulated TNF production by macrophages [59].
It was recently shown that I. ricinus saliva could induce the production
of monocyte chemoattractant protein-1 (MCP-1) and macrophage in-
flammatory protein 2 (MIP-2) in splenocytes [60]. MCP-1 attracts
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Fig. 1. The effects of saliva and SGE on macrophages. Red lines represent inhibition, green
lines enhancement. Tick saliva inhibits production of IL-1e, IL-1p3, IL-6, IL-8, TNF, IFN-y,
NO, superoxide, and CCL5, as well as expression of STNFRI and phagocytosis. Tick saliva
increases production of IL-4, IL-10, and PGE, and macrophage migration. Tick SGE inhibits
production of IL-12p40, TNF, IFN-vy, and NO, expression of CD40, CD69, CD80, and CD86,
and phagocytosis.
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monocytes, and MIP-2 is a chemokine secreted by monocytes and mac-
rophages that is chemotactic for neutrophils.

Similarly, I. scapularis saliva inhibited TNF, IL-1p, IL-6, and IL-
12p40 production by murine bone marrow-derived macrophages
(BMDMs) after stimulation with lipopolysaccharide (LPS) or Anaplasma
phagocytophilum. It was further reported to inhibit IL-8 secretion by
human peripheral blood mononuclear cells (PBMCs) after TNF stimula-
tion [61] and NO synthesis upon LPS stimulation [62].

Incubation with SGE isolated from R. microplus, a tick of veterinary
importance, resulted in diminished expression of the co-stimulatory
molecules CD80, CD86, CD40, and CD69 on the surface of bovine macro-
phages after 24 h of LPS stimulation, which was accompanied by a de-
crease in TNF, IFN-vy, and IL-12 production [63]. Conversely, CD86
expression was increased in the murine macrophage cell line RAW
264.7 in response to R. microplus SGE and LPS but not SGE alone. Fur-
thermore, SGE had no effect on CD40 and CD80 expression [64]. Howev-
er, both bovine primary macrophages and murine macrophage cell line
displayed an increase of CD86 expression after 6 h incubation with LPS
and SGE. [64]. These partially contradictory observations may be attrib-
uted to the host specific response. The difference may also originate
from altered signaling in immortalized cell line, as CD86 upregulation
was shown to be at least partially dependent on the ERK1/2 pathway
and may, therefore, promote polarization of the immune response
towards a less pro-inflammatory Th2 profile (see below) [64]. In anoth-
er study, R. sanguineus saliva diminished NO production by IFN-vy-
activated macrophages and thus impaired Trypanosoma cruzi killing.
The authors suggested that decreased NO production was due to a
saliva-induced cytokine imbalance, leading to decreased NO synthase
activity [65]. Similar to the results with primary macrophages, SGE
from Rhipicephalus appendiculatus affected cytokine production by the
murine macrophage cell line JA-4. SGE from R. appendiculatus inhibited
the transcription of IL-1c, IL-10, and TNF after macrophage stimulation
with LPS. NO production was also lower, in accordance with the similar
effect observed with I. ricinus saliva [58,66].

Dermatocentor variabilis (Table 1) saliva has been shown to impair
phagocytosis and alter gene expression in the murine macrophage cell
line IC-21, as well as increase basal and platelet-derived growth factor
(PDGF)-stimulated macrophage migration and the expression of the
Th2-specific cytokines IL-4 and IL-10 [67].

The tick salivary component prostaglandin E, (PGE,) subverted
macrophage secretion of pro-inflammatory mediators and was able to
recruit fibroblasts to heal tick-bite wound [68]. In addition to PGE,
from tick saliva, the saliva of D. variabilis upregulated PGE, secretion
in IC-21 murine peritoneal macrophages and reduced secretion of the
pro-inflammatory mediators CCL5, TNF, and soluble TNF receptor I
(STNFRI) via a PGE,-dependent mechanism mediated by cAMP [68].

In summary, the tick saliva of various tick species inhibits the pro-
inflammatory activities of macrophages, supporting a major role for
macrophages in anti-tick defenses.

5. Dendritic cells and tick saliva

Dendritic cells (DCs) are APCs and are part of the innate immune
system. After immature (unstimulated) DCs recognize and phagocytose
pathogens, they mature and migrate to draining lymph nodes where
they present antigens derived from the processed pathogen to CD4 +
T cells, which subsequently launch an adaptive immune response.
Thus, DCs initiate host adaptive immunity via presentation of pathogen-
ic antigens. Two DC states exist: an immature form present in skin or
mucosae and a mature form in lymphoid tissues. Langerhans cells
(LCs) are a specialized resident cell type found in the vertebrate skin.
Similar to macrophages, LCs have two origins and share many proper-
ties with macrophages [69]; therefore, they are sometimes considered
to be a subtype of tissue macrophage [57]. Immature DCs primarily
have an antigen uptake and presenting function, while mature DCs ef-
fectively stimulate T cells but have limited phagocytic activity. Several

studies suggest that there are interactions between tick saliva and DCs
[70-72]. For a review of the interactions between DCs, tick saliva, and
Borrelia, see [73].

Oliveira and colleagues studied the effect of R. saguineus saliva on DC
migration and function, and found that tick saliva reduced immature DC
migration towards macrophage inflammatory proteins MIP-1aw and
MIP-1f but not MIP-3(3 [74]. Tick saliva also inhibited the chemokine
RANTES by reducing expression of its surface receptor CCR5 [74]. DC
maturation was impaired via toll-like receptor (TLR) signaling [75].
However, the inhibition of migration was limited to immature DCs.
DC maturation and differentiation was inhibited in the presence of
A. cajennese saliva [76]; in this study, the DCs showed reduced expres-
sion of CCR5 and CCR7 and, therefore, diminished migration towards
the corresponding chemokines. Furthermore, tick saliva polarized cyto-
kine production towards a Th2 phenotype. The authors suggested that
most of the observed effects were due to the presence of PGE, in tick sa-
liva [76]. L scapularis saliva has displayed various effects on bone
marrow-derived DCs: it inhibited TNF and IL-12 production upon stim-
ulation of different TLRs, in particular TLR-2, TLR-4, or TLR-9 [77], and
the DC's ability to stimulate antigen-specific CD4 + proliferation and
IL-2 production was also suppressed [77]. LC-deficient mice induced
Th1 responses after L scapularis infestation, demonstrating the require-
ment for LCs in attenuating tick-mediated Th1 responses in regional
lymph nodes [78].

CD40 or TLR3, 7, and 9 ligation impaired DC maturation, and I. ricinus
saliva inhibited DC migration in vivo and antigen presentation [79].
I ricinus saliva has also been shown to impair Th1 and Th17 polarization
in DCs [79] and activation of specific CD4 + T lymphocyte subsets by
Borrelia-exposed DCs [80]. In the latter study, I ricinus saliva decreased
DC phagocytosis of B. afzelii. Interestingly, I. ricinus saliva inhibited DC
production of both Th1 cytokines (TNF and IL-6) and the Th2 cytokine
IL-10 after 48 h (but not 24 h) of incubation with B. afzelii [80].
I. ricinus saliva also impaired DC maturation and production of TNF
and IL-6 in response to infection with TBE virus [81]. Lieskovska and
Kopecky studied the signaling pathways activated in DCs via TLR-2
ligand and B. afzelii in the presence of tick saliva [82]; upon both types
of activation, the NF-xB and phosphatidylinositol-3-kinase (PI3K)/Akt
pathways were inhibited by I. ricinus saliva. When activated by Borrelia
spirochetes, TNF levels decreased in DCs due to selective suppression of
ERK1/2, Akt, and NF-kB as a result of tick saliva mimicking the native in-
hibitors. Tick saliva also attenuated IFN-33 production, and IFN-{ trig-
gered signal transducer and activator of transcription-1 (STAT-1)
activation [83]. A summary of the known interactions between DCs
and tick saliva is shown in Fig. 2.

6. Mast cells and tick saliva

Mast cells serve as sentinel cells and reside in many tissues. They are
divided into two main types based on the presence of mast cell-specific
proteases: connective tissue mast cells, which produce both tryptase
and chymase (MCrc), and mucosal mast cells, which produce only
tryptase (MCr) [84]; skin mast cells are of the first type. Upon exposure
to pathogens or other stimuli, activated mast cells degranulate and re-
lease a variety of pre-stored mediators including vasoactive com-
pounds, serine proteases, histamine, and cytokines. Activated mast
cells also secrete newly synthesized mediators to recruit more inflam-
matory cells [85].

The immunological importance of mast cells in tick-host interactions
remains unclear. Mast cell numbers increase after secondary or sub-
sequent tick infestations, but remain unchanged during primary tick
infestations [86-88]. The number of degranulated mast cells is also signif-
icantly higher after repeated tick infestations. Mast cell-deficient mice
have been shown to develop some resistance to D. variabilis after re-
peated exposure, similar to wild type mice [89]. On the other hand,
mast cell-deficient mice were not resistant to Haemaphysalis longicornis,
with tick resistance re-established after mast cell injection [90,91]. Such
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Table 1
The effects of tick saliva, SGE, or feeding on immune cell populations.
Tick Saliva/SGE/Feeding Effect Reference
Macrophages
Dermatocentor variabilis ~ Saliva Impaired phagocytosis and altered gene expression, stimulation of migration [67]
Stimulation of PGE, production, inhibition of cytokine production [68]
Ixodes ricinus SGE Inhibition of superoxide and NO production [58]
Inhibition of phagocytosis and TNF production [59]
Ixodes scapularis Saliva Inhibition of cytokine production [61]
Inhibition of NO production [62]
Rhipicephalus SGE Inhibition of cytokine and NO production [66]
appendiculatus
Rhipicephalus microplus ~ SGE Altered surface molecule expression, inhibition of cytokine production [63,64]
Rhipicephalus sanguineus  Saliva Inhibition of NO production [65]
Dendritic cells
Amblyomma cajennese Saliva Inhibited maturation and differentiation; reduced migration due to decreased expression of receptors;  [76]
polarization towards Th2 cytokines
I. ricinus Saliva Inhibited maturation, migration and antigen presentation; blocked Th1 and Th17 polarization [79]
Inhibited proliferation, phagocytosis and cytokine production [80]
Impaired maturation and cytokine production [81]
Inhibition of signaling pathways [82,83]
1. scapularis Saliva Inhibition of proliferation and cytokine production [77]
R. sanguineus Saliva Reduced migration, maturation and cytokine production [74,75]
Basophils
Amblyomma cajennense  Feeding Increased amount of basophils in feeding cavity [121]
Amblyomma dubitatu Feeding Increased amount of basophils in feeding cavity [121]
Eosinophils
Soft and hard ticks Feeding Increased amount of eosinophils in feeding cavity [36,88,120-122]
Hard ticks SGE Inhibition of attraction to the feeding site [123,124]
I. ricinus Saliva Basophil activation via MCP-1 released from splenocytes [60]
Neutrophils
Soft and hard ticks SGE Anti-IL-8 activity [123,130]
Amblyomma americanum SGE Altered dynamics of chemokine activity [125]
L. ricinus Saliva Decrease in ROS production [132]
I. scapularis Saliva Inhibition of granule release, infiltration, phagocytosis [133]
Reduced adhesion of polymorphonuclear leukocytes [134]
R. appendiculatus SGE Altered cytokines mRNA production by peripheral blood leukocytes [170]
R. microplus SGE Inhibition of phagocytosis [135]
Lymphocytes
Soft and hard ticks Saliva, SGE Polarization of the immune response towards Th2 via cytokines [66,71,139,159,161,
162,171,172]
Amblyomma variegatum  SGE Inhibition of lymphocyte proliferation [142]
Dermacentor andersoni SGE Reduced T cells proliferation [149,150]
Reduced Th1 cytokine production [173,174]
Saliva, SGE, feeding Inhibition of integrin expression [163]
SGE, feeding Increased IL-4 and IL-10 levels [164]
Haemaphysalis bispinosa  Feeding Reduction in T lymphocyte count and proliferation, increased CD4 +/CD8 + ratio [153]
Hyalomma anatolicum Feeding Reduction in T lymphocyte count and proliferation, increased CD4 +/CD8 + ratio, increase in circulating [153]
anatolicum B lymphocyte count
1. ricinus SGE Inhibition of lymphocyte proliferation [142]
Suppression of B cell proliferation, inhibition of IL-10 production, reduction of markers on the surface of T [143]
and B cells
Saliva Inhibition of T cell proliferation [144]
Induction of Th2 differentiation of CD4 + T cells via dendritic cells [71]
Feeding Increased CD4 +/CD8 + ratio [147]
Inhibited proliferation and responsiveness [145]
Reduced amount of specific Ig against antigen, no change in total Ig amount [148,157]
I. scapularis Saliva Inhibition of IL-2 production by T cells, inhibition of splenic T cell proliferation [62,140,141]
Feeding Inhibition of Th17 immunity, priming of a mixed Th1/Th2 response during secondary infestation [35]
SGE, feeding Increased IL-4 levels [165]
R. appendiculatus SGE Inhibition of lymphocyte proliferation [142]
R. microplus Feeding Decreased T and B lymphocyte percentage among PBLs [151]
Saliva Decreased PBL responsiveness to phytohemagglutinin [151]
Inhibition of the blastogenic response of mononuclear cells [175]
R. sanguineus Feeding Suppressed response to mitogens [152]
Saliva Suppressed response to mitogens [152]
SGE Suppressed Ig production by PBL [156]
NK cells
A. variegatum SGE Decreased NK cell activity [168]
Dermatocentor reticulatus SGE Decreased NK cell activity [167]
Haemaphysalis inermis SGE Decreased NK cell activity [168]
L. ricinus SGE Suppression of NK cell cytotoxicity [169]
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Fig. 2. The effects of saliva on dendritic cells. Red lines represent inhibition, green lines
enhancement. Tick saliva inhibits production of IL-6, IL-12, TNF, IFN-3, and RANTES
cytokines. It also inhibits expression of CCR5 and CCR7, DC migration, proliferation, matu-
ration, and phagocytosis, and STAT-1, PI3K/Akt, Erk1/2, and NF-«B signaling pathways. The
saliva induces Th2 polarization while suppressing Th1 and Th17 differentiation.

differences might be due to species-specific host responses or other un-
known factors. Highly tick-resistant zebuine cattle breeds have more
dermal mast cells than taurine breeds [92]. F2 crossbreeds of these
two cattle were resistant to R. microplus infestation, and infestation
with R. micrpoplus larvae induced significant increases in dermal mast
cell numbers. Mast cells are major producers of the inflammatory medi-
ator histamine, and ticks can affect histamine actions by either binding
histamine via histamine-binding lipocalins [93,94] or by promoting its
secretion via histamine release factor [95], further evidence of the am-
biguous role for mast cells in tick feeding responses. One explanation
for histamine binding followed by its release can be explained by the
need to suppress inflammatory responses at the early stage of feeding,
followed by an increased need for vascular permeability during the
rapid engorgement phase of tick feeding.

7. Granulocytes and tick saliva
Granulocytes are bone marrow-derived myeloid leukocytes that

contain granules in their cytoplasm. The granulocyte group consists of
three major cell types: basophils, eosinophils, and neutrophils [96].

8. Basophils and tick saliva

Basophils are IgE-activated granulocytes that, unlike tissue-resident
mast cells, circulate in the blood. They play a critical role in the IgE-
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Fig. 3. The effects of saliva and SGE on neutrophils. Red lines represent inhibition, green
lines enhancement. Tick saliva inhibits neutrophil recruitment, phagocytosis, adhesion,
granule release, and production of ROS.
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Fig. 4. The effects of saliva and SGE on B and T lymphocytes. Red lines represent inhibition,
green lines enhancement. Tick saliva inhibits T cell proliferation, CD69 expression, and
production of IL-2, IL-12, TNF, and IFN-y by lymphocytes. In contrast, it increases produc-
tion of IL-4, IL-6, and IL-10. Tick SGE has the same effects as tick saliva and, furthermore,
suppresses LFA-1 and VLA-4 expression, proliferation of B cells, and total Ig and IgA
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mediated development of chronic allergic reactions and inflammation
[97,98], and they can also promote polarization towards Th2 responses
by IgE-independent antigen presentation in mice [99,100]. Basophils
are recruited to a tick-feeding site and accumulate in the host skin dur-
ing second and consequent (but not primary) tick infestation, where
they act as important tick rejection factors [101,102]. After migration
to the site of injury, basophils degranulate and release mediators such
as histamine to reject ticks in a host reaction known as cutaneous baso-
phil hypersensitivity [ 103]. Similar to mast cells, histamine release from
basophils can be mediated by tick histamine release factor binding [95].
Several studies have confirmed the role of basophils in acquired immu-
nity against ticks in mice [102,104,105]. Basophils expressing the im-
munoglobulin Fc receptor were found to be responsible for antibody-
mediated acquisition of H. longicornis resistance [102], with selective
basophil ablation by diphtheria toxin leading to loss of resistance to
H. longicornis feeding in subsequent tick infestations [102]. Basophils
appear to play a non-redundant role in antibody-mediated acquired im-
munity against ticks [102].

As noted above, I. ricinus saliva increased MCP-1 production by
stimulated splenocytes [60]. MCP-1 is a potent basophil activator that
triggers their degranulation and histamine release [106].

Basophils can cause cutaneous basophilia, a mechanism of tick
resistance [104,105]. The susceptibility or resistance of cattle to
ticks (R. microplus) was associated with the number of basophils at
the feeding site, with skin biopsies from tick-resistant breeds con-
tain significantly more basophils than biopsies from susceptible
breeds [107-109].

9. Eosinophils and tick saliva

Eosinophils are mainly present in mucosal areas in contact with the
external environment such as the gut or lung mucosae. Their circulating
levels are relatively low in healthy organisms, but increase during aller-
gic reactions or parasitic infections [46]. Eosinophils produce cytokines,
chemokines, and other mediators, some of which (e.g., indoleamine 2,3
deoxygenase; IDO) induce apoptosis and inhibit T cell proliferation
[110,111]. Eosinophils are also rich in granules that contain cytotoxic
effectors such as eosinophil peroxidase, eosinophil cationic protein,
eosinophil-derived neurotoxin, or major basic protein, which can
cause mast cell (and probably also basophil) degranulation [112]. Finally,
eosinophils are an important source of inflammatory and tissue repair-
related molecules such as the transforming growth factors TGF-a and
TGF-31 and the extracellular matrix glycoprotein tenascin [113,114].

Repeated exposure to both soft and hard tick species raised eosino-
phil levels at the feeding site in many host species including cattle
[115,116], dogs [117], guinea pigs [118,119], rabbits [86], mice [88],
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woolless lambs [120], rats [36], capybaras [121], and even anteaters and
armadillos [122]. The relationship between eosinophil number and tick
resistance is not clear. Similar to mast cells, the susceptibility or resistance
to ticks in cattle was associated with the number of eosinophils (and
basophils) at the feeding site. Cattle breeds with more eosinophils
(Bos taurus indicus, Nelores breed) appeared to be more resistant
to R. microplus feeding than the B. taurus taurus Holstein breed
with fewer eosinophils [107]. In contrast, the tick count on Nguni
and Bonsmara cattle was positively correlated with the eosinophil
count in skin biopsies from tick feeding sites, while the correlation
was negative in the case of mast cells and basophils [109].

Ticks inhibit the chemokine-mediated attraction of eosinophils to
tick feeding sites. SGE from many tick species blocked CCL3, CCL5, or
CCL11 (eotaxin) eosinophil chemoattractant activity [123-126].

10. Neutrophils and tick saliva

Neutrophils are granulocytes with both phagocytosis and degranu-
lation roles. They are highly motile cells and they have a relatively
short lifespan. Neutrophils play an important role in the early stages
of vertebrate immune homeostasis, such as during acute inflammation,
but they also play a role in some chronic inflammatory diseases. Neutro-
phils are generally activated by pathogens and secrete effectors and me-
diators that promote inflammation by recruiting other leukocytes, and
they also directly kill pathogens by releasing their granules [46,127].
They can also phagocytose and kill pathogens intracellularly [127].

Tick saliva modulates a local cutaneous immune response at the tick
feeding site almost immediately after tick attachment, as shown by gene
expression analysis of skin biopsies taken at several time points after
the initiation of I. scapularis nymph feeding [128]. The expression of
neutrophil-specific chemokines (CXCL1 and 5) was induced as early as
12 h after tick attachment to the host [128]. Neutrophil abundance in
the skin was high during the first tick infestation compared to other
cell types but decreased during subsequent tick infestations of the
same host [120,129]. It is unknown whether the absence of neutrophils
affects resistance of the host to ticks.

Saliva or SGE from soft and hard ticks have been shown to attenuate
neutrophil functions such as recruitment by interfering with the neutro-
phil chemoattractants CXCL8 (IL-8) or CCL3 [123,124,126,130,131]. In
one study, I ricinus saliva significantly decreased neutrophil reactive
oxygen species (ROS) production [132]. In contrast, the formation of
neutrophil extracellular traps (NETs), which are formed by extrusion
of neutrophil DNA and can retain and kill bacteria, was not affected by
saliva [132]. I scapularis (published as Ixodes dammini) saliva inhibited
granule release and neutrophil infiltration and had an inhibitory effect
on neutrophil phagocytosis of B. burgdorferi [133]. L scapularis saliva
also reduced polymorphonuclear leukocyte (PMN) adhesion by down-
regulating 32-integrin expression and signaling, which decreased pro-
inflammatory functions of PMNs [134]. Finally, SGE from R. microplus
inhibited neutrophil phagocytic activity in cattle [135]. These data
show that tick saliva inhibits several pro-inflammatory neutrophil
properties that are deleterious to tick feeding but does not affect anti-
bacterial NET formation, suggesting that tick salivary activity is specific.

The effects of tick saliva and SGE on neutrophils are illustrated in Fig. 3.

11. T and B lymphocytes and tick saliva

Adaptive immunity relies on a wide range of antigen receptors (with
varying antigen recognition specificities), which are clonally distributed
in two types of lymphocytes: T cells and B cells. The induction of a spe-
cific immune response is only possible when a foreign antigen is recog-
nized by the corresponding receptor. This first recognition signal is
consolidated by the interaction of co-stimulatory molecules on T or B
cells with those on APCs — such as dendritic cells or macrophages —
that belong to the innate immune system. In this way, links are made

between the cell populations that play dominant roles in the two
branches of vertebrate immunity [136].

T cells are produced in the bone marrow from lymphoid progenitors
and differentiate in the thymus. Mature T cells then migrate to the pe-
ripheral lymphoid tissues; they also circulate throughout the body
[46]. Two major T cell subpopulations are recognized based on the co-
receptor molecule expressed at the cell surface: CD4 + (T helper cells)
and CD8 + T cells (which develop into cytotoxic T lymphocytes, CTLs).
According to the secreted cytokine profile, CD4 + T helper cells can be
further divided into several subpopulations that have different roles in
immune responses [137], with Th1 and Th2 populations the most
thoroughly studied in tick-host interactions thus far. Th1 populations
are associated with host cellular and inflammatory responses, and Th2
populations with host humoral responses against ticks [138,139]. Fig. 4
illustrates how tick saliva and SGE influence T and B cell functions.

In 1985, I. scapularis (dammini) tick saliva was shown to inhibit [L-2
production by T lymphocytes, with PGE, proposed to be responsible for
this effect [140]. Urioste and colleagues confirmed diminished IL-2
levels in the presence of I. scapularis saliva, and showed profoundly
inhibited splenic T cell proliferation in response to stimulation with con-
canavalin A (ConA) or phytohemagglutinin in the presence of saliva
[62]; however, they disproved the PGE, hypothesis, providing evidence
that IL-2 is in fact inhibited by a proteinaceous salivary component.
Later, in 2001, an unknown salivary component from I. scapularis was
reported to bind IL-2 and inhibit T lymphocyte proliferation [141].

The inhibition of lymphocyte proliferation by SGE has also been
reported in other tick species such as I. ricinus, Amblyomma variegatum,
and R. appendiculatus, with species- and sex-specific differences shown
for the effects of tick salivary gland antigens on human lymphocyte pro-
liferation [142]. I. ricinus SGE suppressed isolated B cell proliferation and
IL-10 production in response to LPS. CD69 activation marker expression
on both activated T and B cells was also reduced [143]. I. ricinus saliva
inhibited splenic T cell proliferation in response to ConA, and both SGE
and saliva reduced the responsiveness of T cells draining to lymph
nodes and sensitized splenic T cells [144]. The same observation was
made with naive splenic T cells [ 145]. T lymphocytes from mice infested
9 days previously with I ricinus nymphs displayed suppressed re-
sponses to ConA stimulation compared to cells from naive mice [145].
In contrast, the lymph node cell response to LPS was increased in
infested mice compared to naive mice [145]. The authors attributed
the observed effect to increased B lymphocyte numbers or activity [ 145].
On the other hand, soluble salivary gland antigens derived from female
I ricinus ticks stimulated lymph node T cells from mice infested with
L. ricinus larvae or nymphs, but not those infested with Amblyomma
hebraeum nymphs [146]. A 65 kDa protein fraction (IrSG65) isolated
from the salivary glands of partially fed I. ricinus females induced specif-
ic T cell proliferation in lymph node cells obtained from mice infested
with [ ricinus nymphs [146]. Feeding of I. ricinus nymphs on BALB/c
mice revealed that CD4 + T cells were more abundant than CD8 +
cells [147], which changed from 2:1 upon primary tick infestation to
7:1 in tertiary tick infestation. The ratio of CD3 + and CD4 + T lympho-
cytes was identical in I ricinus infested and control mice [148].

D. andersoni SGE reduced ConA-induced proliferation of T cells [ 149,
150]. R. microplus feeding on cattle decreased the T lymphocyte percent-
age in peripheral blood lymphocytes (PBLs) [151], with the B lympho-
cyte percentage only lowering after repeated heavy infestations [151].
R. microplus saliva also suppressed PBL responsiveness to phytohemag-
glutinin [151]. R. sanguineus feeding on dogs suppressed ConA, phytohe-
magglutinin, and pokeweed mitogen-induced lymphocyte responses
[152]. In the same study, SGE also suppressed all mitogen-stimulated
blastogenic responses of lymphocytes from healthy dogs in vitro. Feeding
of the Haemaphysalis bispinosa and Hyalomma anatolicum anatolicum ticks
on sheep resulted in reduced circulating T lymphocyte counts as tick feed-
ing progressed [153]. The authors showed that depletion of CD8 + popu-
lations and increased CD4+ T cell levels accounted for the observed
effects [153]. Feeding of these two ticks also suppressed in vitro
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proliferation of T cells isolated from the tick-infested animals [153].
The CD4 +/CD8 + and B/T lymphocyte ratios were increased in all
sheep during infestation with either H. bispinosa and H. anatolicum
anatolicum [153]. Interestingly, reduced CD4/CD8 T cell ratios were
observed in skin biopsies taken at primary and secondary infesta-
tion with H. anatolicum anatolicum ticks on sheep compared to
healthy skin biopsies [154].

B cells also originate from lymphoid progenitors in the bone marrow
[46]. Their further differentiation involves migration from the blood-
stream to the spleen, where they develop into mature B cells. Mature
B cells circulate between the spleen and lymph nodes. The role of B
cells lies in the surface expression and secretion of immunoglobulins
upon activation [155]. In immunity against ticks, B cells produce specific
antibodies against tick salivary and gut antigens.

Both primary and secondary infestations of sheep with H. anatolicum
anatolicum ticks caused a significant increase in circulating B lympho-
cytes over several days [153]. In dogs, R. sanguineus SGE was shown to
suppress total immunoglobulin and IgA (but not IgM) production by
PBLs in vitro upon activation with LPS or pokeweed mitogen [156]. It
has also been observed that anti-BSA IgG and IgM levels decreased in
mice immunized with BSA during I ricinus feeding [148]. However,
anti-BSA IgG and IgM production was not decreased when BSA was
injected prior to tick infestation. Interestingly, this study did not demon-
strate a shift towards the Th2-type immune response when anti-BSA
IgG1 and IgG2a antibody levels were compared between mice groups
[148]. It was later shown that total IgG and IgM antibody levels were
not reduced in animal sera by tick infestation, anti-BSA antibody pro-
duction was not delayed, and memory cell formation did not appear
to be inhibited by tick saliva [157]. Tick saliva did not affect memory B
cell production of either anti-BSA IgG or IgM [157].

Experiments with tick saliva or SGE have shown polarization of the
immune response from Th1 to Th2 branches by suppression of Th1
and upregulation of Th2 cytokines in both mice and humans. This
polarization leads to an attenuated inflammatory response, which is
beneficial for tick survival and feeding [15,158]. Briefly, saliva or SGE
inhibited secretion of IL-2, IL-12, TNF, and IFN-v. In contrast, IL-4, IL-6,
and IL-10 secretion was stimulated [66,139,159]. IL-10-specific neutral-
izing antibodies abrogated the suppressive effect of I. ricinus SGE on IFN-
v production [160]. IL-1a secretion was inhibited in JA-4 macrophage
cells exposed to R. appendiculatus SGE [66]. In contrast, and in spite of
their pro-inflammatory properties, IL-1a and IL-1f production was in-
creased by Th1 lymphocytes and splenocytes after treatment with
L. ricinus SGE [161,162]. This can be explained by the fact that IL-1 can
also act as a co-stimulator for Th2 lymphocyte proliferation. One of
the mechanisms described for the action of I ricinus saliva involves a
negative effect on DCs, which then prime naive CD4 + T cells to induce
Th2 cell differentiation in vitro and in vivo [71].

Feeding of D. andersoni decreased expression of two integrins, leuko-
cyte function-associated antigen-1 (LFA-1) and very late activation-4
(VLA-4), by lymphocytes [ 163]. The same effect was achieved by expos-
ing tick-naive mouse lymphocytes to both D. andersoni saliva and SGE
[163]. Infestation with D. andersoni nymphs or intradermal administra-
tion of female or male tick SGE increased IL-4 and IL-10 transcript levels
in the draining lymph nodes and skin of the host [ 164]. Intracellular IL-4
levels were significantly increased in CD4 + T cells [164], and increased
IL-4 levels were also observed during I. scapularis nymph feeding or by
intradermal application of SGE [165]. Primary I. scapularis infestation
on mice was characterized by late induction of an innate immune re-
sponse and by inhibition of pro-inflammatory Th17 immunity. During
secondary tick infestation, a mixed Th1/Th2 response was elicited [35].

Ticks have evolved in various ways to circumvent adaptive immuni-
ty. Their saliva inhibits lymphocyte proliferation to reduce immune re-
sponses. Furthermore, ticks actively direct the immune response
towards the Th2 arm that favors their feeding. The immunosuppressive
properties of tick saliva also include inhibition of antibody production
by B cells that could damage tick mouthparts and activate other cells

or complement. The effects of tick saliva and SGE on lymphocytes are il-
lustrated in Fig. 4.

12. Natural Killer cells and tick saliva

Despite their lymphoid origin, natural killer (NK) cells are part of the
innate immune system [46]. Their main function is microbial or tumor
cell killing and the regulation of endothelial cell, dendritic cell, and mac-
rophage interactions with T lymphocytes [166]. SGE from female
Dermatocentor reticulatus ticks that fed for 3-6 days on mice decreased
human NK cell activity, while SGE from unfed or 1 day-fed ticks had no
effect. Weaker activity was reported for SGE from A. variegatum and
Haemaphysalis inermis ticks [167,168], and NK cell cytotoxicity was sup-
pressed after treatment with I ricinus SGE [169].

13. Conclusions

Tick saliva clearly contains numerous different pharmacologically-
active molecules that affect various immune cell populations and facili-
tate tick feeding. In this “systems biology” era, the effects of tick saliva
described in this review can help in the design of experiments to discov-
er specific salivary molecules that account for those effects. Although
molecular biology and biochemical methods such as transcriptome
and proteome analyses have provided excellent information about the
genes expressed in the salivary glands of different tick species, the num-
ber of identified and functionally characterized salivary molecules re-
mains limited. Ultimately, the goal is to fully uncover the complexity
of how ticks modulate the host immune system so that this information
can be used to pioneer the development of novel control strategies for
ticks and tick-borne diseases and aid drug discovery.
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6. IMUNOMODULACE DENDRITICKYCH BUNEK SLOZKAMI KLISTECICH SLIN A JEJICH
INTERFERENCE SE SIGNALIZACI

V poslednich letech bylo identifikovano nékolik slozek klistécich slin, které¢ prokazatelné
ovlivitovaly funkci DC. Prostaglandin E2 (PGE2), ktery je pfitomen ve slinach I. scapularis,
inhiboval DC v in vitro testech podobn¢ jako klisteci sliny, snizoval produkci IL-12 a TNF
po stimulaci LPS (66). Autofi tvrdi, ze PGE2 je zodpovédny za vétSinu efektd pozorovanych
na DC. Podobné¢ PGE2 z Amblyomma sculptum moduluje interakci DC s Rickettsia rickettsii
(ptvodce horecky Skalistych hor) in vivo a in vitro (89).

Multifunkéni protein Salpl5 (salivary gland protein 15) z I. scapularis ovliviwje také funkci
DC a to interakci s C-lektinovym receptorem II typu DC-SIGN (dendritic cell-specific
intracellular adhesion molecule-3-grabbing non-integrin). Vysledkem této interakce je
snizena produkce prozanétlivych cytokint a suprese aktivace T bunék po stimulaci lidskych
dendritickych bun¢k LPS a B. burgdorferi s.s. Salp15 aktivuje novou Raf-1/MEK-zavislou
signaliza¢ni drahu a DC aktivaci ovliviluje na urovni transkripce i post-transkripénych uprav.
Vysledkem aktivace Raf/MEK drahy je snizeni stability transkripti pro IL-6 a TNF a
zhorsena remodelace nukleosomu v oblasti IL-12p35 promotoru (90).

Japanin, lipokalin z Rhipicephalus appendiculatus, vyrazn¢ méni expresi kostimulac¢nich a
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vitro, a navic inhibuje differenciaci DC z lidskych monocytt (91).

Funkce dendritickych buné¢k je ovlivnéna i cystatiny. Cystatiny jsou reverzibilni inhibitory
papainu podobnych cysteinovych proteaz a legumaint. Rozd¢luji se do 4 podskupin; typ 1
(stefiny), typ 2, typ3 (kininogeny) a typ 4 (fetuiny) (92). Cystatiny popsané v klist'atech jsou
stefiny bez sekre¢niho signalu majici funkci ve vnitrobunééném traveni hemoglobinu, nebo
patii do skupiny 2 a funguji jako imunomodulatory sekretované do slin (93). Cystatiny
reguluji mnoho fyziologickych procesti véetné prezentace antigenu, fagocytdzy a produkce
cytokinli. Substraty cystatinli jsou lyzosomalni katepsiny, které se podili na degradaci
antigeni prezentovanych komplexem MHC II nebo na aktivaci kaspazy-1 (regulace
inflamazému, apoptézy a autofagie). Jednim z funkéné charakterizovanych klistécich
cystatind je Sialostatin L identifikovan ve slinach I. scapularis. Sialostatin L snizuje v in
vitro testech sekreci prozanétlivych cytokint, expresi kostimula¢nich molekul a ovliviiuje
rovnéz T bunky po stimulaci LPS (94, 95). Mechanismus imunomodulace DC vlivem tohoto
klistéciho cystatinu spolu s pfibuznym Sialostatinem L2 byl analyzovan na urovni signalnich
drah v dalsich dvou ptedlozenych pracich (96, 97).

Dalsi skupinou klistécich proteint, které byly intenzivné studovany, jsou serpiny. Serpiny
jsou inhibitory serinovych protedz, které reguluji hemostizu a imunologickou odpovéd'.
V klistatech jsou serpiny pfitomné ve velkém poctu a modulace imunitni odpovédi je jednou
z jejich dulezitych funkci. Do dneSniho dne bylo dle sekvenéni analyzy identifikovano ptes
60 serpint z tvrdych klistath, ovSsem jenom ne¢kolik z nich bylo charakterizovano z hlediska
jejich funkce (napft. IRIS, IRS-2 a RHS2) (98).

IRIS, prvni znamy serpin z | .ricinus inhibuje leukocytarni elastazu. Interferuje s koagulaci,
fibrinolyzou a narusuje adhezi krevnich desticek. IRIS moduluje vrozenou i adaptivni
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imunitni odpovéd’, indukuje Th2 odpovéd’ a inhibuje prozanétlivé cytokiny. Je zajimavé, Ze
schopnost inhibice prozanétlivych cytokinli je nezavisld na proteolytické aktivité¢ tohoto
serpinu (10-13).

IRS-2 je serpin z klistéte I. ricinus. Inhibuje proteazy produkované aktivovanymi neutrofily
(katepsin G) a Zirnymi buiikkami (chyméza). Bylo prokazano, ze IRS-2 potlacuje zanét tim,
ze inhibuje migraci neutrofild do postizeného mista (98). Posledni ptedlozena studie se
zabyva uc¢inky tohoto serpinu na funkci DC.

Klistéci sialostatin L2 oslabuje interferonovou signalizaci v mysich dendritickych

bunikach (5. predloZena prace)

Lieskovska J., Palenikova J., Sirmarova J., Elsterova J., Kotsyfakis M., Campos Chagas A.,
Calvo E., Ruzek D., Kopecky J. (2015): Tick salivary cystatin sialostatin L2 suppresses IFN
responses in mouse dendritic cells. Parasite Immunology. Feb;37(2):70-8.

V 5. pfedloZzené praci jsme se zabyvali otazkou, jestli cystatiny Sialostatin L a Sialostatin L2
ovliviiuji interferonovou signalizaci, podobné jako klistéci sliny. Vliv Sialostatinu L a
piibuzného Sialostatinu L2 na IFN signalizaci byl analyzovan na trovni a) fosforylace
STAT1 a STAT2, b) indukce ISG (IRF7 a IP-10) a c) ucinku IFN na replikaci TBEV.
Fosforylace STAT1 a STAT2 byla negativné ovlivnéna obéma cystatiny v slezinnych DC
po aktivaci IFN-B. Dusledky této inhibice byly ovéfovany testovanim indukce vybranych
ISG. Genova exprese IRF7 a IP-10 byla inhibovana pouze Sialostatinem L2. Je
pravdépodobné, Ze na inhibici ISG se podili kromé oslabené IFN signalizace 1 jina signalni
draha, ktera je ovlivnéna pouze Sialostatinem L2. Interference Sialostatinu L2 s IFN
signalizaci byla potvrzena experimentem, ve kterém Sialostatin L2 oslabil antivirovy efekt
IFN na replikaci TBEV.
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Klistéci sialostatiny L a L2 rozdilné ovliviiuji reakce dendritickych bunék na

spirochéty Borrelia (6. pfedloZena prace)
|

Lieskovska J., Palenikova J., Langhansova H., Campos Chagas A., Calvo E., Kotsyfakis M.,
Kopecky J. (2015): Tick sialostatins L and L2 differentially influence dendritic cell
responses to Borrelia spirochetes. Parasite&Vectors 15;8:275.

Piedmétem této prace bylo testovani ucinku Sialostatinu L (Sialo L) a Sialostatinu L2 (Sialo
L2) v dendritickych buikach po stimulaci ligandy receptord TLR2, TLR7, TLR9 a B.
burgdorferi. Bylo zjisténo, Ze tyto piibuzné cystatiny odlisnym zptisobem ovliviiuji funkce
DC. Oba cystatiny negativné ovliviiuji produkci chemokinu MIPa, ale pouze Sialo L2
inhibuje produkci IP-10 v myeloidnich DC (mDC) po stimulaci boreliemi. Analyza
signalnich drah v mDC odhalila, ze pouze Sialo L2 snizuje aktivitu Erk1/2, NF-xB a Akt
kinazy v TLR2 aktivovanych DC a pisobi inhibiéné na Erk1/2 kinazu v boreliemi
stimulovanych DC. Interference cystatini s TLR7 a TLR9 zavislou signalizaci byla
testovana V plazmacytoidnich DC na tdrovni produkce IFNB a exprese kostimulacni
molekuly CD86. Bylo zjisténo, Ze Sialo L snizuje jak produkci IFNP, tak expresi CD86.
Data tedy ukazala, ze Sialo L interferuje s TLR7 a TLR9 zavislou signalizaci a negativné
ovliviiuje maturaci DC a nasledny rozvoj adaptivni imunitni odpovédi. Sialo L2
interferenci s TLR2 signalizaci ovliviiuje produkci chemokini, ¢imZ potencialné
oslabuje iniciaci zanétlivé odpovédi.

Analyze mechanizmu, jakymi cystatiny Sialo L a SialoL2 ptisobi na aktivaci bunék, se
vénovalo né¢kolik studii. Jedna z nich, zamétend na odhaleni U¢inku Sialo L v Zirnych
bunkach odhalila, Ze Sialo L interferuje s transkriptnim faktorem IRF-4 a tim inhibuje
produkci prozanétlivych cytokint (IL-B) na urovni RNA (99). V piipadé Sialo L2 se zda, Ze
tento cystatin neovliviiuje jenom TLR signalizaci, ale interferuje i s aktivaci inflamazomu v
makrofazich aktivovanych Anaplasma phagocytophilum. Pozorovany efekt je specificky pro
inflamazom aktivovany A. phagocytophilum, protoze aktivace inflamazomu kanonickymi
aktivatory NLRP3 a NLRC4 nebyla ovlivnéna cystatinem Sialo L2 (100). Sialo L2 je jednim
z mala proteint klistécich slin, ktery lze povazovat za SAT faktor pro borelie; in vivo
experimentem bylo prokazano, ze intradermalni injekce borelii se Sialo L2 vede ke
zvy$enému mnozstvi spirochét v kuzi (101).

Kromé vyse zminénych cystatinti byly testovany i cystatiny pochazejicich i z jinych druht
klistat. Cystatin OmC2 ze slin me¢kkého klistéte Ornithodoros moubata byl studovan
na bunééné linii MUTZ-3 (modelovych nezralych dendritickych bunikach). Internalizace
OmC2 vedla ke snizeni exprese MHC 1l a CD86 (102).

Cystatin z Rhipicephalus haemaphysaloides, pojmenovany RHcyst-1 na rozdil od vyse
popsanych cystatini nema vliv na maturaci DC, ale inhibuje diferenciaci BMDCs. Ko-
inkubace T bun¢k s DC vede v ptitomnosti RHcyst-1 ke snizené produkci TNFo, IFNy and
IL-2 v porovnani s kontrolni skupinou (103).

Zcela novy mechanismus u¢inku byl popsan pro DsCystatin z klistéte Dermacentor silvarum
vyskytujiciho se v Ciné. Tento cystatin snizil expresi kostimulaénych molekul v LPS-
stimulovanych DC a vyznamné inhiboval indukci prozanétlivych cytokint (IL-1B, IFNy,
TNFa, and 1L6) v makrofazich derivovanych z kostni dfen€. Autoti odhalili, ze DsCystatin-
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interferuje s TLR4 signalizaci pies aktivaci autofagie. Vysledkem byla degradace signélni
molekuly TRAF6 a nasledna inhibice NF-xB, pficemz inhibice NF-kB byla pozorovana po
stimulaci LPS i B. burgdorferi. Imunosupresivni u¢inky tohoto cystatinu byly potvrzeny na
mysim modelu, kdy byly symptomy artritidy indukované B. burgdorferi ¢i Freundovym
adjuvans slabsi v pfitomnosti DsCystatinu (104).

Iristatin je zatim jediny cystatin z klistéte I. ricinus, ktery byl funkéné a strukturné
charakterizovan (105). Siroké spektrum imunosupresivnich u¢inkd tohoto cystatinu bylo
prokazano v bunkach vrozené i adaptivni imunity. Produkce cytokinu IL-2, IL-4, IL-9 a
IFNy T-lymfocyty, produkce IL-6 a IL-9 Zzirnymi buiikami a produkce oxidu dusnatého
makrofagy byly vlivem Iristatinu snizené.

Serpin IRS-2 klistéte I.ricinus ovliviiuje diferenciaci Th17 prostifednictvim inhibice
signalni drahy IL-6/STAT3 (7. piredloZena prace)

Pélenikova J, Lieskovska J, Langhansova H, Kotsyfakis M, Chmelat J, Kopecky J. (2015):
Ixodes ricinus salivary serpin IRS-2 affects Thl7 differentiation via inhibition of the
interleukin-6/STAT-3 signaling pathway. Infection&Immun. May;83(5):1949-56.

Testovani t¢inku IRS-2 na boreliemi stimulované dendritické buiiky jsme se vénovali v sedmé
ptredlozené praci (106). Bylo zjisténo, ze IRS-2 inhibuje produkci IL-6, coz nasledné ovliviuje
vyvoj Thl7 lymfocytd. Th17 lymfocyty hraji dalezitou roli v imunitni odpovédi na
extracelularni patogeny, mezi které patii i borelie. Interleukin 6, produkovany dendritickymi
buitkami po stimulaci boreliemi, je klicovy pro vyvoj Th17 lymfocytd a pfi jeho absenci
nedochazi k aktivaci STAT3 signalni drahy. IRS-2 inhibuje produkci IL-6, aktivaci STAT3
signalni drahy a sniZuje procento Th17 lymfocytli po boreliové infekci. Data prokazala, Ze
klistéci serpin IRS-2 moduluje adaptivni imunitni reakci béhem boreliové infekce pomoci
inhibice produkce IL-6.

Z tad klistécich serpinti byl nedavno prokazan imunomodula¢ni efekt serpinu RHS2 z R.
haemaphysaloides na dendritické butiky. RHS2 inhibuje diferenciaci a maturaci DC, snizuje
produkci prozanétlivych cytokinti a zvysuje IL-4, inhibuje aktivaci CD4 a CD8 T bunék po
stimulaci LPS. Autofi zjistili, Ze hladina mRNA a fosforylace signalnich molekul p38, ERK

a STAT byly béhem diferenciace DC z bunék kostni diené ptisobenim RHcyst-1 snizeny
(107).
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SUMMARY

Type I interferon (IFN), mainly produced by dendritic cells
(DCs), is critical in the host defence against tick-transmitted
pathogens. Here, we report that salivary cysteine protease
inhibitor from the hard tick Ixodes scapularis, sialostatin L2,
affects IFN-[ mediated immune reactions in mouse dendritic
cells. Following IFN receptor ligation, the Janus activated
kinaseslsignal transducer and activator of transcription
(JAKISTAT) pathway is activated. We show that sialostatin
L2 attenuates phosphorylation of STAT in spleen dendritic
cells upon addition of recombinant IFN-f. LPS-stimulated
dendritic cells release IFN-f which in turn leads to the induc-
tion of IFN-stimulated genes (ISG) through JAKISTAT
pathway activation. The induction of two ISG, interferon reg-
ulatory factor 7 (IRF-7) and IP-10, was suppressed by sia-
lostatin L2 in LPS-stimulated dendritic cells. Finally, the
interference of sialostatin L2 with IFN action led to the
enhanced replication of tick-borne encephalitis virus in DC.
In summary, we present here that tick salivary cystatin nega-
tively affects IFN-f§ responses which may consequently
increase the pathogen load after transmission via tick saliva.

Keywords tick, dendritic cell, interferon, cystatin

INTRODUCTION

Ticks are blood-feeding parasites that transmit many
pathogens of medical importance (e.g. Lyme disease agent
Borrelia burgdorferi, tick-borne encephalitis virus, etc.).
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Hard ticks feed on their host for several days and success-
ful feeding depends on a cocktail of salivary proteins
which are injected into the host (1). These proteins have
antihaemostatic, anti-inflammatory and immunomodula-
tory properties and support transmission of pathogens (2).
Sialostatin L2 (Sialo L2) and sialostatin L (Sialo L) are
inhibitors of cysteine peptidases, which have been charac-
terized in the hard tick Ixodes scapularis. Both sialostatins
are strong inhibitors of cathepsin L, while sialostatin L
strongly inhibits also cathepsin S, a protease which plays
an important role in the processing of antigens (3, 4). Sia-
lostatin L2 is necessary for tick feeding success (5) and is
one of the salivary molecules identified as saliva activated
transmission factors; particularly, sialostatin L2 supports
Borrelia burgdorferi transmission in vivo (6). The precise
mechanism behind this effect is however not clear. In
addition, it has been reported that sialostatin L2 inhibits
caspase-1-mediated  inflammation
phagocytophilum infection (7).
Numbers of immunosuppressive effects of sialostatin L
have been demonstrated. Sialostatin L inhibited the
inflammatory reaction induced by carrageenan and caused
decline of the T-cell line CTLL-2 proliferation (4). Fur-
ther, the asthma symptoms were severally suppressed by
sialostatin L in the model of experimental asthma. The

during  Anaplasma

inhibition of host hypersensitivity was due to suppression
of the asthma promoting cytokine IL-9 (8). With regard
to dendritic cell function, sialostatin L can inhibit LPS-
induced dendritic cell maturation and proliferation of Ag-
specific CD4+ T lymphocytes (9).

Dendritic cells, known as professional antigen-present-
ing cells, play a critical role in initiating and modulating
immune response elicited upon recognition of pathogens.
Upon sensing pathogens by pattern recognition receptors,
including Toll-like receptors (TLR), DCs produce several
cytokines and chemokines which in turn regulate, in auto-

© 2014 John Wiley & Sons Ltd



Volume 37, Number 2, February 2015

crine and paracrine manner, the establishment of an innate
immune response (10). DCs are producers but also key
responders to ITFN.

Type I IFNSs, represented by IFN-o and IFN-f, play an
important role in direct antiviral defence as well as linking
the innate and adaptive immune responses. Type I IFNs
bind to their heterodimeric IFNo/f} receptor containing
IFNAR-1 and IFNAR-2, both members of cytokine
receptor superfamily (11). The binding of IFN to its recep-
tor triggers the internalization of IFNAR-1 and IFNAR-2
and results in activation of associated tyrosine kinases
Tyk2 and JAKI, which in turn phosphorylate signal trans-
ducer and activator of transcription (STAT)-1 and STAT-
2. Upon activation, STATs bind to IFN-stimulated
response elements in the promoter of IFN-stimulated
genes (ISG) (11), for example IFN regulatory factor
(IRF)-1 and IRF-7. Products of ISG confer to these cells
an antiviral status. Type I interferons also regulate the
production of CX chemokine ligand 10 (CXCL10/IP-10),
as well as interleukin-12 (12).

In the previous report, we demonstrated that tick saliva
suppresses IFN signalling in dendritic cells upon LPS and
Borrelia infection (13). In this study, we analysed the pos-
sible effect of tick salivary cystatins on the host immune
response through interfering with type I IFN action.

MATERIALS AND METHODS

Animals

Female C57BL/6 mice (10 weeks of age) were obtained from
Charles River Laboratories. All experiments were per-
formed with permission from local animal ethics committee.

Preparation of recombinant cystatins

Recombinant cystatins were expressed in Escherichia coli
followed by purification of active protein, as previously
described (3, 6). LPS contamination was removed by Arvys
Proteins using the detergent extraction method. After this
procedure, the presence of endotoxin was estimated with a
sensitive fluorescent-based endotoxin assay (PyroGene
recombinant factor C endotoxin detection system; Lonza
Biologics); estimated presence of endotoxin was 4 x 1077
endotoxin U/ug protein (approximately 3 x 10~'* endo-
toxin g/pg protein) for both cystatins. When testing the rec-
ombinants, the endotoxin level was <2 pg per ml.

Spleen dendritic cells isolation

Mouse spleens were minced with scissors, digested in
RPMI containing Liberase DL (0-67 U/mL) and DNase |
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(0-2 mg/mL) (both from Roche) for 30 min at 37°C and
passed through a 70-pm nylon cell strainer (BD Falcon).
Spleen dendritic cells (sDCs) were isolated using magnetic
beads conjugated with anti-CD11c (N418) Ab and MACS
Column separation following the manufacturer’s instruc-
tions (Miltenyi Biotec). Purified sDCs were cultured in
RPMI 1640 medium supplemented with 10% heat-inacti-
vated foetal calf serum (FCS), 50 pm 2-mercaptoethanol,
100 U/mL penicillin and 100 pg/mL streptomycin (all
from Sigma-Aldrich). Purity of isolated sDC (approxi-
mately 90% CDl1lc+ cells) was determined by subsequent
FACS analysis.

Derivation of dendritic cells from bone marrow

Bone marrow-derived dendritic cells (bmDCs) were pre-
pared as described before by Inaba e al (14), with
minor modifications. Briefly, mice were sacrificed by cer-
vical dislocation, intact femurs and tibias were removed,
and bone marrow was harvested by repeated flushing
with MEM. Bone marrow cells (10%mL) were cultured
for 7 days in 6-well plate in RPMI 1640 medium sup-
plemented with 10% FCS, 50 mm HEPES, 2 mm gluta-
mine, 50 um 2-mercaptoethanol, penicillin, streptomycin,
amphotericin B and 30 ng/mL of recombinant mouse
GM-CSF (R&D). On day 3 and 5, nonadherent cells
were depleted and 70% of medium was replaced with
the fresh medium. On day 7, nonadherent cells were
harvested, washed in fresh medium and used as imma-
ture DCs.

IP-10 and IFN-$ measurement

Freshly isolated sDCs were cultured in 96-well plate at a
concentration of 2 x 10° cells per well for 20 h. Follow-
ing 2 h incubation with tick cystatins (3 um), the cells
were  stimulated with LPS (100 ng/mL) (from
Escherichia coli K-235, Sigma-Aldrich). Cell-free culture
supernatants were harvested 6 h after stimulation and
used for IFN-B determination by LEGEND MAX™
mouse IFN-f ELISA Kit (BioLegend) (detection limit
for IFN-B was 1.8 pg/mL) or after 24 h for IP-10
determination using Murine IP-10 ELISA Development
Kit  (PeproTech), following the  manufacturer’s
instructions.

Quantitative PCR — measurement of IRF-7 gene
expression

Freshly isolated sDCs were cultured in 24-well plate at a
concentration of 2 x 10° cells per well for 18 h. Following
2 h incubation with tick cystatins (3 um), the cells were
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stimulated with LPS (100 ng/mL) for 6 h. Cells were lysed
and total RNA was isolated using Nucleospin RNA 1T kit
(Macherey-Nagel, GmbH & Co. KG, Duren, Germany)
according to the manufacturer’s instructions. 1 pg of total
RNA was used for transcription to cDNA by High capac-
ity RNA-to-cDNA kit (Applied Biosystems). 1 of 10 of
cDNA was added to qPCR reaction using a cycler Rotor-
Gene 3000 and Rotor-Gene 6.0.19 software (Corbett
Research). IRF-7-specific primers, forward 5-CACTGAG
TTCTGAACCTA-3, reverse 5-GTTGGTAACAGGTAG
GAA-3', and FAM-labelled probe 5-ACCACAAGTTCTC
AAACCTCATCTG-3' with BHQI quencher (Sigma) were
used. The relative expression of IRF-7 was determined by
comparative CT method (15), where mouse-B-actin was
used as a housekeeping gene (Applied Biosystems). All
reactions were performed in triplicates.

Flow cytometry — surface expression of IFNAR-1

sDCs were cultured in 96-well plate at a concentration of
2 x 10° cells per well for 20 h. Following 2 h incubation
with sialostatins (3 pm), the cells were stimulated with
10 U of IFN-B for 30 and 60 min. Cells were collected
(using cold 5 mm EDTA in PBS) and stained with anti-
mouse-IFNAR-1 antibody (clone MARI1-5A3) or with
corresponding isotype control, both conjugated with phy-
coerythrin (BioLegend). CDl1l1c¢ positive cells (detected by
anti-CD1l1c antibody conjugated with APC, eBioscience)
were analysed for surface expression of IFNAR-1. Dead
cells were excluded from analysis using propidium iodide.
Flow cytometry was performed on FACS Canto II cytom-
eter using FACS DIVA software, v. 5.0 (BD Biosciences) and
FLOWING software 2.

Immunoblotting

Freshly isolated dendritic cells were seeded at 1 x 10°
cells per well in 24-well plate. Next day, DCs were incu-
bated 2 h with indicated concentration of tick cystatins
prior to the addition of 5 U/mL of recombinant mouse
IFN-B (PBL interferon source). Following stimulation,
the cells were lysed in a modified RIPA buffer (1%
Nonidet P-40, 0-25% sodium deoxycholate, I mm EGTA,
150 mm NaCl and 50 mm Tris-HCl (pH 7-5)) in the
presence of protease and phosphatase inhibitors (10 pg/
mL aprotinin, 1 pg/mL leupeptin, 1 mm PMSEF, 1 pg/mL
pepstatin, 25 mm NaF and 2 mm NaVOj;). The protein
extracts, mixed with Laemmli sample buffer, were sepa-
rated by SDS-PAGE and transferred to Immobilon-P
membranes. Following blocking in TBS-containing 5%
fat-free milk, the blots were incubated overnight with
the antibodies against phospho-STAT-1 (Tyr’®"), phos-
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pho-STAT-2 (Tyr®®), STAT-1 protein, STAT-2 protein,
(all from cell signalling except phospho-STAT-2 anti-
body, which was from Millipore) and GAPDH (Santa
Cruz Biotechnology). The proteins were visualized using
enhanced chemiluminescence (Pierce), and their abun-
dance was analysed using CCD image system (Chemi-
Doc™ MP Imaging System) and IMAGE LAB software, v.
4.1 (Bio-Rad).

Virus and infection

Low-passage TBE virus strain Neudoerfl (a generous gift
from Prof. F. X. Heinz, Medical University of Vienna), a
prototype strain of the European subtype, was used in the
experiments. Bone marrow-derived DCs were seeded to
96-well plate at concentration 2 x 10° per well. 24 h later,
the cells were infected by the virus at multiplicity of infec-
tion (MOI) of 10 (5 pL of virus suspension in RPMI 1640
medium with 10% FCS was added into each well). After
virus adsorption for 1 h at 37°C and 5% CO,, the cells
were washed with PBS, and complete medium without or
with sialostatin L2 (3 um) was applied. After another two
hours post-infection, recombinant mouse IFN-f (PBL
interferon source) was added to the final concentration of
100 U per ml. At 48 h post-infection, supernatant med-
ium from the wells was collected and frozen at —70°C.
Virus titres were determined by plaque assay.

Plaque assay

The porcine kidney stable cells (PS) were used to deter-
mine virus titre according to protocol described previ-
ously with minor modifications (16). PS were grown at
37°C in L-15 medium supplemented with 3% newborn
calf serum and mixture of penicillin and streptomycin
(Sigma-Aldrich). Tenfold dilutions of the virus samples
were placed in 24-well tissue culture plates, and PS cells
were added in suspension (10° of PS cells per well).
After incubation for 4 h, the suspension was overlayed
with carboxymethylcellulose (1-5% in L-15 medium).
After incubation for 5 days at 37°C, the plates were
washed with PBS and the cells were stained with naph-
thalene black (Sigma-Aldrich). Virus titre was expressed
as PFU/mL.

Statistical analysis

Student’s #-test in Medcalc 11.2.0.0 program or one-way
analysis of variance (ANovA) followed by Bonferroni test in
GRAPHPAD PRISM, version 5.0, was used to compare the dif-
ferences between control and treated groups. P < 0-05 was
considered statistically significant.

© 2014 John Wiley & Sons Ltd, Parasite Immunology, 37, 70-78
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RESULTS

Tick salivary cystatins attenuate IFN-p-triggered JAK/
STAT signalling pathway

Here, we tested tick salivary cystatins for their potential to
interfere with IFN signalling. Major signalling pathway
activated by IFN is JAK/STAT pathway (11). Both,
STAT-1 (consisting of isoforms o and B) and STAT-2 pro-
teins are phosphorylated in response to IFN. Therefore,
the phosphorylation of these STATs was measured in
spleen dendritic cells activated by recombinant IFN-B (5
U/mL) in the presence or absence of sialostatins for indi-
cated times. Three independent experiments were per-
formed with sialostatin L and two with sialostatin L2.
Both cystatins attenuated the phosphorylation of STAT-1
induced by IFN-f (Fig. 1a). While the most prominent
decrease by sialostatin L was seen at the time point
30 min and 60 min upon IFN-f addition (76-32% decrease
at 30 min (£9-74%, n =3, P = 0-01) and 83-44% decrease
at 60 min (+18-56%, n =3, P = 0-03), respectively), the
effect of sialostatin L2 at the same time points was
46-68% decrease +£19-24% (n=12) and 54-28% decrease
+32.68% (n = 2), respectively.

The phosphorylation of STAT-2 was induced with sim-
ilar kinetic as STAT-1, and the inhibitory effect of both
sialostatin L and sialostatin L2 was observed (Fig. 1b).
Sialostatin L decreased the phosphorylation of STAT-2
by 63-44% at 30 min (+12-45%, n=13, P=0-05), by
59-64% at 60 min (+£0-36%, n =3, P=0-02) and by
42-77% at 120 min (£3-38, n =3, P =0-1). The phos-
phorylation of STAT-2 was decreased by sialostatin L2
at 60 min by 19-9% (£4-51%, n =2) and at 120 min by
21-2% (£25-67%, n =2). The effect of sialostatins on
IFN signalling was also tested in peritoneal macrophages;
however, no differences in STAT-1 activation were
observed (data not shown). The inhibitory effects of sia-
lostatins on IFN signalling thus seem to be restricted to
dendritic cells.

Tick cystatins do not influence internalization rate of
IFN receptor

To understand how sialostatins attenuate STATs phos-
phorylation, we first tested at which step sialostatins
interfere with IFN signal transduction pathway. IFN
receptor is the most upstream molecule, which could be
targeted by sialostatins. IFN receptor consists of two
chains, IFNAR-1 and IFNAR-2. Upon ligation, IFNAR-
1 is internalized and rate of its internalization influences
downstream signalling [reviewed in references (17, 18)].
We determined the kinetics of receptor internalization by

© 2014 John Wiley & Sons Ltd, Parasite Immunology, 37, 70-78
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Figure 1 Tick cystatins attenuate IFN-f signalling at the level of
JAK/STAT activation in dendritic cells. Spleen dendritic cells were
stimulated with five units of IFN- for indicated times in the
presence or absence of 3 pm sialostatin L and sialostatin L2. Cell
lysates were analysed by immunoblotting with anti-phospho-
STAT-1 antibody (a) or anti-phospho-STAT-2 antibody (b). The
membranes were after stripping reprobed with antibody against
STAT-1 protein (a) or STAT-2 protein (b), what served as a
control. Bands corresponding to the phosphorylated forms of
STAT-1 (pSTAT-1) or STAT-2 (pSTAT-2) and
nonphosphorylated forms of STATs were quantified using
scanning densitometry. Relative phosphorylations/activities of
STATSs were normalized by the STAT-1 or STAT-2 protein levels,
respectively (relative activity = pSTAT/STAT; densitometric
measurements of both STAT-1 isoforms were pooled together).
Relative activities of STAT-1 and STAT-2 achieved 60 min after
IFN stimulation were set up to 1 for better illustration. Three
independent experiments were performed with sialostatin L and
two with sialostatin L2. Representative blots are shown.

measuring the amount of IFNAR-1 on the cellular sur-
face by flow cytometry. Dendritic cells were preincubated
with sialostatin L or sialostatin L2 for 2 h and stimu-
lated with recombinant IFN-B for 30 min. The amount
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of IFNAR-1 decreased upon IFN-f addition as expected.
In the presence of either cystatins, the clearance of
IFNAR-1 from cellular surface was however comparable
to the control (Fig. 2a). The preincubation of cells with
sialostatins for even longer time did not affect the basal
surface level of IFNAR-1 (Fig. 2b, data shown for
sialostatin L). This result suggests that sialostatins do
not interfere with IFN signalling at IFNAR-1 level but
rather influence transduction downstream of IFN
receptor.

Induction of interferon-stimulated gene IRF-7 and
production of IP-10 is suppressed by sialostatin L2 in
LPS-activated dendritic cells

Stimulation of cells with TLR-4 agonist causes the release
of IFN-B which in turn activates IFN-receptor-mediated
signalling cascade and results in the induction of IFN-
stimulated genes, such as the transcription factor IRF-7
and the chemokine IP-10 (19-21). We wondered whether
the impairment of IFN signalling, observed in the pres-

—
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ence of cystatins, would result in the failure to induce
IRF-7 and IP-10 in LPS-stimulated spleen DC. We deter-
mined the level of IRF-7 gene expression in dendritic cells
incubated with LPS for 6 h in the presence or absence of
sialostatin L and sialosatin L2 (Fig. 3a). LPS induced
1-89-fold increase of IRF-7 expression as compared to
nonstimulated control. While sialostatin L did not affect
gene expression of IRF-7, the induction of IRF-7 was
completely inhibited by sialostatin L2.

The amount of chemokine IP-10 produced by LPS-stim-
ulated dendritic cells was measured by ELISA (Fig. 3b).
LPS stimulation induced comparable level of IP-10 as
10 U of IFN-B, and the significant decrease was observed
in the presence of sialostatin L2 but not sialostatin L. IP-
10 thus represents another ISG, together with IRF-7,
which is affected by sialostatin L2.

To exclude the possibility that observed impairment in
ISG by sialostatin L2 is due to the decline of IFN-§ pro-
duction, we measured the amount of IFN-f after LPS
stimulation. Dendritic cells were stimulated by LPS for
6 h, and the secreted IFN-f was measured in culture

1 } SialoL ] Sialo L2
PE-A i PE-A
IFNAR-1 i
(b) IFNAR1
6001
. .\'/‘
™
=
200

o

T

0h

Sialo L

Figure 2 Sialostatins do not impact the internalization rate of the IFN receptor (IFNAR-1). (a) Dendritic cells were preincubated with

3 pm sialostatins L or L2 for 2 h and stimulated with IFN-$ (10 U/mL) for 30 min. Cells were collected, stained with anti-IFNAR-1
antibody and analysed by flow cytometry. The surface expression of IFNAR-1 was determined in CD11c positive cell population.
Representative histograms are shown, empty histograms with solid line represent unstimulated cells, grey-filled histograms represent IFN-f-
stimulated cells, and dotted line histograms are isotype control. (b) Dendritic cells were incubated with 3 pwm sialostatin L for the times as
indicated. Cells were collected, stained and analysed as in A. Mean fluorescence intensity (MFI) values of IFNAR-1 are shown.
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supernatant. As shown in Fig. 3c, none of tested sialosta-
tins influenced IFN-B production in LPS-activated spleen
DC.
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Figure 3 Sialostatin L2 impairs induction of interferon-stimulated
genes, IRF-7 and IP-10 in LPS-stimulated DC and does not
affect the level of secreted IFN-f. (a) Dendritic cells were
activated by 100 ng/mL of LPS for 6 h in the presence or absence
of sialostatins L and L2 (both 3 pm). Transcript level of IRF-7
was determined by qPCR using specific primers for IRF-7.
Expression of IRF-7 was normalized to B-actin transcript. Data
from three independent experiments were pooled together and
relative expression of IRF-7 is shown. (b) Dendritic cells were
activated by 100 ng/mL of LPS in the presence or absence of
sialostatin L and sialostatin L2 (both 3 pm). Culture supernatants
were collected 24 h after ligand addition and analysed for the
presence of IP-10. (c) Dendritic cells were treated as in (a).
Culture supernatants were then collected and analysed by ELISA
for IFN-f. Data are expressed as the mean cytokine
concentration from triplicate wells + SD. Two independent
experiments were performed (for b and ¢), and data are shown
from the representative one. **Indicates the effect of cystatin on
IRF-7 induction/IP-10 production significant at P < 0-01.

Sialostatin L2 promotes replication of TBE virus in
dendritic cells and compromises the antiviral action of
IFN-$

The above-described findings prompted us to investigate
whether sialostatin L2 would impact the replication of
tick-borne encephalitis virus in dendritic cells. We used
Neudoerfl strain to infect dendritic cells derived from
bone marrow by GM-CSF. Spleen cells were substituted
by bone marrow DC because they produce less IFN-B
than spleen dendritic cells and therefore are more appro-
priate for showing the effect of exogenously added IFN-
B. Following virus adsorption, sialostatin L2 was added
to cell cultures and virus titre was measured 48 h later
as described in ‘Materials and Methods’. As shown in
Fig. 4, the replication of TBE virus was significantly
enhanced by sialostatin L2. The effect of IFN-f on
virus replication was determined by adding 100 U/mL
of recombinant IFN-B 2 h after virus adsorption in the
presence or absence of sialostatin L2. The antiviral
effect of IFN-B was significantly compromised by sia-
lostatin L2.

DISCUSSION

The effective inhibition of the host immune response is
essential for feeding success of ticks and as a side effect it
supports transmission and dissemination of tick-transmit-
ted pathogens (2). Intact type I IFN signalling pathway is
required for protection against viral infection. We report
in this paper that tick salivary cystatin, sialostatin L2,
attenuates IFN signalling. More specifically, it (i) interferes
with IFN-triggered signal transduction by decreasing
phosphorylation of STAT-1/2 proteins, (ii)) negatively
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Figure 4 Sialostatin L2 promotes replication of TBE virus in
dendritic cells and compromises the antiviral action of IFN-f.
Bone marrow-derived dendritic cells were infected with Neudoerfl
strain of TBE virus at MOI 10. After adsorption of the virus,
recombinant IFN-$ (100 U/mL) and/or sialostatin L2 (3 pm) were
added to the cells. Following 48 h lasted incubation, the virus
titre was determined as described under ‘Materials and Methods’.
***Indicates the difference in virus production between control
and sialostatin L2-treated cells significant at P < 0-001; indicates
the difference in virus production between IFN-f-treated and
IFN-B+ Sialo L2-treated cells significant at P < 0-05.

affects TFN-B-mediated induction of IFN-sensitive genes
in LPS-stimulated cells and (iii) promotes TBE virus repli-
cation in dendritic cells in vitro.

Type I interferons, represented by IFN-a and IFN-B,
are ones of the earliest cytokines secreted upon viral or
bacterial infection, and dendritic cells are able to secret
IFNs and react to them (22, 23). Dendritic cells play a
key role in the recognition of pathogens, and as profes-
sional antigen-presenting cells, they determine the develop-
ment of adaptive immunity. By releasing soluble
mediators, including type I IFN, they influence the innate
type of immunity as well.

Binding of IFN to its cognate receptor activates JAK/
STAT signalling pathway and leads to the induction of
IFN-stimulated genes (11). Interference of tick cystatins
with IFN-receptor-triggered signal transduction was
detected at the level of STATs phosphorylation. We
found that STAT-1 and STAT-2 phosphorylation was
decreased by both sialostatin L and sialostatin L2. Sev-
eral ways how cystatins can affect the phosphorylation
of STATs can be considered. The phosphorylation of
STAT proteins is controlled by proteolytic processing in
addition to dephosphorylation (17, 24). The degradation
of STAT proteins was not observed by sialostatin L or
sialostatin L2, so it is apparently degree of phosphoryla-
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tion/dephosphorylation which is influenced by these
polypeptides. Whether cystatins interfere directly with
STATs phosphorylation or affect some upstream mole-
cule is not clear. At least, the possibility that cystatins
affect IFN signalling at the receptor level can be
excluded as the internalization rate of interferon receptor
(IFNAR-1) was unaffected by either cystatin. Type I
IFN, when secreted from DC, not only establishes an
antiviral state in themselves and other cells, but nega-
tively effects their phenotypic and functional activation
(25). In agreement, LPS-induced maturation of bone
marrow DC was impaired by sialostatin L, so defective
IFN signalling, observed by us could contribute to this
effect (9).

Immunomodulatory effects of several cystatins from
various parasites were reported pointing to the impor-
tance of these inhibitors in parasite-host interaction
[reviewed by (26)]. The interference of parasitic cystatin
with the IFN action is a novel finding. In fact, there is
only one reported case showing the inhibition of IFN
signalling by a cystatin, particulary cellular cystatin B
(27, 28). Cystatin B is co-expressed with STAT-1 in
human macrophages, inhibits IFN-B response by pre-
venting phosphorylation of STAT-1 and is associated
with increased HIV-1 replication in human macrophages.
Interestingly, these effects are likely mediated by cystatin
interaction with proteins lacking any proteolytic function
(28). Thus, cystatins, although primarily recognized as
inhibitors of cysteine proteases, can function as regula-
tory proteins.

In DC, the stimulation with TLR-4 agonist leads to
the production of IFN-B. Released IFN-f binds to IFN
receptor and induces the expression of IFN-stimulated
genes, such as the transcription factor IRF-7 and the
chemokine IP-10 (20, 21, 29). We show that the induc-
tion of both, IRF-7 and IP-10, was impaired by sialost-
atin L2 in LPS-stimulated dendritic cells. IRF-7 is an
important transcription factor involved in positive regu-
lation of TLR signalling and is also required for robust
IFN induction (30). Furthermore, it has been shown
that IRF-7 is critical for the induction of antiviral ITFN-
o response during West Nile virus (another member of
Flaviviridae family) infection (31). We can speculate that
sialostatin L2 could similarly interfere with antiviral host
response through downregulation of IRF-7.

The consequences of impaired IFN signalling for
pathogen transmission/growth can be expected. And
indeed, the replication of TBE virus in bone marrow
dendritic cells was enhanced in the presence of sialosta-
tin L2, possibly as a consequence of impaired IFN sig-
nalling. Moreover, the antiviral action of exogenously
added recombinant IFN-B was also compromised by Si-

© 2014 John Wiley & Sons Ltd, Parasite Immunology, 37, 70-78
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alo L2. To show this effect, we had to substitute spleen
DC by bone marrow DC. It was due to the lack of an-
tiviral effect of exogenous IFN-B on TBE virus replica-
tion in spleen DC (presumably because of high
endogenous level of IFN-B). Thus, for mechanistic part
of the study, we utilized spleen DC and the biological
effect of sialostatin L2 was shown in bone marrow DC.
Of note, the promotion of Borrelia burgdorferi ‘growth’
by sialostatin L2 was observed in vivo when intrader-
mally injected into mice (6).

In summary, we present here a novel finding that tick
salivary cystatin sialostatin L2 attenuates the interferon
responses in dendritic cells. The suppression of IFN-stimu-
lated genes induced in LPS-stimulated dendritic cells and
the enhancement of the TBE virus replication in DC by

Interference of tick salivary cystatin with the host immune response

sialostatin L2 have been demonstrated. The inhibitory
effect of tick cystatin on interferon responses in host den-
dritic cells is a newly described mechanism elucidating the
role of tick saliva in the transmission of tick-borne patho-
gens.
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Abstract

maturation of these cells.

growth in vivo is discussed.

Background: Transmission of pathogens by ticks is greatly supported by tick saliva released during feeding.
Dendritic cells (DC) act as immunological sentinels and interconnect the innate and adaptive immune system.
They control polarization of the immune response towards Th1 or Th2 phenotype. We investigated whether
salivary cystatins from the hard tick Ixodes scapularis, sialostatin L (Sialo L) and sialostatin L2 (Sialo L2), influence
mouse dendritic cells exposed to Borrelia burgdorferi and relevant Toll-like receptor ligands.

Methods: DCs derived from bone-marrow by GM-CSF or Flt-3 ligand, were activated with Borrelia spirochetes or
TLR ligands in the presence of 3 uM Sialo L and 3 uM Sialo L2. Produced chemokines and IFN-3 were measured by
ELISA test. The activation of signalling pathways was tested by western blotting using specific antibodies. The
maturation of DC was determined by measuring the surface expression of CD86 by flow cytometry.

Results: We determined the effect of cystatins on the production of chemokines in Borrelig-infected bone-marrow
derived DC. The production of MIP-Ta was severely suppressed by both cystatins, while IP-10 was selectively inhibited
only by Sialo L2. As TLR-2 is a major receptor activated by Borrelia spirochetes, we tested whether cystatins influence
signalling pathways activated by TLR-2 ligand, lipoteichoic acid (LTA). Sialo L2 and weakly Sialo L attenuated the
extracellular matrix-regulated kinase (Erk1/2) pathway. The activation of phosphatidylinositol-3 kinase (PI3K)/Akt
pathway and nuclear factor-kB (NF-kB) was decreased only by Sialo L2. In response to Borrelia burgdorferi, the activation
of Erk1/2 was impaired by Sialo 2. Production of IFN-f3 was analysed in plasmacytoid DC exposed to Borrelia, TLR-7,
and TLR-9 ligands. Sialo L, in contrast to Sialo L2, decreased the production of IFN-3 in pDC and also impaired the

Conclusions: This study shows that DC responses to Borrelia spirochetes are affected by tick cystatins. Sialo L
influences the maturation of DC thus having impact on adaptive immune response. Sialo L2 affects the production of
chemokines potentially engaged in the development of inflammatory response. The impact of cystatins on Borrelia

Keywords: Dendritic cells, Borrelia burgdorferi, Tick cystatin, Signalling

Background

Borrelia burgdorferi, the causative agent of Lyme disease,
is transmitted to mammals through the bite of infected
Ixodes ticks. In the skin, dendritic cells (DC) are among
the first immune cells to come into contact with B. burg-
dorferi [1]. B. burgdorferi elicits a potent cytokine/
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chemokine response through activation of multiple pat-
tern recognition receptors on innate immune cells, in-
cluding Toll-like receptor (TLRs), NOD-like receptors
(NLRs), and C-type lectin receptors (CLRs) [2]. TLRs
have an essential role in the control of B. burgdorferi
burden, because mice deficient in the common TLR
signaling molecule myeloid differentiation primary
response 88 (MyD88), have up to 250-fold more spiro-
chetes than the wild-type controls [3, 4]. Among Toll-
like receptors (TLRs), TLR-2 has been found to be the
most important receptor for induction of pro-
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inflammatory mediators, whereas endosomal receptors
TLR-7 and TLR-9 mediate type I interferon production [5—
9]. All these TLRs utilize MyD88 as adaptor molecule, how-
ever, TLR-2 dependent inflammatory responses to B. burg-
dorferi can also be mediated by Toll-IL-1 receptor domain-
containing adaptor inducing IFN- (TRIF) [10]. Borrelia spi-
rochetes activate multiple signalling pathways through these
adaptors, including nuclear factor-kB (NF-kB), mitogen-
activated protein kinases (MAPK) (extracellular matrix-
regulated kinase (Erk) 1/2, p38, Janus N-terminal kinase
(JNK)) [11-13], phosphatidylinositol-3 kinase (PI3K) [14],
and Protein kinase C (PKC) pathways [15]. The p38 MAPK
and NF-kB are critically involved in the expression of
pro-inflammatory cytokines [12, 16], whereas PI3K pathway
is fundamental for optimal phagocytosis [14]. Borrelia
also strongly induces anti-inflammatory cytokine IL-10,
which has overall suppressive effect on induction of
pro-inflammatory mediators [17, 18].

Dendritic cells, as a part of innate immune system, pro-
duce several cytokines and chemokines which in autocrine
and paracrine manner regulate the establishment of an in-
nate immune response, including the recruitment of mono-
cytes, macrophages, and neutrophils [19]. In addition, DC
upon sensing pathogens undergo the maturation process,
characterized by increased expression of co-stimulatory
molecules, which is necessary for proper presentation of
antigen to naive T-cells. In vitro, dendritic cells can be
obtained by culturing of bone- marrow cells in the pres-
ence of two cytokines, granulocyte-macrophage colony-
stimulated factor (GM-CSF) or Fms-like tyrosine kinase 3
ligand (FIt-3L), respectively. By GM-CSE, the myeloid sub-
set of dendritic cells can be generated, while with the Flt-3
ligand, lymphoid- type of plasmacytoid dendritic cells
(pDC) can be obtained [20, 21]. The pDC are charac-
terised by robust production of type I IFN [22]. These
subsets of DC differ in the cytokine profiles they induce in
T cells in vivo [23].

Dendritic cells are key players in host defense against
tick-transmitted borreliae [1]. However, many functions
of DC are negatively influenced by tick saliva [24—26]. In
addition to prostaglandin E2 [27], purine nucleoside ad-
enosine [28] and Salpl5 [29], tick cystatins are also in-
volved in the effect of tick saliva on dendritic cells [30].

Sialostatins L and L2 are cysteine protease inhibitors
of the hard tick Ixodes scapularis. Both are strong inhib-
itors of cathepsin L [31, 32], but sialostatin L also
inhibits cathepsin S. Immunosuppressive effects of Sialo
L have been demonstrated in T cell line CTLL-2 [32]
and lipopolysaccharide-activated DC [33]. Expression of
Sialo L2 is greatly enhanced by feeding and is necessary
for tick feeding success [34]. In addition to being able to
enhance the growth of Borrelia burgdorferi in vivo [35],
this sialostatin has been shown to inhibit the inflamma-
some formation during infection with Anaplasma

Page 2 of 11

phagocytophilum in macrophages through targeting
caspase-1 activity [36].

In order to understand how Sialo L2, a tick salivary
molecule, can support Borrelia establishment in the
host, we studied the effect of tick cystatins on DC mat-
uration and function. The effect on the production of
chemokines, IFN-B and signalling pathways activated in
dendritic cells by Borrelia spirochetes and relevant TLR
ligands was analysed.

Methods

Animals

Female C57BL/6 mice (10 weeks of age) were obtained
from Charles River Laboratories. All experiments were
performed with permission from Local animal ethics
committee of the Institute of Parasitology, Biology
Centre ASCR Ceské Budéjovice, PID 167/2011.

Bacteria

The strain of Borrelia burgdorferi sensu stricto obtained
from ATCC collection was grown in Barbour-Stoenner-
Kelly-H (BSK-H) medium (Sigma) supplemented with
6 % rabbit serum at 34 °C. The fourth passage was used
in the experiments.

Preparation of recombinant cystatins

Recombinant cystatins Sialo L and Sialo L2 were expressed
in Escherichia coli followed by purification of active protein,
as previously described [31, 35]. LPS contamination was re-
moved by Arvys Proteins using the detergent-based extrac-
tion method. The presence of endotoxin was estimated
with a sensitive fluorescent-based endotoxin assay (Lonza
Biologics) and was <3 x 107** endotoxin g/ug protein for
both cystatins. The endotoxin level did not exceed 2 pg/ml
during testing the effect of cystatins on DC.

Generation of bone-marrow-derived dendritic cells
Bone-marrow derived conventional dendritic cells (DC)
and plasmacytoid (pDC) dendritic cells were prepared as
described before [20, 21], respectively, with minor modifi-
cations. Briefly, mice were sacrificed by cervical disloca-
tion, intact femurs and tibias were removed, and bone
marrow was harvested by repeated flushing with MEM.
To derive conventional DC, bone marrow cells (10°/ml)
were cultured for 7 days in 6-well plate in RPMI 1640
medium supplemented with 10 % FCS, 50 mM HEPES,
2 mM glutamine, 50 pM mercaptoethanol, penicillin,
streptomycin, amphotericin B, and 30 ng/ml of recom-
binant mouse GM-CSF (Sigma-Aldrich). Half of the
medium was replaced with the fresh medium on day 3
and 5. On day 7, non-adherent cells were harvested and
used as immature DC.

To analyse the effects of cystatins on DC differentiation,
10° bone-marrow cells were seeded in 96-well plate in the
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same medium as described above (including GM-CSF)
and the Sialo L or Sialo L2 were added to the culture on
day 3 to final concentration 3 uM. Cells were fed on day 5
and 7, and harvested on day 9. Surface expression of
MHC class II was determined by flow cytometry within
CD11c-positive population.

To derive plasmacytoid cells, bone marrow cells
(1.5 x 10° / ml) were cultured for 8 days in 6-well plate
in RPMI 1640 medium supplemented with 10 % FCS,
sodium pyruvate, glutamine, penicillin, streptomycin,
amphotericin B (PAA) and 100 ng/ml of recombinant
human Flt-3L (R&D Systems). Half of the medium was
replaced once after 4 days of culture. On day 8, non-
adherent cells were harvested, washed in fresh medium
and used in subsequent experiments.

IFN-B measurement

Freshly derived pDC were seeded in 96-well plate at a
concentration of 2 x 10° cells per well. Following 2 h incu-
bation with Sialo L or Sialo L2 (each 3 uM) the cells were
stimulated with spirochetes at MOI =10 (10 spirochetes
per 1 cell), imiquimod (R837, 2 pg/ml) (InvivoGen), or
CpG (ODN1668, 50 nM) (Enzo Life Sciences). MOI = 10
was sufficient to activate DC as shown previously [37].
IEN-B was determined in cell-free culture supernatants
harvested 5 and 16 h after stimulation using LEGEND
MAX™ mouse IFN-B ELISA Kit (BioLegend) following the
manufacturer’s instructions.

Chemokine measurements

BMDC were seeded at concentration 0.5 x 10° or 2 x 10°
cells per well in 24-well plate or 96-well plate, respect-
ively. Next day DCs were incubated 2 h with Sialo L or
Sialo L2 (both 3 uM) and then B. burgdorferi was added
at MOI = 10. After 24 h, cell-free supernatants were col-
lected and analysed in Proteome Profiler™ antibody array
according the manufacturer’s instructions (R&D). The
chemokines were visualized by enhanced chemilumines-
cence and the abundance of signal was measured using
CCD image system (ChemiDoc™ MP Imaging System)
and Image Lab software, v. 4.1 (BIO-RAD). Alternatively,
the amount of secreted chemokines (IP-10, MPC-1,
MIP-1a, MIP-1B, and MIP-2) was determined in cell-
free culture supernatants using ELISA kits (PeproTech)
following the manufacturer’s instructions.

Flow cytometry

Bone marrow-derived pDC were seeded on 96-well plate
at the concentration of 1 x 10° cells per ml of complete
culture medium with Flt-3L and pretreated with either
Sialo L or Sialo L2 (both 3 uM). After 2 h, cells were ac-
tivated either with imiquimod (2 pg/ml), CpG
(ODN1668, 50 nM) or B. burgdorferi spirochetes (MOI
=10). After 24 h incubation, cells were washed once in
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PBS with 1 % FCS and stained for flow cytometry analysis
with anti-CD11c-PE  mAb, anti-MHCII-AlexaFluor700
mADb, anti-CD86-APC mAb (all from eBioscience), anti-
CD11b-FITC mADb, and anti-B220-PE-Vio770 mAb (both
from Miltenyi Biotech). Dead cells were excluded from
analysis using propidium iodide. Flow cytometry was per-
formed on FACS Canto II flow cytometer and data were
analysed using FACS Diva software, v. 5.0 (BD Biosci-
ences). Plasmacytoid DCs were gated from living single
cells as CD11c+, CD11b- and B220+. Levels of expression
of CD86 were measured as MFI of APC.

Immunoblotting

BMDC were seeded at 0.5 x 10° cells per well in 24-well
plate. Next day DCs were incubated 2 h with tick cysta-
tins (each 3 pM) prior to the addition of LTA (2 pg/ml)
for 15, 30, and 60 min or Borrelia spirochetes (MOI =
10) for 15, 30, 60, and 120 min. Afterwards, cells were
lysed in a RIPA buffer (1 % Nonidet P-40, 0.25 % sodium
deoxycholate, 1 mM EGTA, 150 mM NaCl, and 50 mM
Tris-HCI (pH 7.5)) in the presence of protease inhibitors
(10 pg/ml aprotinin, 1 pg/ml leupeptin, 1 mM phenyl-
methylsulfonyl fluoride, 1 pg/ml pepstatin) and phos-
phatase inhibitors (25 mM sodium fluoride and 2 mM
sodium orthovanadate). 20 ug of total proteins were sep-
arated by SDS-PAGE using an 8 % gel and then electro-
transferred to Immobilon-P membranes. The blots were
incubated overnight at 4 °C with the antibody recogniz-
ing phospho-NF-kB p65 (Ser’®), phospho-p44/42
MAPK (Erkl1/2) (Thr*®%/Tyr***), phospho-p38 MAPK
(ThrISO/TyrISZ), phospho-Akt (Ser?”®), total NF-«xB p65,
p44/42 MAPK (Erk1/2), p38 MAPK, Akt, and p-actin
(all from Cell Signalling) followed by incubation with
secondary antibody conjungated with horse radish perox-
idase. The proteins were visualized using enhanced chemi-
luminescence (Pierce), and their abundance was analysed
using CCD image system (ChemiDoc™ MP Imaging Sys-
tem) and Image Lab software, v. 4.1 (BIO-RAD).

Statistical analysis

One-way analysis of variance (ANOVA) followed by Bon-
ferroni test in GraphPad Prism, version 5.0 was used to
compare the differences between control and treated
groups. P<0.05 was considered statistically significant
and is marked by one star, P <0.01 is marked by two stars.

Results

Sialostatin L2 decreases the MIP-a and IP-10 production
by dendritic cells in response to Borrelia burgdorferi
Numbers of chemokines known to recruit leukocytes to
the infection site are upregulated in DC during Borrelia
infection [18, 38]. We aimed to determine the effect of
cystatins on chemokine production by bone-marrow de-
rived dendritic cells upon Borrelia stimulation. We utilised
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proteome chemokine array to screen which chemokines
are induced by Borrelia spirochetes, and which might
be affected by sialostatins. Addition of borreliae resulted
in a 3.5-fold increase of neutrophil-recruiting chemokine
CXCL1 (KC), 4.5-fold rise of CXCL10 (IP-10) and 18.6-
fold increase of monocyte/macrophage recruiting chemo-
kine CCL3/CCL4 (MIP-1a/p). Two-fold rise and less was
observed in case of CXCL2 (MIP-2), CCL5 (RANTES),
CCL2 (MCP-1/JE), CXCL5 (LIX), and CXCL16 (Fig. la).
The production of all tested chemokines was reduced by
Sialo L2, except for KC and MIP-1y which remained un-
changed (MIP-1a/p by 23 %, MIP-2 by 18 %, RANTES by
15 %, JE by 29 %, LIX by 25 %, CXCL16 by 32 % and IP-
10 by 44 %). Sialo L, in contrast to Sialo L2, did not influ-
ence either of these chemokines in the array. The effect of
sialostatins on selected chemokines (MIP-1a, MIP-1f, IP-
10, MIP-2, and JE) was further analysed by ELISA. The in-
hibitory effect of sialostatin L2 was confirmed for two che-
mokines; the production of MIP-la and IP-10 was
significantly decreased (Fig. 1b, c). However, we did not
observe any effect of sialostatin L2 on other tested chemo-
kines (data not shown). Interestingly, MIP-1a was inhib-
ited also by sialostatin L. This was not seen in the
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proteome array likely because of using pan antibody not
able to distinguish between MIP-1a and MIP-1f.

The effect of sialostatin L2 on the signalling pathways

activated by LTA and Borrelia burgdorferi in dendritic cells
Induction of proinflammatory mediators by B. burgdor-
feri is mediated by multiple signalling pathways through
ligation of several TLRs. Because TLR-2 is known to be
strongly activated by Borrelia lipoproteins, we first tested
the activation of signalling pathways upon addition of
lipoteichoic acid (LTA), a ligand for TLR-2, in the pres-
ence or absence of both cystatins. The pathways import-
ant for induction of pro- inflammatory cytokines and
chemokines were analysed: Erk1/2 and p38 MAP ki-
nases, NF-«B, and PI3K/Akt pathways (Fig. 2a). Sialo L2
attenuated phosphorylation of Erk1/2 (decrease by 72 %
at 60 min), while Sialo L decreased this signalling mol-
ecule by 37 % at 60 min (Fig. 2b). The activation of p38
MAP kinase remained unchanged in the presence of
both cystatins (Additional file 1a). Interestingly, the acti-
vation of PI3K pathway, measured by the phosphoryl-
ation of its downstream target Akt, was decreased by 76
% in the presence of Sialo L2. No such effect was
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Fig. 2 Effect of sialostatins on the signalling pathways activated by LTA in dendritic cells. Dendritic cells were seeded in 24-well plate. Next day DCs were
incubated 2 h with tick cystatins (both 3 pM) prior to the addition of LTA (2 ug/ml) and further incubated for indicated times. Afterwards, cells were lysed
and obtained protein extract was further analysed by immunoblotting using antibodies recognizing phosphorylated form of tested kinases. Membranes were
stripped and reprobed with antibodies against total kinase protein, which served as a control (@). Proteins were visualized by enhanced chemiluminescence.
Bands were quantified using scanning densitometry and phosphorylation/activities of Erk1/2 (b), Akt (c), and NF-kB (d) kinases were normalized by total kinase
protein level (relative activity = phospho kinase/total kinase). Three independent experiments were performed and representative blots are shown. Graphs
represent the average + SD from 2-3 experiments, the relative phosphorylation of kinase achieved at 60 min upon LTA stimulation was set up to 1 to allow

observed in case of Sialo L (Fig. 2c). The phosphoryl-
ation of NF-kB was decreased by sialostatin L2 by 59 %
at 60 min (Fig. 2d).

Similarly, dendritic cells were exposed to B. burgdorferi
and the effect of Sialo L2 and Sialo L on signalling path-
ways was analysed. All tested pathways were activated
with different kinetics compared to LTA. The phosphoryl-
ation of Erk1/2 kinase was impaired by Sialo L2 (decrease
by 45 % at 30 min and by 22 % at 60 min) and by Sialo L
by 29 % at 60 min (Fig. 3a, b). The phosphorylation of p38

MAPK, NF- kB and Akt remained unaffected in the pres-
ence of both Sialo L2 and Sialo L (Additional file 1b).

Sialostatin L decreases production of IFN-f in plasmacytoid
dendritic cells activated by Borrelia burgdorferi and TLR-7
ligand

It has been shown that Borreliae are able to induce type
I IFNs (IFN-a and IFN-B) in macrophages and dendritic
cells and that this induction is mediated by endosomal
TLR7/8 and TLRY receptors [7-9]. Plasmacytoid (pDC)
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dendritic cells were chosen to examine the effect of tick
cystatins on Borrelia, TLR-7, and TLR-9 - induced pro-
duction of IEN-f. This subset of DC is known for great
production of type I IFN and higher expression of TLR-
7 and TLR-9 [39]. pDC were activated with Borrelia spi-
rochetes, imiquimod (TLR-7 agonist), and CpG (TLR-9
agonist) in the presence or absence of cystatins and sub-
sequently the amount of IFN-} was determined at indi-
cated time points (chosen according to Petzke et al. [9]
(Fig. 4). Upon addition of Borrelia spirochetes to cells
we observed the induction of IFN-B mainly at later time
point and this induction was significantly decreased by
sialostatin L (Fig. 4a). Similarly, the amount of secreted
IFN-B was significantly decreased by sialostatin L upon
TLR-7 ligation at both tested time points (Fig. 4b). The
presence of sialostatin L2 did not influence the amount
of produced IFN-B. When pDC were stimulated with
CpG, the production of IFN-f was more robust and
increased with time. Sialostatin L decreased the IFN-f3
production by almost 50 % (without statistical signifi-
cance), and sialostatin L2 remained without effect
(Fig. 4c).

Sialostatin L negatively affects TLR-7 and TLR-9 mediated
maturation of DCs but does not influence Borrelia
burgdorferi induced maturation

Dendritic cells, upon sensing pathogen, undergo process
of maturation, which is accompanied by an increase of ex-
pression of some co-stimulatory molecules, like CD86,
CD40, and CD80. We wondered whether cystatins Sialo L
and Sialo L2 can influence the maturation of plasmacytoid
dendritic cells stimulated by B. burgdorferi, TLR-7 and
TLR-9 ligands. The expression of co-stimulatory molecule
CD86 was analysed by flow cytometry. The phenotype of
pDC is shown in Fig. 5d, pDC were gated as CD1llc+,
CD11b-, and B220+ cells. As expected, addition of Borre-
lia spirochetes led to the increase of CD86 expression
(Fig. 5a). However, the expression of CD86 increased to
the comparable levels also in the presence of tested cysta-
tins. Thus Borrelia- induced maturation was not affected
by cystatins. On the contrary, in imiquimod-stimulated
pDC, was observed small but significant decrease in CD86
surface expression in the presence of sialostatin L com-
pared to control (Fig. 5b). Similarly, the increase of CD86
expression on DC, induced by ligation of TLR-9, was
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Fig. 4 The effect of tick sialostatins on the production of IFN-3 in
plasmacytoid dendritic cells activated by Borrelig, TLR-7, and TLR-9 ligands.
Plasmacytoid dendritic cells were activated with B. burgdorferi at MOl = 10
(@), imiquimod (2 pg/ml) (b) or CpG (50 nM) (c) in the presence or ab-
sence of sialostatins (both 3uM). Supernatants were collected 6 and 16 h
after stimulation and analysed by ELISA assay

inhibited by sialostatin L, but not sialostatin L2 (Fig. 5c).
Thus sialostatin L negatively affects TLR-7, and TLR-9
mediated maturation of DC but does not significantly
affect Borrelia-induced maturation.

Sialostatin L reduces differentiation of bone-marrow DC

As salivary molecules have an opportunity to enter bone
marrow through the bloodstream, we decided to exam-
ine the influence of cystatins on the differentiation of
dendritic cells from bone-marrow cells. The experiment
was performed according to Sun et al [40]. Bone-
marrow cells were cultured (differentiated) in the pres-
ence of GM-CSF and on day 3 sialostatin L or sialostatin
L2 were added to the cultures. After 8 days, cells were
harvested and the expression of MHC class II molecules
was determined. As shown in Fig. 6, among the CD11c
positive cells, the number of MHCII positive cells
reached 65.85 %. In the presence of sialostatin L the
number of MHCII - positive cells decreased significantly
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to 43.91 %. Sialo L2 did not affect significantly the per-
centage of MHC class II positive cells.

Discussion

Sialo L2 and Sialo L are tick salivary cystatins, which are
together with other salivary compounds released by the
hard tick L scapularis into the wound during tick feed-
ing. During this process B. burgdorferi could be trans-
mitted to the host. In response to Borrelia spirochetes,
dendritic cells and other skin-resident immunocompe-
tent cells become activated which leads to the produc-
tion of proinflammatory mediators attracting further
immune cells to the site of infection and activating
them. These events can lead to clearing of most bacteria.
It has been shown that Sialo L2, when injected intrader-
mally into the mice, increased the burden of Borrelia
spirochetes in the skin [35]. We hypothesized that ob-
served effect could result from Sialo L2 evoked changes
in dendritic cells function. Therefore we analysed the ef-
fect of Sialo L2 and related cystatin Sialo L on the
immuno-modulatory function and signal transduction of
mouse bone-marrow derived dendritic cells (DC) acti-
vated by Borrelia and relevant TLR ligands. We found
that these two tick cystatins differentially modulate the
function of DC. While Sialo L2 inhibited the production
of chemokines MIP-1a and IP-10 in response to Borrelia
spirochetes and attenuated the activation of Erk1/2,
PI3K/Akt, and NF-«B pathways in response to TLR-2
ligation (the major receptor activated by spirochetal lipo-
proteins), the related cystatin Sialo L suppressed the
production of IFN-f and attenuated the maturation and
differentiation of DC.

In our ex vivo experiments, Borrelia-stimulated bone-
marrow dendritic cells secreted several chemokines, in-
cluding neutrophil-, monocyte/macrophage-, and T cell-
recruiting chemokines, similarly as was reported by
other studies [18, 38]. Sialo L2 suppressed significantly
production of two chemokines, MIP-1a and IP-10. MIP-
la is a chemotactic factor for mononuclear cells, T cells,
and mast cells and plays a role in differentiation of type
1 Th lymphocytes. IP-10 is a CXC chemokine and at-
tracts, in addition to monocytes and Thl cells, also NK
cells [41]. We predict that the recruitment of these cells
could be impaired by Sialo L2 in vivo.

Dendritic cells are among the first immune cells to
come into contact with Borrelia in the skin [1]. Phago-
cytosis of Borrelia spirochetes leads to production of
various proinflammatory cytokines [42] including che-
mokines. Inhibitory effect of sialostatin L2 on the pro-
duction of chemokines attracting inflammatory cells into
tick feeding site can lead to reduced inflammation due
to tick saliva effect [43]. Reduced influx of inflammatory
cells could facilitate establishment and proliferation of
spirochetes in the skin [44].
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Dendritic cells are equipped with several pattern rec-
ognition receptors (PRR), which sense Borreliae, includ-
ing TLR, NLR, and LTR [2]. To reveal the mechanism of
Sialo L2 effect on chemokine production by Borrelia-ac-
tivated DC, we analysed the activation of chosen signal-
ling molecules first upon TLR-2 ligation. TLR-2 is
robustly activated by Borrelia lipoproteins [5] and critic-
ally involved in production of pro-inflammatory media-
tors, including chemokines. Moreover, TLR have an
essential role in the control of B. burgdorferi burden [2,
4], which is enhanced by Sialo L2 in vivo [35]. The most
pronounced effect of Sialo L2 on activation of tested sig-
nalling molecules in response to LTA was observed on
phosphorylation of Akt, the downstream target of PI3K
pathway. Interestingly, even the basal level of this kinase
was decreased by Sialo L2. Consequences of PI3K path-
way inhibition can be predicted. The inhibition of PI3K
significantly impaired induction of chemokine and cyto-
kine genes via TLR-2 in DC, including IP-10 [45]. Of
note, PI3K pathway plays an important role in phagocyt-
osis of Borrelia spirochetes by macrophages [14]. The in-
hibition of Akt phosphorylation was not observed by
Sialo L2 in Borrelia-activated DC, possibly due to weak
activation of this kinase.

The other pathway attenuated by Sialo L2 (in LTA and
Borrelia activated DC) was Erkl/2 mediated cascade.
Both, Erk1l/2 and PI3K kinases are indispensable for in-
duction of MIP-1a and MCP-1 in LTA stimulated mur-
ine macrophages [46]. IP-10 induction is mediated by
IFNs (often produced in response to microbial products)
and its upregulation is associated with the activation of
JAK1, JAK2/STAT1 and MAPK pathways [47-49]. The
decline of MIP-1a and IP-10 production in Borrelia-acti-
vated DCs by Sialo L2 could be thus mediated via inhib-
ition of the Erkl/2 and PI3K signalling pathways.
Recently, we have found that Sialo L2 attenuates IFN
signalling triggered by IFN-$ or LPS which leads to the
suppression of interferon stimulated genes like IRF-7
and IP-10 [50]. The decrease of IP-10 production by
Sialo L2 in response to Borrelia spirochetes could be in
part also a consequence of impaired IFN/JAK/STAT
signalling.

The third pathway influenced by sialostatin L2 upon
LTA stimulation was NF-kB pathway. The involvement
of NF-kB pathway in the induction of proinflammatory
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mediators was documented; e.g. TLR-2/NF-kB/MAPK
signalling plays a key role in IL-8 induction in macro-
phage cell line THP-1 exposed to B. burgdorferi [51].
We however did not detect any defect in the activation
of this pathway in response to borreliae. Since dendritic
cells sense borreliae by several PRR [2], the moderate ef-
fect of Sialo L2 on signals triggered through TLR-2 could
be masked by signals triggered through other receptors.

In addition to chemokines, type I interferons are im-
portant cytokines modulating immune response to path-
ogens. B. burgdorferi is able to induce type I IFN and
this induction is mediated through endosomal receptors
TLR-7 and TLR-9 [6-9]. Plasmacytoid DC are major
producers of type I IEN [52]. We found out that in plas-
macytoid dendritic cells, the amount of produced IFN-f
in response to Borrelia spirochetes and TLR-7 activation
was decreased by sialostatin L and only weakly or not at
all by sialostatin L2. IFN is pleotropic cytokine which re-
cruits NK cells, has a direct antiviral effect on cells, and
links the innate and adaptive immunity.

The down-regulation of IFN- production by Sialo L in
Borrelia/TLR-7/TLR-9 stimulated cells may have further
consequences for the development of adaptive immune re-
sponses. In general, type I interferon directly influences the
fate of CD4+ and CD8+ T cells during the initial phases of
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antigen recognition contributing to Thl commitment and
negatively regulating Th2 and Thl7 differentiation [53].
Down-regulation of interferon can bring about an opposite
effect. Moreover as sialostatin L inhibits production of IL-12
and TNF-a by DC as well as their differentiation [30], it
probably leads to Th2 polarization of the immune response
which is advantageous for Borrelia establishment in the skin
[54]. In addition to modulation of the Th differentiation,
type I IFNs also positively influence DC maturation [55, 56].

Indeed, we show that the maturation of plasmacytoid
DC induced by TLR-7 or TLR-9 ligands was also de-
creased by Sialo L (judged by expression of co-stimulatory
molecule CD86). When the maturation of DC was initi-
ated by borreliae, only statistically not significant decline
in CD86 expression was observed in the presence of Sialo
L, presumably due to the fact that Borrelia spirochetes are
weaker inducers of maturation then TLR ligands. In agree-
ment, it was previously published that Sialo L inhibits the
maturation of DC induced by LPS; it negatively affects the
expression of the costimulatory molecules CD80 and
CD86 [30]. Thus, Sialo L influenced function of dendritic
cells in a different way in comparison to Sialo L2.

We did not investigate the mechanism which is behind
the declined IFN-B production due to sialostatin L effect.
However, since cathepsin L has been implicated in process-
ing of TLR-9 [57], and sialostatins L and L2 are strong in-
hibitors of this protease [35], we could speculate that the
decline of IFN-{ is the result of impaired TLR-9 processing.
Moreover, the amount of endogenously produced IFN-f
was not affected by sialostatins in splenic DCs stimulated
with TLR-4 agonist, where no processing had occurred [50].

Finally we examined the effect of tick cystatins on the dif-
ferentiation/derivation of dendritic cells from bone marrow
and found that Sialo L negatively affects the number of
differentiated dendritic cells (MHC class II and CDll1c
positive cells). MHC class II molecule is necessary for the
presentation of antigen to naive T-cells. As cathepsin S is
implicated in the processing of the invariant chain within
MHC class II antigens and sialostatin L strongly inhibits
this protease [30], it seems likely that the decrease in MHC
class II expression is mediated through inhibition of cathep-
sin S [58]. The inhibitory effect on differentiation of BMDC
(measured by expression of MHC class II molecules) was
also reported for cystatin rHp-CPI from murine nematode
parasite Heligmosomoides polygyrus [40].

Conclusions

We show here that two related tick sialostatins affect differ-
ent functions of dendritic cells. While sialostatin L influ-
ences the maturation of DC in part through the inhibition
of IFN-P having thus an impact on adaptive immune re-
sponse, sialostatin L2 affects, through attenuation of several
signalling pathways, the production of chemokines engaged
in the development of inflammation.
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Additional file

Additional file 1: Effect of sialostatins on the signalling pathways
activated by LTA and Borrelia burgdorferi in dendritic cells. Dendritic
cells were seeded in 24-well plate. Next day DCs were incubated 2 h
with tick cystatins (both 3 uM) prior to the addition of LTA (2 ug/ml) or
Borreliae (MOl = 10) and further incubated for indicated times. Afterwards,
cells were lysed and obtained protein extract was further analysed by
immunoblotting using antibodies recognizing phosphorylated form of
tested kinases. Afterwards, membranes were reprobed with antibodies
against total kinase protein (a) or B-actin (b) which served as a control.
Proteins were visualized by enhanced chemiluminescence.
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Ixodes ricinus Salivary Serpin IRS-2 Affects Th17 Differentiation via
Inhibition of the Interleukin-6/STAT-3 Signaling Pathway

Jana Palenikova,®P Jaroslava Lieskovska,®P Helena Langhansova,®® Michalis Kotsyfakis,? Jindfich Chmelat,®° Jan Kopecky®®

Faculty of Science, University of South Bohemia, Braniovskd, Ceské Budgjovice, Czech Republic?; Institute of Parasitology, Biology Centre of the Academy of Sciences of
the Czech Republic, Branizovska, Ceské Budéjovice, Czech Republic®; Department of Clinical Pathobiochemistry, Technische Universitit Dresden, Dresden, Germany®

Th17 cells constitute a subset of CD4™ T lymphocytes that play a crucial role in protection against extracellular bacteria and
fungi. They are also associated with tissue injury in autoimmune and inflammatory diseases. Here, we report that serpin from
the tick Ixodes ricinus, IRS-2, inhibits Th17 differentiation by impairment of the interleukin-6 (IL-6)/STAT-3 signaling pathway.
Following activation, mature dendritic cells produce an array of cytokines, including the pleiotropic cytokine IL-6, which trig-
gers the IL-6 signaling pathway. The major transcription factor activated by IL-6 is STAT-3. We show that IRS-2 selectively in-
hibits production of IL-6 in dendritic cells stimulated with Borrelia spirochetes, which leads to attenuated STAT-3 phosphoryla-
tion and finally to impaired Th17 differentiation. The results presented extend the knowledge about the effect of tick salivary
serpins on innate immunity cells and their function in driving adaptive immune responses.

Ticks are bloodsucking arthropods, major vectors of human
pathogens like Borrelia burgdorferi and tick-borne encephali-
tis virus. Ticks from the family Ixodidae (hard ticks) require sev-
eral days to fully engorge. During feeding, ixodid ticks remain
tightly attached to their host (1, 2). To avoid attack from the host
immune system during the feeding period, tick saliva contains two
groups of molecules, the first with antihemostatic and the second
with immunomodulatory properties. These groups include both
proteinaceous and nonprotein molecules (3). One group of im-
munomodulatory proteins is represented by serine proteinase
inhibitors (serpins), a large superfamily of structurally related,
but functionally diverse, proteins that control essential proteo-
lytic pathways (4, 5). Recently, three serine protease inhibitors,
namely, purified human urinary trypsin inhibitor (UTI) and
two synthetic serpins, gabextate mesilate (FOY) and nafamo-
stat mesilate (FUT), which are widely used in treatment of
acute inflammatory disorders, such as disseminated intravas-
cular coagulation (DIC), have been shown to attenuate allergic
airway inflammation and remodeling in a murine model of
chronic asthma. These effects were associated with inhibition
of Th2 cytokines (interleukin-4 [IL-4], IL-5, IL-6, and IL-13)
and Th17 cell functions. These serpins also inhibited NF-«B
activation in lung tissues (6).

Until now, more than 60 serpins have been identified at the
sequence level in ixodid ticks, but only two serpins from Ixodes
ricinus have been further functionally characterized (7-9). The
first known L ricinus serpin, Iris (I. ricinus immunosuppressor), is
known to preferentially target leukocyte elastase. It also interferes
with the contact phase coagulation pathway, fibrinolysis, and dis-
rupts platelet adhesion. Moreover, Iris has the ability to modulate
both innate and adaptive immunity. It affects T lymphocyte and
macrophage responsiveness, and it induces a Th2-type response
and inhibits the production of proinflammatory cytokines. Inter-
estingly, it was shown that the anti-inflammatory properties of the
protein are independent of its proteolytic activity and are medi-
ated through its exosite domain (10-13).

IRS-2, the second described serpin from I. ricinus, targets ca-
thepsin G and chymase. Both enzymes are part of the acute in-
flammatory response and are produced by activated neutrophils
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(cathepsin G) and mast cells (chymase). Moreover, IRS-2 is able to
inhibit swelling and the migration of neutrophils into the in-
flamed tissue (14). The effects of IRS-2 on other cells of innate and
acquired immunity have not been described so far.

Dendritic cells (DCs) are known as antigen-presenting cells
and play a critical role in initiating and modulating the immune
response. With their ability to recognize, process, and present an-
tigens on their surfaces and thus activate T lymphocytes, DCs
form a unique link between innate and acquired immunity (15,
16). Depending upon the recognized pathogens and other stimuli
produced by activated DCs, such as cytokines and chemokines, T
lymphocytes differentiate into cytotoxic CD8 " or helper CD4™"
cells, which can further differentiate into various subsets (17). The
IL-6/STAT-3 signaling pathway leads to differentiation of CD4™ T
lymphocytes into the Th17 subset. IL-6, a pleiotropic cytokine
produced by dendritic cells in response to invading pathogens,
binds to IL-6 receptors on T cells and activates the signaling
pathway, leading to phosphorylation of the transcription factor
STAT-3, an essential molecule for Th17 differentiation (18,
19). Th17 cells participate in host defense against extracellular
bacteria and fungi by mediating the recruitment of neutrophils
and macrophages into infected tissues. It is also known that
regulation of Th17 cells plays a significant role in the patho-
genesis of various inflammatory and autoimmune disorders
(20-22). Moreover, it was shown that Th17 cells are involved in
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the development of severe destructive arthritis caused by the
Lyme disease spirochete B. burgdorferi (23).

The objective of this study was to analyze the effect of a tick
salivary serpin on dendritic cells and its consequences for the de-
velopment of proinflammatory cells, like Th17 lymphocytes.

MATERIALS AND METHODS

Experimental animals. Specific-pathogen-free C57BL/6 mice (6- to 10-
week-old females) were purchased from Charles River Laboratories. The
animals were maintained under standard conditions in the animal house
facility of the Institute of Parasitology, Biology Centre AS CR, Ceské
Budéjovice. All experiments were performed with permission of the
Czech animal ethics committee.

Recombinant IRS-2. Recombinant serpin from I. ricinus, IRS-2, was
overexpressed in Escherichia coli BL21(DE3) pLysS cells. The expressed
protein accumulated in inclusion bodies, which were separated. Refolded
and concentrated IRS-2 was purified using a standard chromatographic
method (fast protein liquid chromatography [FPLC]) (14, 24). Lipopoly-
saccharide (LPS) contamination was removed by Arvys Proteins Com-
pany using the detergent-based method.

Bacteria. B. burgdorferi sensu stricto ATCC 35211 isolated from I. ric-
inus was grown in Barbour-Stoenner-Kelly-H (BSK-H) medium (Sigma-
Aldrich) supplemented with 6% rabbit serum at 34°C. The number of
spirochetes was calculated by dark-field microscopy according to the
method of Magnuson et al. (25). The fourth to sixth passages were used in
the experiments.

Splenic DC isolation. Isolated mouse spleens were minced with scis-
sors, digested in RPMI containing 0.25 mg/ml Liberase DL (Roche) and
0.2 mg/ml DNase I (Roche) at 37°C for 30 min, and passed through a
70-pm nylon cell strainer (BD Falcon). The dendritic cells were isolated
using magnetic beads conjugated with anti-CD11c antibody (Ab) and
magnetically activated cell sorting (MACS) column separation following
the manufacturer’s instructions (Miltenyi Biotec). The purified dendritic
cells were cultured in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal calf serum (FCS), 50 .M 2-mercaptoethanol, 100 pg/ml
penicillin, and 100 U/ml streptomycin (all from Sigma-Aldrich). The pu-
rity of the isolated dendritic cells (~90% CD11c* cells) was determined
by subsequent fluorescence-activated cell sorter (FACS) analysis.

CD4* T cell isolation. The fourth day after subcutaneous infection of
mice with 1 X 10> Borrelia spirochetes, isolated mouse spleens were
passed through a 70-pwm nylon cell strainer (BD Falcon), and CD4™ T
cells were isolated using magnetic beads conjugated with anti-CD4 Ab and
MACS column separation following the manufacturer’s instructions
(Miltenyi Biotec). Purified CD4™ T cells were cultured in RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum (FCS), 50 pM
2-mercaptoethanol, 100 pg/ml penicillin, and 100 U/ml streptomycin (all
from Sigma-Aldrich). The purity of the isolated CD4" T cells (=90%
CD4* CD62LM8M) was determined by FACS analysis.

Specific activation of CD4% T lymphocytes. Purified splenic DCs
were seeded at 5 X 10* cells per well in 96-well plates and stimulated with
Borrelia spirochetes (5 X 10> per well) and TRS-2 (6 wM). After 24 h
incubation, the medium was removed, and 3 X 10° freshly isolated Bor-
relia-primed CD4™ T lymphocytes in 200 pl of culture medium were
added to each well. The T cells were incubated with DCs for 3 days before
restimulation with phorbol myristate acetate (PMA) (20 ng/ml) and iono-
mycin (1 pM) (both Sigma-Aldrich). Cell-free culture supernatants for
IL-17 and IL-9 assessment were harvested at 2, 6, 12, 24, and 48 h after
restimulation.

To determine the number of IL-17-producing Th cells, Borrelia-ex-
posed DCs and Borrelia-primed CD4" T cells were cocultured as de-
scribed above. On day 5 of coculture, the cells were restimulated with
PMA and ionomycin and, after an additional 2 h, treated with monensin
(2 wM; eBiosciences). The cells were then incubated for 4 h before staining
was performed with anti-IL-17 antibody conjugated with phycoerythrin
(PE) (eBioscience).
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Cytokine measurement. Freshly isolated dendritic cells were seeded at
2 X 10° cells per well on 96-well plates. The next day, the DCs were
stimulated with B. burgdorferi spirochetes at a multiplicity of infection
(MOT) of 10 (2 X 10° per well) in the presence or absence of IRS-2 (6 uM).
Cell-free culture supernatants were harvested 2, 9, 12, 24, or 48 h after
stimulation and used for detection of IL-13, IL-6, IL-10, and tumor ne-
crosis factor alpha (TNF-a) with Ready-Set-Go! enzyme-linked immu-
nosorbent assay (ELISA) kits (eBioscience) following the manufacturer’s
instructions. Cell-free culture supernatants for IL-17 and IL-9 assessment
were prepared as described in “Specific activation of CD4™ T lympho-
cytes” above, and the amount of cytokines was measured with a Ready-
Set-Go! ELISA kit (eBioscience) following the manufacturer’s instruc-
tions. All reactions were performed in triplicate.

RNA extraction, quantitative real-time PCR, and mRNA half-life
determination. To assess relative mRNA expression, DCs were seeded at
2 X 10° cells per well in 24-well plates. The next day, the DCs were stim-
ulated with Borrelia spirochetes at an MOT of 10 (2 X 107 per well) in the
presence or absence of IRS-2 (6 wM) and incubated for 6 or 12 h. RNA was
then isolated with the Nucleospin RNA IT kit (Macherey-Nagel) following
the manufacturer’s instructions. The quality and concentration of the
isolated RNA were assessed by measurement on a Nanophotometer P-330
(Implen). cDNA was synthesized with the High-Capacity RNA-to-cDNA
kit (Applied Biosystems). Real-time PCR analysis was performed with a
TaqMan gene expression set (Applied Biosystems) containing primers
and probe specific for IL-6 and B-actin using a Rotor Gene 3000 and
Rotor-Gene 6.0.19 software (Corbett Research). The relative expression
of IL-6 mRNA was determined by the comparative threshold cycle (C;)
method (26), where the mouse (3-actin gene was used as a housekeeping
gene (Applied Biosystems). All reactions were performed in triplicate.

Immunoblotting. Freshly isolated dendritic cells were seeded at 1 X
10° cells per well in 24-well plates. The next day, the DCs were stimulated
with Borrelia spirochetes at an MOI of 10 (1 X 107 per well) in the pres-
ence or absence of IRS-2 (6 wM). Following stimulation (15, 30, and 60
min for C/EBP, phosphorylated NF-«kB [p-NF-«B], p-CREB, p-p-38, and
p-ERK1/2 and 6 and 16 h for p-STAT-3), the cells were lysed in a modified
RIPA buffer (1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM
EGTA, 150 mM NaCl, and 50 mM Tris-HCI, pH 7.5) in the presence of
protease and phosphatase inhibitors (10 wg/ml aprotinin, 1 pwg/ml leu-
peptin, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 wg/ml pepstatin,
25 mM NaF, and 2 mM NaVO,). The protein extracts, mixed with Laem-
mli sample buffer, were separated by SDS-PAGE and transferred to Im-
mobilon-P membranes. Following blocking in Tris-buffered saline
(TBS)-containing 5% fat-free milk, the blots were incubated overnight
with the antibodies against C/EBP, phospho-STAT-3 (Tyr’%?), phospho-
NEF-kB (Ser”®), phospho-CREB (Ser'*?), phospho-p38 (Thr'®®), and
phospho-ERK1/2 (Thr**?) (all from Cell Signaling) and GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) or B-actin (Santa Cruz
Biotechnology). The proteins were visualized using enhanced chemi-
luminescence (Pierce), and their abundances were analyzed using a
charge-coupled-device (CCD) imaging system (ChemiDoc MP Imag-
ing System) and Image Lab software v. 4.1 (Bio-Rad).

To assess the level of phosphorylated STAT-3 in T lymphocytes,
freshly isolated dendritic cells were seeded at 1. 5 X 10° per well in a
96-well plate. After 6 h, the DCs were stimulated with Borrelia spirochetes
(1 X 107 per well) in the presence or absence of IRS-2 (6 wM). The next
day, cell-free culture supernatants were harvested and added to freshly
isolated Borrelia-primed CD4™ T lymphocytes (9 X 10° per well). Follow-
ing stimulation (15 and 30 min), the cells were lysed, and Western blotting
was performed as described above with phospho-STAT-3 (Tyr”*%) and
B-actin antibodies.

Flow cytometry. CD4™ cells were prepared and stimulated as de-
scribed in “Specific activation of CD4™ T lymphocytes” above. After 4 h of
restimulation with PMA, ionomycin, and monensin, the cells were har-
vested (using cold 5 mM EDTA in PBS) and stained with anti-CD4 anti-
body (conjugated with allophycocyanin [APC]; eBioscience). After wash-
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FIG 1 IRS-2 selectively inhibits IL-6 production by DCs. Splenic dendritic cells were stimulated with Borrelia spirochetes (BOR) (10 spirochetes per cell) in the
presence or absence of IRS-2 (6 wM). (A) Culture supernatants were harvested 9, 12, and 24 h after stimulation, and the amount of IL-6 was determined by ELISA.
Two independent experiments were performed, and data from a representative experiment are shown. The data are expressed as the mean cytokine concentra-
tions from three wells plus standard errors of the mean (SEM). *** and ****, effects of IRS-2 on IL-6 production were significant at P values of <0.001 and
<0.0001, respectively. (B) Culture supernatants were harvested 24 h (TNF-a) or 48 h (IL-1p and IL-10) after stimulation, and the presence of cytokines was
detected by ELISA. Three independent experiments were performed, and the data were pooled. The data are expressed as the mean cytokine concentrations from
nine wells plus SEM.

ing, the cells were fixed and permeabilized with a Foxp3/transcription = mechanism of IL-6 decline caused by IRS-2, the expression of the IL-6
8 p p p Y p
factor staining buffer set (eBioscience) and labeled with anti-IL-17A an-  gene was measured in DCs activated with Borrelia spirochetes in the
tibody (conjugated with PE; eBioscience). The prepared cells were resus-  presence or absence of IRS-2. mRNA specific for IL-6 was deter-
pended in cold PBS with 1% FCS. Flow cytometry was performed ona  mined by quantitative RT-PCR. As shown in Fig. 2, the IL-6 tran-
FACS)Canto Il cytometer using FACS Diva software v. 5.0 (BD Biosci- it Jevel was slightly increased after as little as 6 h (no significant
ences).
Statistical analysis. One-way analysis of variance (ANOVA) followed effect of IRS-2 was observed). Howeve'r, the mRNA of IL-6 was
severely suppressed by IRS-2 at a later time point (12 h). We con-

by a Bonferroni test in GraphPad Prism, version 5.0, was used to compare o L . .
the differences between control and treated groups. A P value of =0.05 cluded that a decline in IL-6 production is the result of impaired

was considered statistically significant.
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lation with Borrelia spirochetes. Cytokines produced by acti- —— E3 BOR+ IRS-2
vated DCs play a key role in shifting the immune response toward
particular Th subsets. To investigate the effects of IRS-2 on the
production of different pro- and anti-inflammatory cytokines by
DCs, immature DCs were stimulated with Borrelia spirochetes in
the presence or absence of IRS-2 for 9, 12, 24, or 48 h, and the
production of IL-13, IL-6, IL-10, and TNF-a was measured.
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(Fig. 1A), W}.lereas the product}on'o.f other cytokines remained FIG 2 IRS-2 inhibits IL-6 production at the level of mRNA expression. Splenic
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FIG 3 IRS-2 inhibits STAT-3 molecule phosphorylation. (A) Splenic dendritic cells (sDCs) were stimulated with Borrelia spirochetes (10 spirochetes per cell) in
the presence or absence of IRS-2 (6 wM). Six and 16 h after stimulation, cell lysates were prepared and analyzed by immunoblotting with anti-phospho-STAT-3.
The membranes were reprobed with antibody against 3-actin. The phosphorylation of STAT-3 was quantified using chemiluminescence and normalized to the
B-actin protein level. The two bands represent different isoforms (e and B) of pSTAT-3 that are present in DCs. (B) Freshly isolated Borrelia-primed CD4 ™" T cells
were stimulated with 24-h supernatants from sDCs stimulated with Borrelia spirochetes (10 spirochetes per cell) in the presence or absence of IRS-2 (6 wM).
Fifteen and 30 min after stimulation, cell lysates were prepared and analyzed by immunoblotting with anti-phospho-STAT-3. The membranes were reprobed

with antibody against 3-actin. The phosphorylation of STAT-3 was quantified using chemiluminescence and normalized to the B-actin protein level.

gene expression in IRS-2-exposed cells after activation with Bor-
relia spirochetes (Fig. 2).

Decreased stability of IL-6 mRNA is often responsible for a
decline in IL-6 production. Moreover, inhibition of IL-6 produc-
tion due to increased IL-6 mRNA decay was observed with an-
other tick salivary protein (27). Therefore, we investigated
whether the same mechanism could be responsible for the IRS-2-
induced effect. Splenic DCs were stimulated with Borrelia spiro-
chetes in the presence or absence of IRS-2. After 9 h, actinomycin
D was added to block mRNA synthesis, cells were harvested (after
1 and 2 h), and mRNA decay was determined. The IL-6 mRNA
half-life observed in the presence of IRS-2 was comparable to that
of control cells stimulated only with Borrelia spirochetes (data not
shown). This result suggests that the impaired gene expression of
IL-6 is not due to impaired stability of IL-6 mRNA.

In our effort to reveal the mechanism of the IRS-2 effect on
IL-6, we further tested whether signaling pathways leading to in-
duction of IL-6 are affected by IRS-2.

Gene expression of IL-6 is controlled by several transcription
factors and signaling molecules, including NF-kB, C/EBP, CREB,
and kinases p38 and ERK1/2 (28-32); therefore, the phosphory-
lation of these molecules was tested. DCs were stimulated with
Borrelia in the presence or absence of IRS-2 for 15, 30, and 60 min.
After stimulation, cell lysates were prepared and analyzed by im-
munoblotting. The phosphorylation of none of these signaling
molecules was inhibited by IRS-2, so we concluded that induction
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of the IL-6 gene is intact and does not seem to be responsible for
decreased IL-6 transcript expression (data not shown).

IRS-2 impairs Th17 differentiation via inhibition of the IL-
6/STAT-3 signaling pathway. It is well known that the major
transcription factor activated by IL-6 is STAT-3. STAT-3 phos-
phorylation is mediated through the association of IL-6 with the
IL-6 receptor (IL-6R) and the signal transducer glycoprotein 130
(gp130), followed by subsequent activation of Janus kinases (19).
Since the production of IL-6 in DCs was strongly inhibited by
IRS-2, we expected that the phosphorylation of the STAT-3 sig-
naling molecule would be decreased. DCs were activated with Bor-
relia spirochetes in the presence or absence of IRS-2, and the level
of phosphorylated STAT-3 molecules was determined 6 and 16 h
after activation. Indeed, a marked decrease of phospho-STAT-3
was observed (Fig. 3A). Borrelia-primed T lymphocytes were ac-
tivated with supernatants from DCs (stimulated for 24 h with
Borrelia spirochetes in the presence or absence of IRS-2), and the
phosphorylation of STAT-3 in T lymphocytes was also decreased,
likely due to diminished production of IL-6 by DCs (Fig. 3B).

The IL-6/STAT-3 signaling pathway is known to be crucial for
development of the Th17 subset (18, 20). The main effector cyto-
kines produced by Th17 cells are IL-17 (IL-17A), which is a hall-
mark of the subpopulation; IL-21; IL-22; and IL-9 (22, 33, 34). We
predicted that the inhibition of IL-6/STAT-3 signaling by IRS-2
could lead to impaired Th17 differentiation, and therefore, the
number of Th17-producing cells and the amounts of IL-17 and
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FIG 4 IRS-2 reduces the number of IL-17-producing CD4* T cells. Splenic dendritic cells were stimulated with Borrelia spirochetes (10 spirochetes per cell) in
the presence or absence of IRS-2 (6 uM). After 24 h, freshly isolated Borrelia-primed CD4™ T cells were added to the cultured DCs, and the cells were cocultured
for 5 days. Then, T lymphocytes were restimulated with PMA and ionomycin, treated with monensin, and stained for IL-17. (A) Flow cytometry dot plots of T
lymphocytes treated with DCs stimulated with Borrelia in the presence or absence of IRS-2. Quadrant 2 (Q2) shows CD4* IL-17" cells. (B) The percentage of
IL-17-producing cells was determined in live CD4 " cells. The data are expressed as the mean percentages of CD4™ IL-17" cells from triplicate wells plus SEM.
**, the effect of IRS-2 on the presence of IL-17-producing cells was significant at a P value of <0.01.

IL-9 were determined. Splenic DCs were stimulated with Borrelia
spirochetes in the presence or absence of IRS-2. After 24 h, freshly
isolated Borrelia-primed CD4™ T cells were added to the cultured
DCs, and the cells were cocultured for the next 5 days. Afterward,
the cells were restimulated with PMA and ionomycin. To detect
the Th17 subset, intracellular staining for IL-17A was performed,
and the cells were analyzed by flow cytometry. To block cellular
transport, monensin was added to the restimulated cells. As seen
in Fig. 4A and B, the number of IL-17-producing CD4™ T cells was
significantly decreased by IRS-2.

To measure the production of IL-17 and IL-9 cytokines, the
coculture of DCs and Borrelia-primed CD4 " T cells lasted 3 days
before restimulation with PMA and ionomycin. The supernatants
were then collected at various time points and analyzed. The levels
of both IL-17 and IL-9 were significantly decreased in the presence
of IRS-2 (Fig. 5A and B). The reduced levels of the measured
cytokines, together with the decreased number of IL-17-produc-
ing CD4" T cells, in the presence of IRS-2 clearly indicate that
IRS-2 inhibits Th17 differentiation.

DISCUSSION
During coevolution with their hosts, ticks evolved various mech-
anisms enabling them to avoid the hosts’ hemostatic and immune
systems and successfully finish their blood meals.

In recent years, attention has been focused on identification
and functional characterization of particular tick salivary proteins
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that are responsible for antihemostatic and immunomodulatory
effects (3).

Thanks to this intensive research, many tick salivary substances
that have immunomodulatory effects on various immune cell
populations have been identified. Among these substances, mol-
ecules that can affect DC functions seem to play important roles,
since DCs are among the first cells present at the site of inflamma-
tion and can further modulate or shift the immune response by
driving T cell differentiation.

Here, we describe specific and extensive inhibitory effects of
the tick salivary serpin IRS-2 from the hard tick I. ricinus on Th17
differentiation mediated by impairment of the IL-6/STAT-3 sig-
naling pathway.

Proteins from the serpin superfamily are involved in funda-
mental biological processes, such as blood coagulation, comple-
ment activation, fibrinolysis, angiogenesis, inflammation, and tu-
mor suppression (35, 36). From this enumeration, it is apparent
that tick serpins can be expected to play a role in tick feeding,
suppressing both the antihemostatic and immune responses of the
host. To date, only two L ricinus serpins have been functionally
characterized (12, 14).

We showed that IRS-2 decreased IL-6 at the protein and
mRNA levels in spleen dendritic cells activated by B. burgdorferi. A
decrease by Sapll5, the best-studied tick salivary protein, in the
IL-6 level in response to B. burgdorferi was also observed. Salp15
binds to DCs via the DC-SIGN receptor, which results in activa-
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FIG 5 IRS-2 reduces levels of Th17 cytokines. Splenic dendritic cells were stimulated with Borrelia spirochetes (10 spirochetes per cell) in the presence or absence
of IRS-2 (6 wM). After 24 h, freshly isolated Borrelia-primed CD4™ T cells were added to the cultured DCs, and the cells were cocultured for the next 3 days.
Afterward, the cells were restimulated with PMA and ionomycin, and the production of cytokines was analyzed at various time points. (A) Cell supernatants for
IL-17 assessment were harvested 2, 6, 12, 24, and 48 h after restimulation and analyzed by ELISA. The data are expressed as the mean cytokine concentrations
from triplicate wells plus SEM. Two independent experiments were performed, and data from a representative experiment are shown. ****, the effect of IRS-2 on
the IL-17 level was significant at a P value of <0.0001. (B) IL-9 production was assessed by ELISA 24 h after restimulation. The data are expressed as the mean
cytokine concentrations from triplicate wells plus SEM. ***, the effect of IRS-2 on IL-9 production was significant at a P value of <0.001.

tion of the serine/threonine kinase Raf-1/mitogen-activated pro-
tein kinase (MEK)-dependent signaling pathway and subse-
quently in a decrease of IL-6 and TNF-a mRNA stability and
impaired nucleosome remodeling at the IL-12p35 promoter in
human DCs activated with B. burgdorferi (27). However, the au-
thors point to the fact that the addition of rabbit polyclonal anti-
Salp15 antibodies abrogates the capacity of I. ricinus saliva to in-
hibit IL-12, but not IL-6 and TNF-a, which might be due to the
presence of other molecules in tick saliva that are able to block
IL-6 and TNF-a. In our study, we proved that one of these mole-
cules, which can be responsible for IL-6 inhibition, is the salivary
serpin IRS-2. To reveal the possible mechanism of IRS-2 effects,
mRNA for IL-6 was assessed. However, it turned out that, in con-
trast to Salp15, IRS-2 does not act through impaired stability of
IL-6 mRNA. In addition, monitoring of signaling pathways im-
portant for induction of IL-6 did not show any defect thatled us to
the conclusion that gene induction is not impaired. There is a
positive-feedback loop in IL-6/STAT-3 signaling (IL-6 binds to
IL-6R on a cell and activates phosphorylation of the STAT-3 mol-
ecule, which in turn boosts the production of autocrine IL-6), so
direct inhibition of STAT-3 phosphorylation by IRS-2 could ex-
plain the observed decrease in IL-6 mRNA expression and, subse-
quently, IL-6 production (37). However, this option was also ex-
cluded (data not shown). Thus, we did not reveal the precise
mechanism of the IRS-2 effect.

It has been shown that tick saliva and tick salivary proteins, like
Salp15, Japanin, and sialostatin L, can modulate the T cell re-
sponse by modulating DC accessory functions or directly by in-
teraction with CD4™ T cells. It was well demonstrated that tick
saliva or salivary gland extract (SGE) diminishes the production of
Thl-related cytokines and increases the production of Th2-re-
lated cytokines. Salp15 specifically binds to CD4 molecules on the
surfaces of CD4™ T (helper) cells, which results in inhibition of T
cell receptor-mediated signaling, leading to reduced IL-2 produc-
tion and impaired T cell proliferation (38). Japanin, a lipocalin
from Rhipicephalus appendiculatus, specifically reprograms the re-
sponse of DCs to a wide variety of stimuli in vitro, altering their
expression of costimulatory and coinhibitory transmembrane
molecules and secretion of proinflammatory, anti-inflammatory,
and T cell-polarizing cytokines (it blocks LPS-induced secretion
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of Th17- and Thl-promoting cytokines); it also inhibits the dif-
ferentiation of DCs from monocytes (39). Recently, Horka et al.
showed that cystatin from I scapularis, sialostatin L, which also
inhibits several dendritic cell functions, can inhibit IL-9 produc-
tion by Th9 cells, thus preventing the development of experimen-
tal asthma (40). Another cystatin, OmC2 from the soft tick Orni-
thodoros moubata, can also suppress the host adaptive immune
response by reducing TNF-a and IL-12 production and the pro-
liferation of antigen-specific CD4 " T cells (41).

In line with these reports, our data show that the serpin IRS-2
is another tick salivary protein that is able to modulate T cell
differentiation. We demonstrated that inhibition of Borrelia-in-
duced IL-6 production in the presence of IRS-2 in DCs was ac-
companied by decreased phosphorylation of the STAT-3 signaling
molecule, which is essential for the development of Th17 cells.
Indeed, the impairment by IRS-2 of Th17 development was ob-
served and was demonstrated by a decreased amount of IL-17
produced and by flow cytometry assessment of intracellular IL-17
in CD4" T lymphocytes cocultured with activated DCs. Similar
results, showing that tick saliva inhibits the Th17 subset, were
reported by Skallova and colleagues, who showed that saliva-ex-
posed DCs failed to induce efficient Thl and Th17 polarization
and promoted development of Th2 responses (42). Interestingly,
treatment with Salp15, which also inhibits IL-6 production in
dendritic cells, was shown to increase the differentiation of Th17
cells in vivo, as evidenced by higher IL-17 production from
PLP139-151-specific CD4 " T cells isolated from the central ner-
vous system and the periphery (43).

Th17 cells, a quite recently described subpopulation of CD4™ T
lymphocytes, can be characterized by production of the hallmark
cytokine IL-17. Overproliferation of Th17 cells is connected with
many severe autoimmune diseases, like human psoriasis, rheuma-
toid arthritis, multiple sclerosis, inflammatory bowel disease,
asthma, and some bacterial and fungal infections. However, it is
well established that Th17 cells not only play an important role in
autoimmunity, but also function in the clearance of specific types
of pathogens that require a massive inflammatory response and
are not adequately dealt with by Th1 or Th2 immunity. Thus, the
Th17 response can be triggered by many bacteria, including Bor-
relia spirochetes (22). Infante-Duarte showed that B. burgdorferi
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lysate is able to induce massive amounts of IL-17 in T cell cultures
and that microbe-induced IL-17 production can mediate infec-
tion-induced immunopathology in Lyme disease (44). Involve-
ment of the Th17 subset in the development of severe destructive
arthritis in patients with Lyme disease was also demonstrated by
Burchill et al. (23). A causative protein, neutrophil-activating pro-
tein A (NapA) from B. burgdorferi, which is able to stimulate IL-17
production in synovial-fluid-derived T cells and could thus be
crucial for the induction and maintenance of Lyme arthritis, was
identified (45). Moreover, it is well described that synthetic or
human-derived serpins, which are commonly used in the treat-
ment of many autoimmune diseases, are able to decrease Th17
differentiation (6).

All these findings highlight the importance and potential of the
I ricinus serpin IRS-2 described here as a prospective molecule in
many pharmaceutical applications.

In conclusion, here, we present a newly described ability of the
I ricinus salivary serpin IRS-2 to inhibit Th17 differentiation upon
B. burgdorferi exposure via inhibition of the IL-6/STAT-3 signal-
ing pathway, thus extending the knowledge about the effect of tick
salivary serpins on innate immunity cells and their function in
driving the adaptive immune response. This paper contributes to
the understanding of tick saliva-mediated modulation of the host
immune system.
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7.VVYZNAM, USKALI A PERSPEKTIVY VYZKUMU KLIiSTECICH SLIN

KLISTECT SLINY JAKO PODPORA PRO DISEMINACI PATOGENU

Existuje ne€kolik potencialnich mechanizmii, kterymi lze vysvétlit pozitivni efekt klistécich
slin na pfenos a diseminaci patogent z klistéte do hostitele. Imunomodulace hostitelské
odpovédi Vv podobé inhibice vrozené a adaptivni imunitni reakce je pravdépodobné
s cilem utlumit svédéni, bolest, inhibovat zanét, ¢i navodit toleranci k sajicimu klistéti.
Udrzeni homeostazy je klicové pro klisté a patogen této situace vyuziva. Podrobné&jsi popis
imunomodulace byl jiz zminén v piedeslych kapitolach.

Kromé vlivu na funkci imunitnich bunék mohou byt za SAT efekt zodpovédné klistéci
proteiny, které pfimo interaguji s patogenem a tim pozitivné ovliviiuji jeho pieziti. Na
spirochéty Borrelia burgdorferi se napf. vaze klistéci protein Salpl5, ¢imz ochranuje
spirochéty pied lyzou zavislou na protilatkach (108, 109). Komplementovy systém je
dilezity obranny mechanismus hostitele, ktery vyznamné eliminuje boreliovou infekci.
V klistécich slinach byly identifikovany slozky, které inhibuji aktivaci alternativni i
lektinové drahy komplementu; napt: ISAC, Sapl20 a TSLPI (tick salivary lectin pathway
inhibitor) (110-112). Piima vazba klistécicho faktoru na TBE virus dosud nebyla popsana.
Protoze pocet TBEV pozitivnich dendritickych bun€k je v pfitomnosti kliStécich slin
zvySeny (87), existenci podobného faktoru jako je Salpl5 nelze vyloudit. Vazba klistéciho
proteinu na patogen nemusi byt vzdy pro patogen vyhodou. V piipadé viru Dengue bylo
zjisténo, ze glykoprotein pfitomny v slinach komara Aedes aegypti (patiici do D7 proteinové
rodiny) se vaze na Dengue virus a inhibuje virovou infekci (113).

V piipadé¢ virové infekce mizeme uvazovat o dal§ich zptisobech, jak dochazi k SAT efektu.
Retence rezidentnich antigen prezentujicich Langerhansovych bunék v kuzi v dasledku
jejich snizené migrace do spadovych lymfatickych uzlin, ktera je pozorovana v pfitomnosti
klistécich slin (70), mize piispivat k lokalnimu navySeni poctu infekénich virovych &astic
vkuzi a podpofit diseminaci viru pfi tzv. sousani. Z hlediska diseminace viru v ramci
hostitele, se pak sniZzena migrace DC jevi spiSe antagonisticky. Dalsi z teoretickych
moznosti, jak by sliny mohly podpofit ptenos nebo diseminaci patogenu v misté sani, je
zvySena rekrutace monocytarnich fagocytl, které jsou vnimavé k virové infekci. Tento
mechanizmus SAT efektu se uplatiuje v ptipadé arbovirGi pienasenych komary (114). U
klistat se obecné potlaceni lokalniho zanétu v misté¢ sani povazuje za faktor podporujici
diseminaci patogenu/viru (115). Recentni studie zaméfené na analyzu ¢asnych stadii infekce
virem TBE ovSem naznacuji, Ze infikované kliStata béhem prvnich tfi hodin sani vytvaii
zanétlivé mikroprostiedi; byly pozorovany zmény v expresi cytokini a chemokini na
transkripni Grovni (116). Je tedy predstavitelné, ze zvySena rekrutace monocyti muze mit
podil na produkci viru v ktzi (21). Navic, v in vitro testech bylo prokazano, ze migrace
makrofagové linie IC-20 je zvySena vlivem slin z klistéte Dermacentor variabilis (77).
V pripad¢ virové infekce jsou kromé imunitnich bunék zdrojem viru i jiné rezidentni bunky
kaze, jako jsou keratinocyty a fibroblasty (117). ZvySeni replikace viru v permisivnich
bunkach muze také prispét k SAT efektu. V in vitro testech byl titr viru pozitivné ovlivnén
klistécimi slinami kromé myeloidnich dendritickych bunék (86) i v mysich primarnich
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keratinocytech (118). Keratinocyty tvoii kozni bariéru a maji schopnost produkovat fadu
cytokinl, veetné interferontl se silné antivirovym u¢inkem, ¢i prezentovat antigen (119).
Zvysena replikace Dengue viru v lidskych keratinocytech byla napf. prokazana pod vlivem
slin komara Aedes aegypti (120). Tento ucinek byl zprostfedkovan potlacenim genové
exprese interferonti (IFNa, IFN, IFNy). Podobné byl podptrny vliv slin komara rodu Aedes
a Culex na replikaci viru zapadonilské horec¢ky prokazan diky inhibici antivirového ucinku
interferonu (119). Stejny mechanismus uG¢inku byl prokazan i s extraktem slinnych Zlaz
klistéte Dermacentor reticulatus analyzou replikace viru vezikularni stomatitidy (84).
Oslabeni IFN signalizace (na urovni sniZzeni fosforylace signdlni molekuly STATI)
klistécimi slinami I. ricinus jsme pozorovali i v nasi laboratofi (82). Efekt klistécich slin na
replikaci TBEV zavisi na typu pouzitych bun¢k. V makrofagové linii PMJ2-R klistéci sliny
replikaci TBEV naopak inhibuji (121). Je pravdépodobné, ze sliny ovliviiuji vice bunéénych
parametrl, Které pusobi proti sob¢é. Parametr, ktery pievazi, urCuje kone¢ny efekt slin na
replikaci viru.

Jednim z takovych parametri mohou byt hostitelské exosomy. Exosomy jsou mikrovezikuly
0 velikosti 30-150 nm, které hraji dalezitou roli v mezibunécné komunikaci (122). Mnoho
flavivird, véetné Dengue, Zika, WNV and Langat viru, vyuziva exosomalni drahu ve svij
prospéch (54, 123-125) a posledni studie naznacuji, ze tyto nanocastice se podileji i na
diseminaci viru, kolonizaci hostitele a patogeneze (126, 127). Na modelu lidské
keratinocytové linie bylo napt. prokazano, ze exosomy derivované z keratinocytti se podili
na prenosu viru Langat (124). Zda sliny ovliviluji biogenezu, sekreci nebo obsah
hostitelskych exosomt neni znamo. Nutno zminit, ze | exosomy derivované z klistécich a
komafich bunék, které jsou obsazeny ve slinach, hraji vyznamnou roli v imunomodulaci
hostitelské odpovedi (127).

Pozitivni Uc¢inek slin na pfenos patogenid byl popsédn i u kratce sajicich ¢lenovcil jako jsou
napt. komati Aedes aegypti, kteti pfenaseji mnoho medicinsky vyznamnych virt, véetné viru
Zika, Dengue, Chikungunya a viru Zluté zimnice. Je nutno uvést, Ze sani komarua je nejenom
kratsi, ale odliSné také zplisobem sani; komati saji z malych krevnich kapilér, na rozdil od
klistat, které jsou tzv. ,pool-feeders® a saji z vytvorené krvacejici ranky. Princip SAT efektu
komafich slin spo¢ivd v modulaci hostitelské imunitni reakce a zvySené rekrutace virus-
permisivnich bunék do mista sani (114, 128). Sliny komara A.aegypti negativné ovliviuji
rekrutaci leukocyti a méni antivirovou signalizaci V misté inokulace virem zapadonilské
horecky (129). V ptipadé viru Chikungunya bylo zjisténo, ze sliny A.aegypti zvySuji
replikaci viru ve fibroblastech interferenci s interferonovou signalizaci (130). Lokalni
zangtliva reakce hostitele vyvolana slinami zvySuje zdvaznost arbovirové infekce u Zika a
Dengue (114). Tato skutecnost se vysvétluje tim, Ze komary pfenasené arboviry vyuzivaji
,zanétlivé niky* tvofené virus-permisivnimi myeloidnimi buikami na podporu jejich
replikace a diseminace in vivo. Je zajimavé, ze efekt slin na antivirovou hostitelskou reakci
vuci viru Zika a DENV nebyl pozorovan.

SAT FAKTORY Z KLISTECICH A KOMARICH SLIN

V soucasné dob¢ bylo identifikovano nékolik slinnych komponentd, které se mohou oznacit
jako SAT faktory. Jednotlivé SAT faktory se liSi podle druhu patogenti a jejich pienaSect

ey e

slin Ixodes scapularis, ktery se piimo vaze na borelie a chrani je pted poskozenim
protilatkami (108). Kromé toho se tento protein vaze na CD4 koreceptor a inhibuje CD4
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zavislou T-bunéénou aktivaci (131). Ve slinach klistéte I. ricinus byl objeven homolog
glutation peroxidazy (Salp25D), ktery ma silné anti-oxida¢ni G¢inky a snizuje nasati klist'at
U mysi imunizovanych timto proteinem (132). Inhibitor komplementu TSLP (tick salivary
lectin pathway) chrani pfed lyzou komplementem (133). Histamin release faktor (tHRF) je
dal$im z proteint, které podporuji pienos borelii na hostitele. Imunizace timto faktorem
interferuje se sanim krve a prenosem borelii (134). SAT faktor pro TBEV v klistéti I. ricinus
nebyl dosud identifikovan.

| v komatich slinach uz bylo nalezeno nékolik komponent pozitivné ovliviiujicich pfenos
virovych patogent. Ve slinach A.aegypti byla identifikovana proteaza CLIPA3, ktera cili na
proteiny mezibunécné hmoty (extracelularni matrix) a tim zvysuje replikaci viru Dengue
(135). Protein Aedes aegypti venom allergen-1 (AaVA-1) je faktor, ktery podporuje pienos
virt Dengue a Zika ptes aktivaci autofagie (136). Dalsi slinny faktor LTRIN zvysuje pienos
viru Zika prostiednictvim vazby na lymfotoxinovy B receptor, ¢imz inhibuje NF-xB zavislou
signalizaci a produkci prozanétlivych cytokint. Ve slinach A. aegypti byly identifikovany i
proteiny, které maji antivirovy G¢inek; ptikladem je D7 protein, ktery se pfimo vaze na
virion a inhibuje infekci virem Dengue in vitro a in vivo (113). Poruseni endotelialni bariery,
kterd separuje kiizi od krevni cirkulace a slouzi jako fyzikdlni obrana proti invazi vird, je
dalsim ze zpasobd, jak sliny komarti podporuji diseminaci vira (128).

Kritickym faktorem pii vyzkumu klistécich slin a SAT efektu je sloZeni pouZitych slin, které
se méni v pribéhu sani a lisi se mezi jednotlivymi druhy klist'at (19, 30). V soucasné dobé& se
vétSinou pouzivaji sliny, které se ziskavaji z klist'at nasatych cca 6-7 dnti a jejich salivace se
iniciuje pilokarpinem nakapanym na klisté. Pouziti slin z klistat nasatych kratsi dobu (napf-.
3 dny) je bohuzel technicky tézce proveditelné. Slozeni slin se 1isi i mezi klitaty, ktera jsou
prosta patogent nebo infikovana (137). Zmény na Grovni genové exprese v slinnych Zlazach
byly pozorované v klistatech infikovanych B. burgdorferi ¢ TBEV (138, 139). Je
pravdépodobné, ze slozeni slin se méni v disledku aktivace obrannych mechanizmi kliStéte
a patogeny téchto zmén pak vyuzivaji ve sviij prospéch pii prenosu do hostitele (137). Davka
a pravdépodobné i kmen/druh testovaného patogenu rovnéz ovliviiuje prokazatelnost SAT
efektu. Pfikladem miiZze byt infekce virem Powasan, kdy bylo zjisténo, Ze SGE zI.
scapularis vyrazng ovliviiuje priibdh nemoci pfi niz$i davee viru 10° pfu, naopak efekt SGE
neni patrny p¥i davee 10° pfu (27).

VAKCINACNI A TERAPEUTICKY POTENCIAL SLOZEK SLIN Z KREV SAJICICH CLENOVCU

Vyzkumu klistécich molekul a jejich funkéni charakteristice se vénuje fada laboratofi po
celém svété. Primarnim cilem studia SAT efektu a klistécich SAT faktoru je identifikovat
potencidlni kandidaty pro pfipravu vakcin. VétSina ,klasickych® vakcin je zamétend proti
antigentim patogend. Alternativné je mozné pfipravit vakciny, které jsou zamétené proti
klistécim SAT faktordm, tzv. pfenos blokujici vakciny (115). Jako potencialni kandidati na
vakcinu proti boreliim jsou v soucasnosti v preklinickém stadiu testovani nejméné 4 SAT
faktory pro borelie; Salpl5, Salp25D, TSLP a tHRP (140). Cementovy protein
z Rhipicephalus appendiculatus (64TRP) je testovan jako potencidlni vakcina proti TBEV
(115). V stadiu preklinickych studii je momentaln¢ testovani vakcinacniho potencidlu
slinnych proteint HQCRT, HICRT a rBmCRT (z klistéte Haemaphysalis) vici babesioze a
theilerioze, a sialostatinu L2 (z I. scapularis) viuc¢i anaplazmoéze (140). Jinym piistupem
k odhaleni klistécich faktorti ovliviiujicich sani a pfenos patogeni je analyza hostitelské
odpovédi po opakovaném sani, které¢ vyvolava v hostiteli rezistenci na klist'ata. Zajimavé je,
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7e se tato reakce lis$i mezi mySmi a morcéaty (141). U morcat se ziskana anti-kliStéci imunita
projevuje Vv podob¢ piedcasného uvolnéni klistéte z hostitele a zhorSeného sani. Rozdily
V hostitelské odpovédi mysi a morcat byly pozorované na trovni FceRI signalizace, aktivace
komplementu a koagulac¢nich drah.

Krom¢ vakcina¢niho potencialu se neméné¢ dulezitym jevi vyuziti farmaceutického
potencialu proteind klistécich slin. V in vivo a in vitro testech byly identifikovany proteiny s
anti-koagula¢nimi, imuno-modula¢nimi, proti-zanétlivymi a proti-nadorovymi ucinky, které
mohou byt perspektivné vyuzity v humanni mediciné (142). Za zminku stoji lipokaliny,
histamin vazajici proteiny, evasiny, Salpl5, Sialostatin L, Ixolaris, Amblyomin-X, rEV576
nebo IAFGP. Lipokalin OmCI z mékkého klistéte Ornithodoros moubata inhibuje klasickou
i alternativni drahu komplemetu vazbou na C5 slozku. Na zvifecich modelech
autoimunitnich onemocnéni jako jsou myastemia gravis nebo antifosfolipidovy syndrom
(APS) dokazal vyznamné snizit projevy nemoci (143, 144). Tento Kklistéci inhibitor
komplementu je v soucasnosti v preklinické fazi testovani (napi. pfi hemoglobulinurii).
Histamin vdazajici proteiny, jako napf. Ra-HBP2, jsou perspektivni v 1écbé alergického
astmatu (145). Evaziny jsou glykoproteiny vazici (hostitelské) chemokiny, ¢imz inhibuji
migraci leukocyti do mista sdni. Infiltrace/rekrutace imunitnich bunék, kterou
zprostfedkovavaji chemokiny provazi mnoho imunopatologickych onemocnéni. Rizné
evaziny byly identifikovany napti¢ riznymi druhy klistat (146) a jejich vyuziti v humanni
medicing je perspektivni. Napf. evasin-1 vazici chemokiny CCL3, CCL4 a CCL18 blokuje
rekrutaci neutrofil a ma vyrazny terapeuticky efekt pii plicni fibroze (147). Jiz nékolikrat
zminovany protein Salpl5 by mohl byt uzite¢ny pii 1é¢b¢ alergického astmatu (148). Vliv
Sialostatinu L byl testovan na zvifecim modelu roztrousené sklerdzy; jeho aplikace vedla k
zmirnéni symptomd nemoci a oddaleni rozvoje experimentalni autoimunitni
encefalomyelitidy (EAE) (95). Potencial Sialostatinu L v 1é¢eni alergického astmatu byl
demonstrovan na mys$im modelu a za hlavni mechanismus jeho ucinku je povazovana
schopnost inhibice interleukinu-9 (149). N¢které zkliStécich proteinti vykazuji
protinadorovy efekt a jsou jiz ve stadiu preklinického testovani. Prikladem jsou Ixolaris nebo
Amblyomin X (150). Ixolaris je protein ze slin klistéte Ixodes scapularis, ktery ovliviiuje
koagula¢ni kaskadu hostitele inhibici komplexu FVIIa/TF, ¢imz zabranuje aktivaci faktoru X
(151). Amblyomin-X je inhibitor serinovych proteaz Kunitzova typu, ktery byl izolovan ze
slin klistéte Amblyomma cajennense. Tento protein ma schopnost inhibovat enzym FXa a
indukovat apoptotickou bunéénou smrt (150). Schopnost ovliviiovat apoptdzu a autofagii je
mechanizmem jejich protinadorového ucinku. Vyuziti klistécich proteint jako terapeutik je
perspektivni, ale zaroven vyzaduje modifikaci proteini za WUCelem inhibice jejich
imunogenicity, ktera neni Zadouci (152). BéZnym zptusobem takové modifikace je napft. post-
transla¢ni uprava terapeutickych proteint, tzv. PEG-ylace (153).

I v komafich slinach jiz bylo identifikovano n€kolik slozek pozitivné ovlivitujicich pienos
virovych patogenli a pocet faktord, které jsou potencidlni kandidati na vakcinu blokujici
ptenos, se postupné zvySuje. Nekolik proteinti ovliviujicich replikaci virit Dengue a Zika je
jiz v preklinické fazi testovani (140). Ptikladem jsou jiz dfive zminéné proteiny; proteaza
CLIPA3, protein Aedes aegypti venom allergen-1 (AaVA-1), LTRIN ¢&i protein aegyptin.
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8. SHRNUTI

Predlozené studie ptinesly cenné informace o Uc¢incich klistécich slin a tfi klistécich inhibitora
Sialostatinu L, Sialostatinu L2 a serpinu IRS-2 na funkci dendritickych bun¢k. Bylo zjisténo, k
jakym zménam dochazi ve stimulovanych dendritickych bunkéch na urovni signalizacnich drah

(Obr. 6).

e Sliny inhibuji TLR2-zavislou signalizaci a IFN signalizaci, ale pozitivn¢ plsobi na
drahu Protein kinazy A (PKA) v boreliemi stimulovanych bunkach.

e Sliny pozitivné ovliviuji Akt, NF-xB a STATI1 signalizaci v buiikdch infikovanych
virem TBE.

e Sialostatin L2 inhibuje krom¢ IFN signalizace i TLR2-zavislou signalizaci, konkrétné
NF-xB, Akt a Erk1/2 dréahy.

o Sialostatin L interferuje s TLR7- a TLR9-zavislou signalizaci.

e |IRS-2 inhibuje IL6/STAT3 drahu.

Analyza zmén v signalizaci umoziiuje identifikaci bunécnych procesii, které jsou ovlivnény
slinami a ve funkci imunitnich bunék hraji dulezitou roli. Vysledkem ptsobeni slin a klistécich
molekul byly zmény na Grovni produkce cytokinti, exprese interferon stimulujicich gent (ISG),
maturace, apoptozy, produkce viru a polarizace adaptivni odpovédi. Imunomodulace bunék
vlivem slin byla potvrzena na nékolika urovnich v¢etné polarizace DC smérem k Th2 fenotypu
(zvySeni IL-10) a inhibice jejich maturace (snizeni CDS86). Zvysend produkce viru
Vv infikovanych dendritickych buiikach rovnéz koreluje s pozitivnim vlivem slin na pfenos viru
TBE. Souhrn vysledki z ptedlozenych publikaci je znazornén na obrazku 6.

Pochopeni mechanizmii, kterymi klisté ¢eli hostitelské obrané, aby uspésné dokoncilo vSechny
vyvojové stadia svého zivota, a identifikace SAT faktort jsou piinosné nejen pro obecné
poznani, ale mohou pfispét 1 k GspéSnému vyvoji vakcin, které v pfipadé borelii, navzdory
letitému usili nékolika védeckych tymi, dosud neexistuji. Navic, porozuméni zptisobu prenosu
a patogeneze infek¢nich nemoci vyvolanych klistaty pfenaSenymi patogeny mize byt piinosné
i pro studium patogend, které jsou prenasené jinymi krev sajicimi ¢lenovci. Zvlast’ vyznamny
je terapeuticky potencial nékterych slozek klistécich slin, ktery pfedstavuje zajimavou
alternativu v 1é¢eni riznych imunopatologickych a onkologickych onemocnéni. Funkéni
charakteristika kliStécich proteinii a odhaleni mechanizmi jejich vlivu je pro potencialni
vyuZiti v medicin€ nezbytné a je predmétem naseho soucasného badani.
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Dendriticka bunka

Aktivator —  Signalizace —p Modulace —3p Funkce

| Sliny, Sialostatin L2 l TNF IL-12

TLR2
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PKA 4—3”"3/ 110

Borelie | — (MULE) | e | @:: ™7

TLR7/TLRY | (|—> p—StalostatinL | cDse, IFNB
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Akt _
TBEV > NF-«B 4& l Apoptdza
STAT1
Reprodukce TBEV
Prezivani

Obr. 6. Vliv klistécich slin, Sialostatinu L, Sialostatinu L2 a serpinu IRS-2 na signalizaci a funkci
dendritickych bunék stimulovanych boreliemi, virem TBE, TLR ligandy a interferonem (IFN). Sliny
inhibuji TLR2-z&vislou signalizaci a IFN signalizaci, ale pozitivné plisobi na drahu Protein kinazy A
(PKA) v odpoveédi na TLR2 ligand a na Akt, NF-kxB a STAT1 signalizaci ve virem infikovanych
bunéch. Sialostatin L2 inhibuje kromé& IFN signalizace i TLR2-zé&vislou signalizaci, konkrétné¢ NF-kB,
Akt a Erk1/2 drahy. Sialostatin L interferuje s TLR7- a TLR9-zavislou signalizaci. IRS-2 inhibuje
IL6/STAT3 drahu. Vysledkem ptsobeni slin a klistécich molekul je ovlivnéni DC na urovni produkce
cytokint, exprese interferon stimulujicich genti (ISG), maturace, apoptozy, produkce viru a polarizace
adaptivni odpovédi. Souhrn z ptilozenych publikaci.
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9. SEZNAM ZKRATEK

AP1
Akt

ATG
ATP
CD
cAMP
cDC
CLR
DAMPs
DC
DENV
DNA
ER
Erk1/2
Flt-3L
GM-CSF
hpi

IFN

IL

IRF
IRAK
ISGF
ISGs
JAK
JEV
JNK/SAPK
LGTV
LPS
LTA
MAPK
MAVS
MDAS5

transkrip¢ni faktor, z angl. activator protein
Proteinkinaza B

z angl. autophagy related genes

adenosintrifosfat

diferenciacni skupina, z angl. cluster of differentiation
cyklicky adenosinmonofosfat

konvenc¢ni dendritické bunky

z angl. C-typ lectin receptor

z angl. damage (danger)-associated molecular patterns
dendritické buniky

dengue virus

deoxyribonukleova kyselina

endoplazmatické retikulum

extracelularné regulovana kindza

z angl. FMS-like tyrosine kinase 3 ligand

z angl. granulocyte macrophage colony stimulating factor
hodiny po infekci

interferon

interleukin

interferon regulacni faktor

interleukin-1 asociovana kinaza

interferonem stimulovany genovy faktor

interferonem stimulované geny

z angl. Janus-activated kinase

virus japonské encefalitidy

z angl. Jun N-terminal kinase/stress-activated protein kinase

Langat virus

lipopolysacharid

lipoteichoova kyselina

mitogenem aktivovana protein kinaza

adaptor, z angl. mitochondrial antiviral signaling

receptor, z angl. melanoma differentiation- associated gene 5
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mDC myeloidni dendritické bunky

MHC hlavni histokompatibilni komplex (z angl. major histocompatibility complex)
mTOR serin/threoninova kinaza (z angl. mammalian target of rapamycin)
MyD88 adaptor, z angl. myeloid differentiation factor 88

NF-xB nuklearni faktor kB

NLR z angl. NOD- like receptor

NOD z angl. nucleotide-binding oligomerization domain

NS nestrukturni protein

PAMPs z angl. pathogen-associated molecular patterns

pDC plazmacytoidni dendritické buiky

PI3K fosfatidylinositol-3-kinaza

PKA protein kinaza A

PRR receptor rozpoznavajici patogen (z angl. pathogen recognition receptors)
RIG-I typ cytoplazmatického receptoru (z angl. retinoic acid-inducible gene I)
RLR z angl. RIG-like receptor

RNA ribonukleova kyselina

ROS reaktivni formy kysliku

SARM adaptor, z. angl. sterile alpha and armadillo-motif containing protein
SAT saliva-assisted transmission

SGE salivary gland extract

STAT z angl. signal transducer and activator of transcription

TBEV virus klistové encefalitidy (z angl. Tick-borne encephalitis virus)

TGF z angl. transforming growth factor

Th pomocné T lymfocyty

TIR Toll/interleukin-1 receptor

TIRAP z angl. TIR domain-containing adaptor

TLR Toll-like receptor

TNF z ang. tumor necrosis factor

TRAM z angl. TIR domain-containing adaptor inducing interferon-beta related

adaptor molecule

TRAF z angl. TNF receptor-associated factor
TRIF z angl. TIR domain-containing adaptor inducing interferon-beta
WNV virus zapadonilské horecky
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