Chapter 1
Exploring the Sialomes of Ticks

Youmna M’ghirbi

Abstract Ticks (Acarina) are obligate blood-feeding arthopods that vector human
and animal pathogens, causing typhus, Lyme disease, Rocky Mountain spotted
fever, tick-borne relapsing fever, babesiosis, Q fever, arboviruses, anaplasmosis,
and ehrlichiosis. Among the specializations required for this peculiar diet, tick
saliva, a fluid once believed to be relevant only for lubrication of mouthparts and
water balance, is now well known to be a cocktail of potent antihemostatic,
anti-inflammatory, and immunomodulatory molecules that helps these arthropods
obtain a blood meal from their vertebrate hosts. The repertoire of pharmacologically
active components in this cocktail is impressive as well as the number of targets
they specifically affect. These salivary components change the physiology of the
host at the bite site, and, consequently, some pathogens transmitted by ticks take
advantage of this change and become more infective. Tick salivary proteins have
therefore become an attractive target to control tick-borne diseases. Recent advances
in molecular biology, protein chemistry, and computational biology are accelerating
the isolation, sequencing, and analysis of a large number of transcripts and proteins
from the saliva of different ticks. Many of these newly isolated genes code for pro-
teins with homology to known proteins allowing identification or prediction of their
function. These and other molecules from genome and proteome sequences offer an
exciting possibility to identify new vaccine antigens, potential biopharmaceuticals,
antimicrobial peptides, and other novel human therapeutics.
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Abbreviations

ADP Adenosine diphosphate

APTT Activated partial thromboplastin time

ATP Adenosine triphosphate

BIP B-cell inhibitory proteins

BmAP Boophilus microplus anticoagulant protein

BmTI-A Rhipicephalus microplus trypsin inhibitor-A

BPTI-Kunitz  Basic protease inhibitor—Kunitz type

cAMP Cyclic adenosine monophosphate

Dc Dendritic cell

ECM Extracellular matrix

ETC Extrinsic tenase complex

FIXa Factor IXa

FVIII Factor VIII

FX Factor X

FXa Factor Xa

GP IIb-IIla Glycoprotein IIb-IIla

IG5, The concentration of an inhibitor where the response (or binding)
is reduced by half

IFN Interferon

IL Interleukin

Ir-CPI Ixodes ricinus contact phase inhibitor

IRS-2 I ricinus serine proteinase inhibitor (serpin)

Isac L. scapularis anticomplement

ISL929 Ixodes scapularis salivary proteins

MIF Macrophage migration inhibitory factor

NCBI National Center for Biotechnology Information

NK Natural killer

OmCI Ornithodoros moubata complement inhibitor

PGE2 Prostaglandin E2

PGF2a Prostaglandin F2

PT Prothrombin time

RaHBP Rhipicephalus appendiculatus histamine-binding salivary protein

Salp Salivary protein

SAT Saliva-assisted transmission

SG Salivary gland

SGE Salivary gland extract

SHBP serotonin- and histamine- binding protein

TAI Tick adhesion inhibitor

TAP Tick anticoagulant peptide

TdPI Tick-derived protease inhibitor

TF Tissue factor

tHRF Tick histamine release factor

TT

Thrombin time
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1.1 Introduction

Ticks are hematophagous ectoparasites of terrestrial vertebrates and are of great
medical and veterinary importance, mainly because they are vectors of diseases
affecting humans, livestock, and companion animals. Moreover, tick feeding can
cause direct damage to their hosts such as significant blood loss as well as paralysis,
toxicosis, irritation, and allergy [1]. Tick saliva contains a cocktail of potent pharma-
cologically active components able to disarm the host hemostatic system [2, 3] and
alter the inflammatory and host immune responses [4, 5]. The molecules present in
tick saliva range from lipids to large proteins and represent a plethora of biological
activities (antihemostatic, anti-inflammatory, and immunomodulatory molecules).
These molecules modify the physiology of their hosts at the tick-bite site, allowing
these ectoparasites to obtain a blood meal from the host [3, 6-8]. In addition to its
role in feeding and other functions related to ion and water handling, tick saliva may
potentiate the transmission and establishment of tick-borne pathogens, and therefore,
immune responses to tick saliva can confer protection against pathogen transmission
[8—11]. Adaptation of ticks to their natural hosts has resulted in their ability to modu-
late the host immune and hemostatic response with their saliva. However, with non-
natural hosts, tick feeding often results in immune and allergic responses, presumably
to the injected salivary proteins, resulting in tick rejection [12]. Accordingly, the
identification and characterization of tick salivary proteins may lead to the discovery
of novel pharmacological agents, and it may help in the identification of potential
vaccine candidates to control tick-borne diseases [8, 13].

Recently, salivary gland transcriptomic and proteomic analyses of several hard
and soft ticks have been performed, providing data sets that are invaluable for a
better understanding of tick sialomes and the immunobiology at the tick—host—
pathogen interface [7, 14, 15]. Three main surprises arose with this approach:

1. The first was that the repertoire of tick salivary gland transcripts and proteins is
much more broad and complex than anticipated, containing hundreds to thou-
sands of different proteins, many of which are novel, since they produce no simi-
larities to other proteins in the databases, such as the nonredundant database of
the National Center for Biotechnology Information (NCBI). The authors of those
studies classified the salivary transcripts and proteins they found as putative
secreted or possible housekeeping groups and then into different groups accord-
ing to their known or predicted biological function. Most such putative secreted
proteins have unknown functions but, if secreted into their hosts, probably have
antihemostatic, anti-inflammatory, immunomodulatory, or even anti-angiogenic
or antimicrobial activity [15]. Regarding the probable housekeeping proteins
identified, the authors suggested that their sequences may help to identify novel
secreted protein families if identified in proteome experiments.

2. Another surprise was that the most abundant tick salivary proteins are members
of multigene families. For some of these protein families, it is known that they
are differentially expressed as feeding progresses; thus, at the last day of feeding,
the tick is producing a different family member in saliva than that produced at
the first day and may thus be evading the host immune response.
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3. The third surprise, and challenge, was that we cannot anticipate at all the func-
tion of the majority of the tick salivary proteins. Indeed, for any tick species with
a known transcriptome, less than 5 % of the proteins have been expressed and
their function verified. Whole protein families await functional identification.

1.2 How Ticks Evade the Host

1.2.1 Tick Compounds Affecting Host Hemostasis

Hemostasis is an efficient mechanism that controls blood loss following vascular
injury. Ticks attempting to obtain a blood meal face the vertebrate host’s hemostatic
system whose role is to prevent blood loss after tissue injury. The three branches of
the hemostatic system, vasoconstriction (reduction of the blood flow), platelet
aggregation (formation of the platelet plug), and the blood coagulation cascade
(formation of the blood clot), pose a real threat to ticks when obtaining blood from
the host. These three branches are well interconnected, making hemostasis a redun-
dant system. The redundancy of the system is exemplified during platelet activation;
these cells are essential in forming the platelet plug, but additionally, when activated,
they release two potent vasoconstrictors, serotonin, and thromboxane A2, resulting
in a decrease of blood flow. Additionally, activated platelets expose a negative
charge on their membrane comprising exposed phosphatidyl serine phospholipids.
These phospholipids are used for the formation of protein complexes such as the
“tenase complex” composed of factor VIII (FVIII), factor [Xa (FIXa), and factor X
(FX), which is required for the formation of factor Xa (FXa) and the activation of
the blood coagulation cascade. Another example of redundancy is in the blood
coagulation branch. In addition to being a crucial enzyme in this cascade, thrombin
cleaves the thrombin receptor on platelets, causing them to activate and aggregate.
Therefore, the hemostatic system poses interesting problems for blood feeders,
including specificity and redundancy [16].

How did ticks solve these problems? Ticks have been in the business of blood
feeding for a long time. At least 120 Ma of evolution and adaptation to their host’s
hemostatic system have created a repertoire of potent bioactive salivary molecules
with vasodilatory, antiplatelet, and anticoagulant activities [17, 18]. In many cases,
molecules display more than one antihemostatic activity to combat the specificity
and redundancy of the hemostatic system. Differences in the antihemostatic
repertoires suggest that antihemostatic mechanisms in hard and soft ticks evolved
independently [19]. Saliva of the same tick species can contain simultaneously
more antihemostatic molecules, inhibiting different arms of the hemostatic system.
However, it is important to note that the antihemostatic repertoire in ticks differs
between species as well as across genera, and there is no tick species whose full
antihemostatic capacities have been exhaustively explored and described [18].
Examples of the different molecules which have been characterized from the saliva
of different ticks and examples of their potent biological activities will be described
in this chapter (Table 1.1).



Exploring the Sialomes of Ticks

1

(panunuod)

[ov] C pue [ uluepejy
(3stuo3ejue
[6€] urpesodry utISoyur Jo Isiosenuy e S QII-®IIdD) UIIqeLIeA S1]1qDLIDA L0JU2IDULLI(
[8¢€] uresodr] J10)dooar uade[[o) e 91 uruIodI3uo $140213U0] SYPSKydpuiav gy
[zel urpesodry urquioryy, '@ oy ¢-Sdl SNUOLL SPOX]
[L€] apnded urngajur jo isruodeiuy e v1 suLISopoX| | snoyiond sapox| ‘stvjndpos sapox|
[9¢€] QwAzug dav d1v 'Y 29 ase1kdy supndpas sapoxy
vy
[cel 103IqIyul uolsaype oL,
[v€] Uneqnoj
[62] urgaisesiq
[e€] ase1kdy DIPGNOUL SOLOPOYIIUL()
[zel ulquonpnuy urugSiAes
[1€] ase1kdy
[og] undauisiq urI39ur Jo JSIuodeiuy e ¥1 un3Augdiaeg 16uS14DS S0L0POYITUL()
[62] opndog ur13our jo Jsuodejuy 'Y 09 urgai3desig
[82] urpeoodr| 10)dooa1 uadeo) e LT UnRqNOJA DIPGNOUL SOLOPOYIIUL()
[LT ‘9t] aserkdy dav div aserkdy 2DpISDSLY
$4011q1Yu1 UoDS2L33D 12]2ID] ]
[sz] urpue[3eIsold UOTJBIR[IPOSBA o urpue|3e)sold snpdoaonu snjrydoog
[¥T ‘€2l surpue[3e1sold UOTIBIR[IPOSBA e 7S¢ 0% pue g urpue[3esoid WNUDILLIUD DUIUOK]qULY
[zz] urdiog asewAyd ‘0 aursdoyie) ey 8¢ 7-S¥I SNUIDLL SIPOX]
[12] QUIUIELISIY JO PUesI] UONEBIB[IPOSEA B 0C JdH!
[oz] 9pIouesodIg UOTRIB[IPOSBA (?1Dq) urpoAoelsoid supdpos sapoxy
UOYDID]IPOSDA
SQOUAIRJOY [e9TWAYO0Iq JO 2INJBN uonouny Jo/pue JaSIe], JySrom QNSO sa1oads o],
IR[NOJOIN

sanIAnoe [eo130[01q juajod Jsour J1ay) pue sardads o1 JUSISJJIP JO BAI[ES ) WOILJ PIZLIAILIRYD SN0 [°T YL



Y. M’ghirbi

[L$] ujord | urwserd ‘ursdAn ‘urquioxyy, ey L'l urydoog
snjdoaonu
[zv] uroid Juengeoonuy UrquIoIy [, e 1 dvug (snpiydoog) smppydaodiyy
[96]| xordwoo aseurquoIyloid JOJIqIUUI BY JOJOR] 'Y S9 urojoxd ey S9 smpnoipuaddp snppydaoidiyy
[ss] apndaq SISATOULIqL] e €7 une)sIsuo|
[+6] BIIX/IIXA uresAydewsey
[ov] apndog UIquIOIY ], ey L 7 PuUB | uruepejn s140013u0] syps ydpuwany]
[g6] opndad gy ey ey L X-ounuwoA[quIy asuauualvd punuol]quiy
[17] UuIquoIy J, UTuBILR_UY
[zs] Jo)quyur e Jo)qyur eX g WNUDILIZUD DUUOK] QUL
[16] ureosodr] urquory, urSores wnin8a1pa vuoljquiy
sIsA[ouriqy
[os] opndog ‘Kemypyed orsurnuy e y—¢€ 1dD-11 SNUIILL SIPOX]
uoneAnoe
[6v] I0NQIUUI X 10108 | A POIRIPIW-BY 10IqIyu] e L S-XIL
[8¥] urejo1q Toyiqroqur Kemeped T, ey ST y1dres
[L¥] urajold Jonqryur Aemuped g7, e 1 SLIB[OX] s1pndpos sapoxy
[ov] JToyqryur Kemeped g, dvsa-1dvsd
[s¥] jue[n3eoonue apndog vXd ey L urojoxd oyrf-dey,
[z€] apnded UIquIoIy [, e 1 uruSiaeg 16uS1ADS SOL0POYITUI()
[i¥] urquioryp, ULIOpOIWIO
[e] juen3eoonue apndod vXd e L dvL DIDGNOUL SOLOPOYITULO)
s1sjouriqif puv uoyvINILOIYUY
[ev] urquionyInuy snpdoonu snjiydoog
[1¥] uIquIoay J, UIUBILIOW Y WNUDILUWD PUUOK]QUIY
SOUQIRJOY [eO1WAYO0Iq JO QIMIeN uonouny 1o/pue Ja3Ie], JySrom J[NIJ[ON saroads yo1],
Ie[NOJOIN

(Ponunuod) 'Y AqeL



Exploring the Sialomes of Ticks

1

(ponunuod)

[L9]

[99]

[S9 ¥9]

[€9]

$914003N9

TegponuoydiowAjod

urejoig Jo oouareype aredury
S[1e2

C-TTLD Pue s[[a9 [, uewuny

Jo uonerajroxd syquyuy

Surq[p| payerpaw-Apoquue

wolj a1eydolids ayy

syo9)01d ‘HdsQ mafiopSing

'g spuiq ‘uonerdyrjoxd [[eo-T,

urjoid | pue uononpoid z-1 siredwy

JSBIIDAUOD
€D P syoeIdur ‘Kemyyed

Juawa[dwod dARUI Y

9SBIIOAUOD

€D P sjoeIdur ‘Kemyped

Juawa[dwod SANRUIY

ISBIIDAUOD €0 UM SIOrIOU]

9SBIIOAUOD

GO WM ¢H Jo uonaseraur

Joyqryur Juswsduro) Jo uonuaaaxd ‘O

Jonquyut ex

IIAd Pue AJ Jo Ioyqryup

ursjo1d uIquIoIy I,
uraold UrquIoayJ,

BN 01 €LE] TSI 626 TSI

urejoxd Surpuiq-g-r

ey ST grdres SLDINADIS SIPOX]
uoypmpowounuuuo1ssaiddnsounuiuy

son3ojered oesy ‘[T ‘T DV I snu1LL |
ey 681 JBs|
ey 8% ozdres supndpos |
e 891 DWO DIDGNOWL SOLOPOYIIUL(O)
stonqyul juawajduio)
IoNqryur ey wWNIpIUNL PUUOIDSE]
IIAA PUB A JO I03qIyuy 1UOSAIPUD LOJUIIDULII(]
e SI unerese) smpavoIpd snpydoog
e 81 urfrydosoryy



Y. M’ghirbi

[18]

[08]
[6L]
[8L]

[LL]

[9.]

[cL]

[¥L]
[eL]
[zL]

[1L]

[0L ‘691
[89]

SAJURIRJY

proe Aney pajeinjes
ursjoIg

asepndog

uro)oig

urdjold

urdjold

opndad

urojoig
urdjoIg
urajoIg

urejo1d

urojoig
urejoig

[eO1WAYO0Iq JO QIMIeN

sosuodsax

AIOYeWIWIERYUL JSOY AJe[NPOIA
uoneIgu

a8eydoroewr Jo 103IqIUUY
J0y1qUyur aseydAay,

surojoxd Surpurq-ourueISIq
urajoxd Surpurq

-UIUOJOIAS PUB -oUIWEISIH
sasuodsar

D sewwrerdordoy
(S[eorper 2213

JO UOTIBOYIXO0)IP ‘UOIIOAS
QU 0149 Jo uone[Npo)
sasuodsar Arojeurureur
jsoy sassaxddns g

S[[99 g jo uonerajijoid
pasnpul-Sd-T snqiyuy
1031qIyut [[93-1,

[rydonnaN

uonerdjrjoxd

[[99-¢ JO Iouqryuy
sasuodsar adA)-gy,[, seonpur
‘ssouaarsuodsar aSeydoroewr
pue aK00ydwk|

1 seye[npouwu sLy

Kyanoe T ursdoyied syqryuy

uonouny 1o/pue Ja3Ie],

BAN ¥'CSE

BN LT
eAI SElL
BdA 1C

B CC

BAALLL

eAACl
B 9¢

e v
eay SCI
JySrom
Je[NOS[OIA

7dod ‘opv

JIN
IdPL
(DdgHeYd ‘GNdgHed

dgHS

urueder

q ‘v urwoeAq

414
9¢d
ddT-1

dig

SLT
T 11 UneIsoreIs
Q[NOA[OIN

snoum3ups snppydaoidiyyy
WNUDILLIUD DUIUOK]qULY
smpnoipuaddp snppydadndiyy
smppnarpuaddp snppydadndiyy]

SNIDINO1I2L AOJUDIDULID(]

smpnorpuaddp snppydadndiyy]

wnoDISY PUMUOIPAY
1UOSAIPUD LOJUIIDULII(]

SNUIOLL SIPOX]

saroads yorJ,

(ponunuod) T°T AIqEL



Exploring the Sialomes of Ticks

1

9[nosjow

[98] urejoig s1souagoIgue s)qryuy y1[-T utuodon ‘JUTTH
[¢8] ura)old s1sauagorgue s)qryuy urduewae s1L10913U0] S1DS&ydpwan gy
(8] QwAzug s1sauagorgue s)qryuy asedjordofrers|y SNUIOLL SIPOX]
S182U23013UD ‘SU1PAY PUNOM

TT7TDD 3R §71DD ey €0'Cl P-uiseAy

ey L ‘c-uIseAq

1'10XD ‘817102

[£8 “z8] ulold | YIDD ‘€10 seunjoway) BAA 901 [-uiseay snaumdups snppydaordngy

Suipuiq supyouy)




10 Y. M’ghirbi

1.2.1.1 Tick Vasodilators

Ticks are able to disarm the vasoconstriction branch of the hemostatic system by the
presence of salivary vasodilators. The latest discovered are molecules which
increase blood flow by antagonizing vasoconstrictors produced by the hemostatic
system following tissue injury.

All known tick salivary vasodilators reported to date are nonproteinaceous vaso-
dilatory compounds. They include lipid derivatives such as prostacyclin and prosta-
glandins [20, 87]. Examples of salivary vasodilators (Table 1.1) from the hard tick,
Ixodes scapularis, are a salivary arachidonic acid lipid derivative prostacyclin [20]
and prostaglandin E2 (PGE2) [36]. The latest molecule is a short-acting vasodilator
and also an inhibitor of platelet aggregation that exerts its effect by increasing cyclic
adenosine monophosphate (cAMP) in smooth muscle cells resulting is vasorelax-
ation. The saliva of the lone star tick, Amblyomma americanum, also contains the
vasodilator PGE2 and, additionally, PGF2a [23, 24]. The presence of PGE2 has also
been reported in Rhipicephalus (formerly Boophilus) microplus [25], Haemaphysalis
longicornis, and I. holocyclus [88]. However, a tick histamine release factor (tHRF),
secreted in 1. scapularis saliva [21], and a novel I. ricinus serine proteinase inhibitor
(serpin), IRS-2, which inhibits cathepsin G and chymase [22], probably also act as
modulators of vascular permeability [8].

1.2.1.2 Tick Inhibitors of Platelet Aggregation

Platelet aggregation represents the initial and most immediate stage of defense to
avoid blood loss during tissue injury (hemostasis). Following vascular injury, plate-
lets adhere to the subendothelial tissue and then become activated by agonists such
as collagen, thrombin, adenosine diphosphate (ADP), and thromboxane AZ2.
Agonists bind to specific receptors on the surface of platelets and initiate a long and
highly complex chain of intracellular chemical reactions that lead to platelet aggre-
gation to form the platelet plug, promote clotting, and release vasoconstrictor sub-
stances. The platelet aggregation cascade is targeted by ticks at several stages [Table
1.1; 18]. The ability of ticks to counteract the platelet aggregation cascade occurs in
several stages [89]. Thus, ticks target ADP via salivary apyrase, which hydrolyzes
the phosphodiester bonds of ATP and ADP or inhibits ADP-induced platelet aggre-
gation [31], or prevent activation of platelets by collagen [28, 38]. Interaction
between fibrinogen and the GPIIb—IIla complex is the important final step to plate-
let aggregation.

Integrin allbB3 (glycoprotein IIb—IIla, GPIIb—IIIa) is an inactive receptor on
resting platelets which, when activated, regulates aggregation and adhesion of platelets
[90]. This glycoprotein receptor binds fibrinogen resulting in a platelet—fibrinogen—
platelet interaction or platelet aggregation by fibrinogen cross-linking. ADP secreted
by activated platelets provokes integrin and Ca2 +—dependent platelet aggregation.
Thrombin, ADP, and adrenalin increase the receptor affinity to their ligands (plasma
protein, fibrinogen, and von Willebrand factor), which are responsible for binding
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to platelets during aggregation. Accordingly, tick saliva contains disintegrin-like
peptides that block the binding of adhesive proteins to GPIIb-IIIa receptor [30, 39],
therefore inhibiting the platelet—fibrinogen—platelet interaction, even if platelets are
activated [29, 30, 39]. This antiplatelet strategy is used by the soft ticks, Ornithodoros
moubata and O. savignyi. These ticks contain proteins named disagregin (7 kDa)
and savignygrin, respectively, which bind to GPIIb-IIla in platelets [29, 31].
Disagregin uses a motif that is different from known GPIIb—IIIa antagonists to bind
to the receptor, whereas savignygrin uses the classical Arg—Gly—Asp (RGD) motif
to bind to GPIIb—IIIa. The saliva of the hard tick, Dermacentor variabilis, contains
a protein named Variabilin (4.9 kDa) which has an RGD motif and blocks this
receptor. However, this peptide has little sequence homology to other GPIIb-IIla
antagonists [39]. Additionally, Ixodegrins from I. pacificus and I. scapularis display
sequence similarity to Variabilin, with two additional cysteines in the RGD position
[37], but their disintegrin activity has yet to be confirmed [89].

It is interesting to note that when different tick species use the same strategy to
counteract a biological activity, they may still use different proteins. However, in
addition to the previously described integrin O. moubata produces Moubatin (17
kDa), a salivary antiplatelet factor which belongs to the lipocalin family of beta-
barrel structures that, in general, bind small hydrophobic molecules [34, 91].
Salivary proteins with lipocalin structure have also been described in the tick,
Rhipicephalus appendiculatus [78]. In addition, activation of platelets by collagen
is prevented, for example, by Moubatin, a specific inhibitor of collagen stimulated
platelet activation from O. moubata, whereas tick adhesion inhibitor (TAI) identi-
fied in the same tick species inhibits the adhesion of platelets to matrix collagen [28,
35]. Another inhibitor of collagen-mediated platelet aggregation, Longicornin, was
isolated from the hard tick Haemaphysalis longicornis [38]. However, Longicornin
does not bind directly to collagen fibers and does not affect platelet adhesion to
collagen, indicating that the inhibitor, similarly to Moubatin, shares a common
receptor with collagen.

The strategy used by most blood feeders to block platelet aggregation is to
destroy or hydrolyze the platelet agonist ADP. This is achieved by the presence of
the salivary enzyme, apyrase (EC 3.6.1.5), which hydrolyses the phosphodiester
bonds of nucleoside triphosphates and diphosphates but not monophosphates.
Apyrase activity has been reported in the saliva of many ticks including I. scapularis,
O. moubata [33, 36], and O. savignyi [92]. Apyrase from R. microplus belongs to
the 5’-nucleotidase family [93]. On the other hand, apyrase activity has not been
detected in the saliva of, for example, A. americanum [23], but increased prosta-
glandin levels in the saliva of this tick inhibit platelet aggregation by preventing
ADP secretion during platelet activation [23, 94].

Thrombin, the protease activated at the end of the blood coagulation cascade, is
a potent agonist of platelet activation. Salivary antithrombins from soft ticks,
including O. moubata and O. savignyi, have been characterized as anticoagulants as
well as inhibitors of platelet aggregation induced by thrombin [32, 95]. The serpin
IRS-2 from I. ricinus inhibits both cathepsin G- and thrombin-induced platelet
aggregations [22].
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1.2.1.3 Tick Inhibitors of the Blood Coagulation Cascade

Blood coagulation involves a series of enzymatic reactions whereby an inactive
proenzyme (coagulation factor) is converted to an active form, which then activates
the next proenzyme in the series. Thrombin is involved in the final common path-
way of the coagulation cascade, which in turn cleaves fibrinogen into fibrin.
Polymerization of fibrin results in blood clot formation. A number of inhibitors of
serine proteases involved in the coagulation cascade are the most characterized
entities from the saliva of ticks. Anticoagulants from ticks can be classified based on
four mechanisms of action: thrombin inhibitors, inhibitors of activated factor X
(FXa), inhibitors of the extrinsic tenase complex (ETC), and contact system protein
inhibitors [96], with thrombin and FXa being the most common targets.

Inhibitors of Thrombin

A strategy employed by ticks to inhibit the blood coagulation cascade is to block
thrombin activity. Thrombin is the last enzyme in the blood coagulation cascade and
is a strong agonist for platelet aggregation. Several specific direct thrombin inhibi-
tors with various modes of action have been characterized in the salivary glands of
both soft and hard ticks [32, 40, 42, 52, 59, 95, 164; Table 1.1]. Variegin, character-
ized from A. variegatum, has structural similarity to, but is much more potent than,
hirulog, a 20-amino-acid synthetic thrombin inhibitor based on the natural leech
peptide hirudin [51]. In addition, Boophiline [57] and Rhipilin-1 [97] have been
described in the saliva of the ticks R. microplus and R. haemaphysaloides, respec-
tively. Americanin, the salivary antithrombin from A. americanum, is a specific,
reversible, and a slow tight-binding inhibitor of thrombin [52]. The salivary
antithrombin from O. savignyi is a 12.4 kDa protein named Savignin [32] which is
a slow, tight-binding inhibitor of thrombin and interacts with the active site as well
as with the binding exosite of this protease [30]. Savignin is 63 % identical to
Ornithodorin, the salivary antithrombin from O. moubata [44]. Soft tick antithrom-
bins insert their N-terminal residues into the thrombin active site inhibiting the
activity of this protease, whereas traditional Kunitz-type inhibitors use a central,
reactive loop. In addition, various other peptides with protease-inhibiting activity,
such as Microphilin [58] and anticoagulant protein (BmAP) [42] from R. microplus
or Calcaratin [59] from Boophilus calcaratus, are not ranked in any of the previous
groups.

Inhibitors of Factor Xa
The tick anticoagulant peptide (TAP) from the saliva of the soft tick, O. moubata, is

the most intensively studied soft tick anticoagulant [43]. TAP has some homology
with Kunitz-type inhibitors, with a molecular mass of 6.977 kDa, but is a highly
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specific, reversible competitive inhibitor of factor X activation [FXa; 62]. FXa is
involved in the activation of thrombin, hence, the importance of blocking the
activity of this protease for hematophagous arthropods. TAP binds FXa with a
dissociation constant of 180 pM. The soft tick, O. savignyi, also contains an FXa
inhibitor with 46 % identity to TAP [45]. Moreover, FXa inhibitors are reported
from the saliva of the lone star tick, A. americanum [41], and from the saliva of
Hyalomma truncatum [61]. Amblyomin-X recombinant protein derived from an A.
cajennense transcript encoding a protein containing an N-terminal Kunitz-type
domain and a C-terminus with no homology to any known sequences was also
found to inhibit FXa [53]. Salp14, a protein belonging to the salivary protein (Salp)
family, was identified in saliva of I. scapularis and specifically inhibits the FXa
active site [48, 98].

Two anticoagulants have been identified from the salivary glands of the tick, O.
savignyi. These two anticoagulants, termed BSAP1 and BSAP2, have molecular
masses of 9.3 and 9.2 kDa, respectively, and are inhibitors of the extrinsic pathway
of the blood coagulation cascade [46]; no sequence information is available for
them yet. An anticoagulant from R. appendiculatus saliva probably targets compo-
nents of the prothrombinase complex different from FXa [56]. Inhibitors of FV and
FVII have been described for D. andersoni [60].

Inhibitors of the Extrinsic Tenase Complex (ETC)

Ixolaris, a tissue factor (TF) pathway inhibitor belonging to a novel group of tick
anticoagulants, was isolated from 1. scapularis [47, 99]. Ixolaris is a small protein
(9.8 kDa) of 140 amino acids containing ten cysteines and two Kunitz-type domains
[47]. It inhibits the intrinsic pathway and shows homology to Salp14 and Salp9Pac,
also present in saliva of I. scapularis. Recombinant Salp14 prolongs activated partial
thromboplastin time (APTT) and specifically inhibits factor Xa [48]. These proteins
probably belong to a novel family of anticoagulants with related functions.

Inhibitors of Protein Contact System

Rhipicephalus microplus trypsin inhibitor-A (BmTI-A) is a kallikrein and elastase
inhibitor of the BPTI-Kunitz type [100]. The inhibitor increases APTT but does not
prolong prothrombin time (PT) or thrombin time (TT). In addition, a plasma kalli-
krein—kinin system inhibitor named haemaphysalin was identified in H. longicornis
[54]. This inhibitor interferes with reciprocal activation between factor XII and
prekallikrein. A contact phase inhibitor (Ir-CPI) present in I. ricinus salivary glands
inhibits the intrinsic coagulation pathway and, to a much lesser extent, fibrinolysis
in vitro [50].
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1.2.2 Additional Tick Salivary Anti-hemostatic Activities

Many biological activities which may be related to host hemostasis have been
described in tick saliva.

A fibrinolytic activity has been detected in 1. scapularis saliva which is due to
the presence of a metalloprotease. The role of salivary metalloproteases in tick
feeding appears to be related to their antifibrinogen- and antifibrin-specific activi-
ties [101]. These proteolytic activities are metal dependent and target gelatin,
fibrin, fibrinogen, and fibronectin but not collagen or laminin. These activities may
confer additional anticoagulant activity by preventing the formation of the fibrin
clot or dissolving the already formed blood clot. Kunitz-type serine proteinase
inhibitors (RsTI, 8—18 kDa) were isolated from the larvae of R. sanguineus [102].
Their role in hemostasis is predicted to be similar to serine proteinase inhibitors
such as those found, for example, in R. microplus [100], and they target plasmin
and neutrophil elastase.

Serine protease inhibitors with similarity to the insect serpin family have also
been discovered in ticks [103, 104]. Tick serpins might also interact with host
defense responses, including hemostasis.

Calcium-binding proteins belonging to the calreticulin family are also present in
tick saliva. They may play a modulating role in host hemostasis through binding
calcium ions required as coagulation enzyme cofactors [105].

Phospholipase A2, most probably responsible for the hemolytic activity of saliva,
has been detected in A. americanum [106]. This salivary activity hydrolyzes ara-
chidonyl phosphatidylcholine and is activated by submicromolar calcium. It has
been suggested that this phospholipase (55 kDa) may be involved in producing
PGE2 from host substrates and that it may also be responsible for the hemolytic
activity reported in A. americanum saliva [107].

Ixodes scapularis saliva has been reported to inhibit key pro-inflammatory activities
of neutrophils such as aggregation following activation by anaphylatoxins, the release
of enzymes, production of oxygen radicals, or the phagocytosis of bacteria [108].

Moreover, anti-IL-8 activity was reported from the saliva of D. reticulatus, A.
variegatum, R. appendiculatus, H. inermis, and I. ricinus [109].

Histamine is a highly potent inflammatory mediator and a vasoactive factor
which binds to H1 and H2 receptors, causing edema and erythema by dilating and
increasing the permeability of small blood vessels. Additionally, histamine is a
regulator of the T-cell response [110]. Rhipicephalus appendiculatus has a set of
novel salivary histamine-binding proteins with a lipocalin structure [78]. Interestingly,
R. appendiculatus histamine-binding proteins are beta-barrel structures with
two binding sites instead of one binding site for hydrophobic molecules. Similar
proteins were identified in salivary glands of 1. scapularis [111] and A. america-
num [112].

Another mediator of the inflammatory response, serotonin, is secreted by tissue
mast cells (in rodents) and has similar activities to histamine. A serotonin-binding
protein (22 kDa) was isolated from D. reticulatus salivary glands [77]. This protein
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is similar in structure to the R. appendiculatus histamine-binding protein with two
binding sites, one of which binds histamine, while the other is slightly larger and is
able to accommodate and bind serotonin [165].

Ixodes scapularis has a salivary protein that specifically inhibits the alternative
pathway of the complement cascade [113]. Isac (I. scapularis anticomplement) is
an 18 kDa protein that inhibits the formation of C3 convertase, which acts as a regu-
lator of the complement cascade [6]. However, the sequence of Isac is not homolo-
gous to any known complement cascade regulator. Longistatin, a plasminogen
activator identified recently in H. longicornis, was found to hydrolyze fibrinogen
and delay fibrin clot formation [55].

1.2.3 Tick Compounds and Angiogenesis

Angiogenesis is characterized by the invasion, migration, and proliferation of
smooth muscle and endothelial cells, a process that involves sprouting of new capil-
laries from existing blood vessels. It is a highly regulated process, essentially in
many physiologic conditions, including development, reproduction, and wound
repair. Vascular cell adhesion molecules appear to contribute to its regulation, and
several pathologic conditions have been related to unregulated angiogenesis, as in
tumor development [114]. Disintegrins have been characterized as platelet aggrega-
tion inhibitors that can prevent adhesion of tumor cell lines to extracellular matrix
(ECM) components. Saliva from I. scapularis has been reported as a potent inhibi-
tor of angiogenesis [115]. Relatively few disintegrins have been molecularly cloned
and expressed (Table 1.2); therefore, salivary disintegrin inhibitors of angiogenesis
remain a relatively unexplored field of investigation with great promise for a range
of medical applications.

Ticks are the most important source of disintegrins among arthropods. In fact,
ticks must inhibit the interaction of cells with ECM components during the long
feeding period as part of the mechanism by which they keep blood flowing through
its proboscis. Below we detail the salivary disintegrins which have been characterized
molecularly or functionally in ticks. These disintegrins are described in Table 1.2.

1.2.3.1 Disintegrins and Functions
Variabilin

Variabilin is present in the SGs of the hard tick Dermacentor variabilis and inhibits
platelet aggregation induced by ADP (ICs,~150 nM), collagen, and thrombin
receptor peptide SFLLRNP. It also blocks platelet adhesion to fibrinogen. It is a
potent antagonist of the fibrinogen receptor integrin ollbp3 and the vitronectin
receptor avp3 [39].
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Table 1.2 Tick salivary disintegrins [116]

Mol
Name [reference] | Tick species wt |IC50 | R/S/P* | Tripeptide | Cell target Integrin
Variabilin [39] D. variabilis 5 157 nM | N/N/Y |RGD +2.5 ollbp3
ISL929/1373 [29] | Ixodes sp. 10 |¢ Y/N/Y |¢ Neutrophils | aMp2¢
Monogrin [117] A. monolakensis | 10 | 150nM | Y/N/Y |RGD Platelets olIp3
Tick antiplatelet O. moubata 15 |8nM |N/N/Y |¢ Platelets EC | a2f1,
inhibitor (TAI) alpl
[351°
Disagregin [29, O. moubata 6 104 nM | N/N/Y | RED Platelets ollbp3
118]
Ixodegrin [37]° Ixodes sp. 7 |¢ N/N/N | RGD Platelets? allpp3
Savignygrin [30] | O. savignyi 7 130 nM | N/N/Y | RGD Platelets ollbp3

4R obtained in recombinant form, S structure available, P inhibition of cell function tested with
recombinant or purified proteins, Mol wt molecular weight (approximate), EC endothelial cell,
NIF neutrophil inhibitory factor, HPI hookworm platelet inhibitor, TA/ tick adhesion inhibitor
"TAI has not been molecularly identified

‘Ixodegrin has not been expressed or purified

4IC50, or integrin specificity unknown, or not confirmed

Disagregin

Disagregin is a 6 kDa protein from the SGs of O. moubata that potently blocks
ADP-induced platelet aggregation (ICso~150 nM) [29]. In addition, disagregin
inhibits platelet aggregation by different agonists, blocks platelet adhesion to fibrin-
ogen, binds to resting and ADP-activated platelets, and also binds integrin olIbp3 in
activated platelets with K,~40 nM. Cross-linking experiments also demonstrated
binding of disagregin to integrin olIbP3. In contrast, disagregin does not affect
endothelial cell adhesion to vitronectin, which is mediated by integrin avp3 [29].

Savignygrin

Savignygrin is a platelet aggregation inhibitor purified from the soft tick O. savignyi
and is similar to disagregin. It inhibits platelet aggregation induced by ADP
(ICso~130 nM), collagen, thrombin receptor-activating peptide, and epinephrine. It
also blocks binding of a-CD41 to platelets, binding of allbp3 to fibrinogen, and
adhesion of platelets to fibrinogen, suggesting it targets the fibrinogen receptor.
Savignygrin forms a complex with both oIlbB3 subunits, and this complex forma-
tion is unaffected by the activation state. This disintegrin belongs to the BPTI family
of serine protease inhibitors and presents the integrin RGD-recognition motif on the
substrate-binding loop of the Kunitz fold [31]. Additionally, savignygrin can
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promote disaggregation—which is an inhibition of platelet aggregation at a post-
aggregation level—through occupation of the allbp3 receptor. Savignygrin-like
molecules have also been cloned from the soft tick O. coriaceus [115].

Monogrin

Monogrin was purified from the SGs of the soft tick Argas monolakensis. Both
recombinant and purified monogrins block ADP-induced platelet aggregation
(ICsp~150 nM) but not initiation of shape change. Monogrins were found to interact
with integrin oIIbp3 by surface plasmon resonance [19].

Ixodegrin

This family was named after identification of I. pacificus [37] and I scapularis
putative cysteine-rich proteins with an RGD or KGD domain indicative of proteins
that interfere with fibrinogen binding to platelets, acting as platelet aggregation
inhibitors. Ixodegrins display sequence similarity to variabilin. Recently, a protein
described from the SGs of the tick Amblyomma variegatum showed similarities to
I. scapularis ixodegrins [15]. Ixodegrin remains to be produced in a heterologous
system to confirm its functional activity.

Tick Antiplatelet Inhibitor (TAI)

TAI (~15 kDa) has been purified from O. moubata SGs but has not been molecularly
cloned. It inhibits platelet adhesion to soluble collagen under static conditions
(ICsy~8 nM) without affecting the onset or maximum aggregation triggered by
collagen or other platelet agonists. TAI also affects endothelial cell adhesion to
collagen and has partial inhibitory activity for fibronectin-mediated platelet adhesion.
Further, it outcompetes anti-a2p1 monoclonal antibody Gi9 binding to platelets,
suggesting it is an integrin a2p1 antagonist [35].

ISL929/1373

ISL929 and ISLL.1373 are two 1. scapularis salivary proteins that have been described
as neutrophil inhibitors. Expression of both molecules is induced upon tick feeding
and mostly expressed in the salivary gland. Recombinant ISL.929 and ISL1373
appear to reduce expression of 2 integrins and to decrease production of superox-
ide by neutrophils in vitro. Furthermore, mice immunized with both proteins had
increased number of neutrophils at the site of attachment, suggesting that they inter-
fere with inflammation in vivo [15].
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Fig. 1.1 ClustalW alignment for putative KGD (a) and RGD (b and ¢) disintegrins from metastri-
ate ticks [116]

As described in Sect. 1.2.3.1, tick disintegrins exhibit substantial complexity and
variability. In Sect. 1.2.3.2, we will focus on the structure of the different families of
disintegrins, including both known and putative salivary disintegrins.

1.2.3.2 Disintegrins and Comparatives Structures

Disintegrins from Metastriate Ticks (Dermacentor, Rhipicephalus,
and Amblyomma)

KGD and RGD Disintegrin Family

Two distinct KGD disintegrins from the salivary glands of Rhipicephalus ticks have
been identified as mucin-like proteins (Fig. 1.1a). RGD disintegrins from Amblyomma
sp. which have been identified as chitin-binding peritrophins (midgut protein) are
shown in Fig. 1.1b. Figure 1.1c displays two sequences from Haemaphysalis sp.
salivary gland which belong to the lipocalin family, one of them having an insertion
between amino acids 130 and 145 [116]. Perhaps the RGD in these proteins is
adapted for integrin recognition. Dermacentor sp. salivary glands are characterized
by the presence of two highly related members, including 14 cysteines, and a KGD
found between cysteines 10 and 11 [116]. Interestingly, a shorter sequence from
R. appendiculatus was found to display a high degree of similarity to the other two
members from Dermacentor sp.; the KGD is also located between two cysteines.
Perhaps these molecules have evolved to interact with 3 integrins.

KTS/RTS Disintegrin Family

A family of KTS disintegrins has been found in A. americanum salivary gland (Fig. 1.2).
These proteins belong to the Kunitz family of protein inhibitors. There are abundant
transcripts coding for putative disintegrins with which the KTS tripeptide appears to
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Fig. 1.2 ClustalW alignment for putative KTS disintegrins from Amblyomma sp. ticks [116]

be properly placed to interact with alp1 integrins, assuming the specificity is the
same as reported for the viperidae' KTS [119]. These molecules contribute to
blocking endothelial cell adhesion to collagen and to assisting in the inhibition of
angiogenesis and host response to injury [115]. Three other molecules with KTS or
RTS motifs were, respectively, found in Amblyomma or Rhipicephalus sp. [116].

Duodegrins

Bioinformatic analysis identified several duodegrin sequences with more than one
tripeptide motif. In some proteins, VGD and RTS motifs exist, while in others, RED
and VGD motifs were identified [116]. These sequences code for cysteine-rich pro-
teins of high molecular weight in the midgut of ticks and include the protein, BM86,
which is used as a vaccine against tick infestation [120, 121]. While its function is
unknown, it might be related to protection of the tick gut against host neutrophil
attack.

Disintegrins from Prostriate Ticks (Ixodes sp.)

RGD, KGD, and VGD Disintegrin Family

Short proteins from Ixodes sp. which display a typical RGD flanked by cysteines 5
and 6 are shown in Fig. 1.3a. They have been classified as putative secreted salivary
proteins, since they have no match to other proteins. Likewise, a second family of
putative RGD secreted sialogenins is presented in Fig. 1.3b. In Fig. 1.3c, two related
putative disintegrins are aligned, one of which IXOSC_67083633) is named ixode-
grin-2A [37]. In addition, KGD and VGD motifs, shown in Fig. 1.4a, were reported
in ixodid ticks [116, 122].

'The Viperidae (vipers) are a family of venomous snakes found all over the world, except in
Antarctica, Australia, New Zealand, Ireland, Madagascar, Hawaii, various other isolated islands,
and north of the Arctic Circle.
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Fig. 1.3 ClustalW alignment for putative RGD (a) and RGD (b and c¢) disintegrins from Ixodidae
ticks [116]
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Fig. 1.4 ClustalW alignment for putative VGD (a) and RTS (b) disintegrins from Ixodidae ticks [116]

RTS Disintegrin Family

One sequence was found to display RTS motif properly flanked by cysteines, sug-
gesting that this molecule might work as a disintegrin targeting a1p1 (Fig. 1.4b).
This is a putative secreted protein without database hits. As reported for other RTS
disintegrins, this sequence may also contribute to blockade of angiogenesis by tick
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Fig. 1.5 Neighbor-joining phylogram for the Ixodidae sequences presented in Figs. 1.5 and 1.6.
The numbers in the phylogram nodes indicate percent bootstrap support for the phylogeny. The bar
at the bottom indicates 20 % amino acid divergence in the sequences [116]

saliva [115]. Figure 1.5 displays a phylogenetic tree containing several salivary
disintegrins from Ixodidae. It is clear that they are positioned in a separate clade as
different families.

Disintegrins from Ornithodoros sp.

The repertoire of anti-hemostatics in hard ticks which feed for several days differs
significantly from those found in soft ticks [7, 15, 19, 37, 117, 123, 124]. Two short
RGD disintegrins from O. parkeri (Fig. 1.6a) have been identified as savignygrin-
like-1 and -2 [124]. They are likely platelet aggregation inhibitors. Figure 1.6b
contains two other sequences containing RGD motifs from O. coriaceus [123]
belong to the lipocalin family of proteins and have eight cysteines. It remains
unclear whether they target platelets, neutrophils, or endothelial cells until they are
obtained in recombinant form for further experimentation.
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Fig. 1.6 ClustalW alignment for putative RGD (a) and K/RGD disintegrins, (b) from Ornithodoros
ticks [116]

1.2.4 Tick Compounds and Host Inmunity

The first lines of defense against invading pathogens are host cellular innate immune
responses and the complement system. Tick salivary compounds can modulate both
innate and acquired immunity of the hosts to protect themselves from inflammation
and host immune responses [5, 16, 69, 125, 166]. Some hosts develop resistance to
tick feeding, while others develop no protective immunity to tick infestations. Thus,
host resistance or susceptibility depends on the tick—host association and can most
likely be explained by tick-induced modulation of the host cytokine network [126,
127]. Repeated tick infestations and salivary gland extracts are known to suppress
production of macrophage pro-inflammatory cytokines and the secretion of Thl
cytokines, whereas they upregulate Th2 cytokines, indicating a Th2 polarization of
the host immune response [128, 129].

Despite relatively extensive knowledge of tick-induced host immunomodulation,
only a few active molecules have been identified and characterized in tick salivary
glands [, 6, 64, 69, 71, 73, 80, 82].

1.2.4.1 Innate Immune Responses

Normally, the consequences of prolonged feeding of an ectoparasite would be local
inflammation and rejection. However, ticks produce compounds that inhibit the pro-
inflammatory functions of most cells infiltrating the attachment site, like neutro-
phils [108], NK cells [130], macrophages [131], T cells [73, 132], and dendritic
cells [133]. Moreover, tick saliva contains a variety of inhibitory activities directed
against many pro-inflammatory cytokines such as IL-2 and chemokines (CCL2/
MCP-1, CCL3/MIP-1a, CCL5/RANTES, and CCL11/eotaxin) [127]. Evasins, a
family of chemokine-binding proteins, have been detected in R. sanguineus ticks
[71]. This family show selectivity to different chemokines: Evasin-1 binds to CCL3,
CCL4, and CCL18; Evasin-3 binds to CXCL8 and CXCL1; and Evasin-4 binds to
CCLS5 and CCL11 [71, 81]. In addition, Evasin-3-like activities were described for
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other metastriate tick species, which provide other evidence that ticks control host
neutrophil functions during feeding.

A dipeptidyl carboxypeptidase activity was found to account for the salivary
kininase activity of I. scapularis [134]. In fact, bradykinin and histamine are impor-
tant mediators of itch and pain and can found to stimulate host grooming and
removal of the feeding ticks. However, tick salivary kininases hydrolyze circulating
kinins (e.g., bradykinin). Hard ticks also produce amine-binding proteins of the
lipocalin family. A male-specific histamine-binding salivary protein (RaHBP(M))
and two female-specific histamine-binding salivary proteins (RaHBP(F)-1, 2) were
isolated from the saliva of R. appendiculatus [78, 165], and the gene for a protein
that binds both serotonin and histamine (SHBP) was identified in D. reticulatus
[77]. In addition, a tick-derived protease inhibitor (TdPI) has been described and
characterized from R. appendiculatus that suppresses the activity of human
B-tryptases, mast cell-specific serine proteases with roles in inflammation and tissue
remodeling [79]. Ticks also produce proteins that mimic host proteins to evade the
host immune response [11]. A tick macrophage migration inhibitory factor (MIF)
has been described in A. americanum [80]. It inhibits the migration of macrophages
and most probably protects the tick from macrophage attack [11].

1.2.4.2 The Complement System

The complement system links the innate and adaptive responses of the host immune
system and is activated via three main pathways (alternative, classical, and lectin
pathway). The alternative pathway is the major line of defense against pathogens
and ticks [11]. Several molecules with anticomplement activities were identified in
tick salivary glands. Isac, Salp20, and Isac-1 from I. scapularis [6, 62] and the Isac
paralogues IRAC I and II from 1. ricinus [79, 135] inhibit specifically the formation
of the C3 convertase of the alternative pathway by blocking binding of complement
factor B to complement C3b. In addition, OmCI (O. moubata complement inhibi-
tor) belonging to proteins of the lipocalin family has been the first natural comple-
ment inhibitor isolated from a soft tick that specifically targets the C5 activation step
in the complement cascade [136; Table 1.1].

1.2.4.3 Acquired Immune Responses

A variety of tick species have been found to suppress in vitro proliferation of
lymphocytes induced with T- and/or B-cell mitogens. Tick-induced immunosup-
pression of the host is also characterized by decreased primary antibody responses
to T-cell-dependent antigens [11]. Moreover, ticks have evolved ways to alter pro-
duction of T-lymphocyte cytokines. Generally, it has been reported that tick saliva
polarizes the host immune response toward a Th2-type profile characterized by
downregulation of Thl cytokines (IL-2, IFN-y) and enhanced production of Th2
cytokines (IL-4, IL-5, IL-6, IL-10, IL-13) [5, 137, 138]. The inhibition of T-cell
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responsiveness to mitogens could result from the direct effect of salivary gland proteins
on lymphocytes or from their production of IL-10, while upregulation of IL-4 and
IL-10 probably leads to the development of a Th2 response [4, 132, 137, 138].

A 36 kDa protein (p36) present in the saliva of feeding D. andersoni has been
characterized as a T-cell inhibitor [73; Table 1.1]. An immunosuppressor, Iris, was
detected in I. ricinus females [69]. Iris suppresses T-lymphocyte proliferation,
induces a Th2-type immune response, and inhibits the production of pro-inflammatory
cytokines (IL-6 and TNF-alpha). A 15 kDa salivary gland protein from L. scapularis
(Salp15) is another feeding-induced protein that inhibits the activation of T cells.
Salpl15 specifically binds to the CD4 molecules on CD4+ T (helper) cells, which
results in inhibition of T-cell receptor-mediated signaling, leading to reduced IL-2
production and impaired T-cell proliferation [64, 122]. A secreted IL-2-binding pro-
tein that suppresses T-cell proliferation and the activity of other immune effector
cells responsive to IL-2 stimulation was detected in the saliva of I. scapularis [66].
Sialostatin L, a protein with inhibitory action against cathepsin L that displays anti-
inflammatory properties and inhibits proliferation of cytotoxic T lymphocytes, was
also found in the saliva of 1. scapularis [68].

B-cell inhibitory proteins (BIP and BIF) were identified in I. ricinus and Hyalomma
asiaticum asiaticum, respectively [71, 74]. Apart from substances modulating the
host immune responses, ticks also produce immunoglobulin-binding proteins that
protect them primarily from ingested host immunoglobulins [139].

1.2.5 Tick Saliva and Pathogen Transmission

Pathogens (bacteria, viruses, piroplasms, etc.) are transmitted from the salivary
glands of the tick to the host via salivary fluid. Some pathogens co-injected with
saliva may be more infective because the blood feeders’ saliva changes the physiol-
ogy of the host at the feeding site by injecting an array of bioactive molecules. In
addition, anti-inflammatory mechanisms may also enhance the transmission of tick-
borne pathogens [136, 137]. It is suggested that various tick salivary compounds
may have competing activities during infestation, and the amount of saliva injected
may also influence tick feeding and pathogen transmission [129, 139; Table 1.3].
The saliva of the tick, D. reticulatus, promoted vesicular stomatitis virus growth
in vitro [162], while the saliva of D. reticulatus, I. ricinus, and R. appendiculatus
enhanced tick-borne encephalitis virus transmission [141]. In another example, the
saliva of the tick, R. appendiculatus, enhanced Thogotovirus transmission [140]
and, in combination with interleukin-2, increased Theileria parva infection in lym-
phocytes [163]. I. ricinus saliva increased bacteremia (Borrelia afzelii) in C3H mice
[142] and exacerbated the proliferation of the bacterium Francisella tularensis in
mice [146]. Finally, there is evidence that the pathogen B. burgdorferi in I. scapu-
laris might use Salpl5 during transmission to a vertebrate host, as it specifically
interacts with B. burgdorferi outer surface protein C, and the binding of Salpl5
protects B. burgdorferi from antibody-mediated killing in vitro [65].



1 Exploring the Sialomes of Ticks

25

Table 1.3 Examples of saliva-assisted transmission (SAT) of tick-borne pathogens [11]

Pathogen
THOV

TBEV

Borrelia afzelii

Borrelia burgdorferi
S.S.

B. burgdorferi s.s.

Borrelia lusitaniae
B. burgdorferi s.s.
Francisella tularensis

THOV

TBEV

Borrelia afzelii

B. burgdorferi s.s.
B. burgdorferi s.s.
TBEV

B. afzelii
B. afzelii

B. burgdorferi

B. burgdorferi

Tick species
Rhipicephalus
appendiculatus
Ixodes ricinus

I ricinus

L ricinus

L ricinus

L. ricinus
I. scapularis
L. ricinus

R. appendiculatus
L ricinus

L ricinus

L ricinus

L. scapularis

L ricinus

L ricinus
I ricinus

L ricinus

I ricinus

L. ricinus

SAT
factor

SGE*
SGE

SGE

SGE

Saliva

SG®
lysate

SG
lysate

SGE

Saliva

SGE
SGE

SGE
Tick
feeding

Effect

Enhanced transmission and
infectivity

Enhanced transmission and
infectivity

Accelerating effect on
spirochete proliferation in
the host, suppression of
pro-inflammatory cytokines
Accelerating effect on
spirochete proliferation in
the host

Increased spirochete load in
host skin, increased
transmission to ticks
Increase of spirochete loads
in target organs

Increase of spirochete loads
in target organs

Accelerates proliferation of
the bacteria in the host
Non-viremic transmission
Non-viremic transmission
Co-feeding transmission
Co-feeding transmission
Co-feeding transmission

In vitro modulation of
infection rate of DCs® and
production of cytokines
Anti-inflammatory activities
Impairment of signal
pathways in DCs
Impairment of DC functions
Modulation of skin innate
immunity

BIP inhibition of B
lymphocyte proliferation
induced by B. burgdorferi
lipoproteins OspA and OspC
Salp15 Iric-1, a Salp15
homologue, binds to OspC
of B. burgdorferi s.s., B.
garinii, and B. afzelii

References
[140]

[141]

[142]

[143]

[144]

[145]

[145]

[146]

[147]
[148]
[149]
[150]
[151]
[152]

[153]
[154, 155]

[156]
[157]

[158]

[159]

(continued)
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Table 1.3 (continued)

SAT

Pathogen Tick species factor

B. burgdorferi L. scapularis

Anaplasma L. scapularis

phagocytophilum

ASGE salivary gland extract
°SG salivary gland
Dcs dendritic cells

1.3 Conclusion

Y. M’ghirbi

Effect References

Salpl5, immunosuppressive | [65]
functions, binds to OspC of
B. burgdorferi, protects the
spirochete from antibody-
mediated killing, facilitates
transmission and replication
of the spirochete

Salp25D, antioxidant,
facilitates the acquisition of
spirochetes by the vector
from an infected mammalian
host

Salp20, inhibits complement, [6]
facilitates pathogen survival

[160]

P8, lectin complement [161]
pathway inhibitor, facilitates
pathogen transmission

Salp16, facilitates migration | [171]
of the pathogen to salivary

glands

The area of tick saliva research has taken a great leap forward in recent years.
Molecular biology and high-throughput approaches are increasing our knowledge
of the proteins present in the salivary glands of ticks. This new information together
with the vast knowledge acquired over the last three decades on the pharmacology
of tick saliva and immune responses to tick salivary proteins has the potential to
open new venues to the understanding of tick saliva on blood feeding and pathogen
transmission. Understanding of the molecular basis of the strategies used by ticks to
evade host resistance and immune mechanisms that lead to host protection offers
great promise to engender new strategies for the use of tick salivary antigens as vac-

cines to control vector-borne diseases.
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