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ABSTRACT

Ticks have evolved a diverse repertoire of salivary proteins that enable prolonged blood feeding by finely modulating host
hemostatic, vascular, and immune responses, providing an unexpected source of candidates for cardiovascular and anti-
inflammatory therapy. Tick saliva contains molecules that interfere with vasoconstriction, platelet activation, coagulation and
fibrinolysis, while at the same time shaping leukocyte recruitment and cytokine release, placing these proteins at the crossroads
of hemostasis, inflammation and cardiovascular disease. In this review, the main families of tick-derived effectors are discussed,
including thrombin and factor Xa inhibitors, apyrases, serpins, and multispecific proteins that act on both coagulation and
inflammatory pathways, with an emphasis on how their mechanisms could be harnessed for anti-thrombotic and anti-
inflammatory therapies. Particular attention is given to salp proteins and the chemokine-binding evasins, which remodel
chemokine networks and immune cell trafficking in models of atherosclerosis, ischemia—reperfusion injury and stroke, where
they can dampen leukocyte infiltration, matrix degradation and plaque destabilization. Taken together, these insights show
how millions of years of tick-host coevolution have produced a molecular toolkit that not only clarifies fundamental aspects of
thromboinflammation, but also provides a basis for next-generation biologics targeting cardiovascular and inflammatory
disorders.
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Introduction

Blood feeding is a critical step for the development and reproduc-
tion of soft and hard ticks. To successfully obtain a blood meal,
these hematophagous ectoparasites have to overcome the host’s
defense mechanisms, which are activated upon insertion of the
hypostome into the skin.' Hard ticks (family Ixodidae) remain
attached to their vertebrate hosts for several days, continuously
facing immune and inflammatory responses. In contrast, soft ticks
(family Argasidae) feed rapidly, typically completing their meal
within a few hours and thus experiencing shorter exposure to host
defenses.? Because of their feeding habits, ticks are vectors for
several pathogens that cause important human diseases, includ-
ing tick-borne encephalitis, Crimean-Congo hemorrhagic fever,
and Lyme borreliosis. The transmission of diseases to the host is
facilitated by tick saliva released at the site of the bite, and the
saliva exploitation by pathogens to promote their invasion and
establishment in the host was originally termed “saliva-assisted
transmission.”>

During blood feeding, ticks anchor themselves to the host with
their mouthparts, damaging capillaries and other tissues to create
afeeding cavity. This tissue disruption triggers a multifaceted host
response, including platelet aggregation, vasoconstriction, blood
clotting, activation of the complement system, inflammation, and
antigen-specific acquired immunity.* To counteract these defense
mechanisms, ticks secrete a wide variety of bioactive molecules
such as proteins, lipids, nucleic acids, and other molecules
through their saliva. These bioactive compounds work synergisti-
cally to maintain blood fluidity and to suppress the host’s immune
responses, thereby facilitating prolonged feeding and enhancing
the likelihood of pathogen transmission.>

The secreted compounds act by targeting different stages and
components of the host hemostatic response at both the primary
and secondary hemostasis level. Upon vascular injury, primary
hemostasis is initiated by platelet adhesion to exposed subendo-
thelial matrix components such as collagen and von Willebrand
factor,® followed by platelet activation and aggregation to form a
temporary platelet plug. A central mediator of platelet aggrega-
tion is the integrin GPIIb/llla (allbp3), which undergoes confor-
mational activation, enabling high-affinity binding to fibrinogen
and other ligands. These ligands often contain an Arg-Gly-Asp
(RGD) or related motif (e.g., RGDS), which is recognized by
GPIIb/llla and facilitates platelet crosslinking. In addition to this
ligand-binding role, GPIIb/llla also transduces signals that further
stabilize platelet adhesion, promote cytoskeletal rearrangement,
and support thrombus consolidation. Consequently, many natural
and pharmacological inhibitors, including several tick-derived
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peptides, target this integrin by mimicking or blocking RGD-
dependent interactions.”~®

In parallel, secondary hemostasis reinforces the platelet plug
through activation of the coagulation cascade, culminating in
thrombin generation and fibrin formation. A key central axis of this
process involves the conversion of factor X to factor Xa, which,
together with factor Va,'® forms the prothrombinase complex
that catalyzes the conversion of prothrombin into thrombin.
Thrombin then cleaves fibrinogen into fibrin, leading to the
formation of a stable fibrin mesh that consolidates the formed
clot. Thrombin also amplifies coagulation through positive feed-
back activation of upstream coagulation factors and platelets.
Given this central FXa-thrombin-fibrin axis, it is not surprising
that many tick salivary proteins and clinically used anticoagulants
target factor Xa or thrombin to effectively disrupt clot
formation.'°

Moreover, among the various families of inhibitors present in
tick saliva, some serine proteases, for example, can act as anti-
coagulants, specifically by modulating the activity of different
molecules including thrombin, factor Xa and other proteases that
play a central role in the intrinsic and extrinsic pathways of the
enzymatic cascade leading to blood coagulation.!” Other mole-
cules directly target the host’s inflammatory response simulta-
neously. Protease inhibitors secreted in saliva can act specifically
on different key cells in this process, modulating the production of
inflammatory cytokines produced, neutrophil recruitment, and
antigen-specific CD4+ T cell proliferation induced by dendritic
cells (DCs).™"

Given the highly specific roles these molecules play in
modulating hemostasis and inflammatory processes during
tick-host interactions, their potential translational applications
in treating related human disorders warrants thorough
investigation.

Thrombosis is the result of a dysfunction in the hemostatic
response that leads to the formation of clots inside blood vessels,
interrupting normal blood flow, and the activation of an inflamma-
tory response that likewise reinforces thrombus formation.'? Once
formed, the inflammatory process associated with thrombosis can
be defined as immunothrombosis (physiological immune-driven
clot formation) or thromboinflammation (pathological interplay
between inflammation and thrombosis),"® which is characterized
by a loss of the antithrombotic and anti-inflammatory functions of
endothelial cells and contributes not only to cardiovascular dis-
eases, but autoimmune diseases as well.'>'* Given the complex
array of bioactive molecules present in saliva that modulate the
tick-host interface, and considering the growing interest in their
potential therapeutic applications, this review aims to summarize
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the current literature in the context of cardiovascular diseases and
inflammation.

It summarizes the multifaceted effects of tick salivary proteins
toward the regulation of hemostatic and inflammatory pathways
with a focus on the therapeutic effects for cardiovascular and
inflammatory disorders, especially for the Evasin and Salp protein
families. Ultimately, we aim to bridge fundamental tick research
and translational medicine by showing how tick proteins may be
the base of future therapeutics for thrombotic, inflammatory, and
cardiovascular diseases.

Tick Feeding versus Hemostasis

Among hematophagous parasites, ticks are regarded as some of
the most successful arthropods in securing their blood meal,
largely due to their well-coordinated mechanisms for overcoming
host hemostatic defenses.”'® For instance, hard ticks remain
attached to their host for days to weeks, whereas other blood-
feeding arthropods require only a few minutes. This long-lasting
attachment requires a continuous suppression of host hemostatic
and immune responses to ensure constant blood flow and avoid
occlusion at the feeding site.>'® At the host level, the hemostatic
system consists of a complex and essential network of intercon-
nected pathways with the sole objective of preventing blood loss
after a vascular injury.'” This system is formed by a well-orches-
trated response involving three components: vasoconstriction,
primary hemostasis (consisting of the platelet plug formation),
and secondary hemostasis (coagulation and fibrin clot formation).
In addition, the fibrinolytic system intervenes after the vascular
repair to ensure the dissolution of the clot.'®

All the hemostatic cascades mentioned present an obstacle for
the successful feeding of the ticks and therefore require efficient
countermeasures. Here comes the role of tick saliva with its
diversified arsenal of bioactive compounds that targets every
axis of the hemostatic system.'® These bioactive molecules are
constantly delivered throughout the tick feeding to ensure and
maintain a constant suppression of host defenses. It reflects
millions of years of co-evolution between ticks and their verte-
brate hosts, yielding highly specific and efficient molecular
effectors.> 1819

The tick feeding process starts mechanically through the
insertion of the tick hypostome into the host tissue, generating
a feeding cavity that triggers host hemostatic responses. Vaso-
dilators from tick saliva counteract vasoconstriction and maintain
constant blood flow to the feeding site. At the same time,
antiplatelet compounds prevent the formation of a platelet plug
that may cause the occlusion of the feeding cavity.?%?! Simulta-
neously, multiple anticoagulant proteins block the coagulation
cascade, preventing fibrin production and clot formation during
feeding.5,16,18,22

One of the most remarkable features of tick saliva is the
multifunctionality of its salivary effectors. Rather than targeting
individual components of the host’s hemostatic system, ticks have
evolved to produce compounds with broad-spectrum inhibitory
activities that simultaneously disrupt multiple pathways (coagu-
lation proteases, platelet receptors, etc.). This strategy allows, on
one hand, an efficient inhibition with a low metabolic cost of
protein production, and on the other hand, a protection against
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host adaptation, as one inhibitory compound can compensate for
the failure of others.>>*** From a biomedical perspective, these
properties of tick salivary proteins gave important insights into
the regulation of hemostatic components and gave several
therapeutic candidates.'®2%2>2% The potency and specificity of
these nature-derived compounds provide an unprecedented
foundation for drug development targeting thrombotic, inflam-
matory, and cardiovascular diseases.?'2772°

Molecular Mechanisms of Tick Salivary
Proteins in Modulating Hemostasis

Hemostasis represents a tightly reqgulated process that involves
vascular constriction, platelet activation and aggregation, and
fibrin production.® In the following paragraphs, we list tick
salivary proteins that were reported for their effects on blood
coagulation, platelets, vascular modulation, or a combined action
on several processes such as the interplay between inflammation
and hemostasis.

Inhibitors of Platelet Activation and Aggregation
Platelets play a central role in the hemostatic response to vascular
injury as they are the first to adhere to the injured endothelium,
forming a temporary plug and simultaneously secreting procoa-
gulant compounds to propagate clot formation.'* Here, we
provide a few examples of salivary proteins secreted by ticks
that target platelet activation and/or aggregation.

GPIIb/llla Antagonists

The GPIIb/Illa receptor, also called allbB3 or fibrinogen receptor, is
the most abundant platelet cell-surface protein; moreover, it
cannot be found on other cell types than platelets.>® Activation
of this receptor induces platelet activation and facilitates binding
of the receptor to fibrinogen, fibrin, von Willebrand Factor,
fibronectin, vitronectin, and thrombospondin. This further pro-
motes platelet aggregation.>' Aggregation inhibitors form a
complex with the IIb and llla glycoproteins of the fibrinogen
receptor on platelets, inhibiting platelet activation and subse-
quent aggregation.>>3 (Tables 1 and 2)

Collagen-Mediated Platelet Aggregation

Platelets bind collagen through GPla/lla and GPVI glycoprotein
receptors. Both receptors play an important role in collagen-
mediated platelet activation, but utilize a different mode of
action. GPVI plays an important role in early phases of platelet-
collagen interactions and enhances GPla/lla activation.3*3>

Thrombin-Mediated Coagulation and Platelet
Aggregation

Thrombin is a serine protease and an essential tool in the
coagulation cascade, functioning at the convergence of the
extrinsic and intrinsic coagulation pathway (Fig. 1).3® Besides,
thrombin contributes to a positive feedback loop in the coagula-
tion cascade, which stimulates the cleavage of prothrombin into
thrombin.3” Thrombin activates platelets specifically by binding
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Table 1 Inhibitors of fibrinogen receptors

a Thrombosis and Haemostasis

Protein Species Molecular Structure Mode of action Reference
weight
Monogrins Argas monolakensis, soft tick 10kDa Canonical Arg-Gly-Asp (RGD) * Block the fibrinogen receptor 33
motif
Variabilin Dermacentor variabilis, hard tick 5kDa RGD motif, no flanking « Block the fibrinogen receptor 8
cysteines
Disagregin Ornithodoros moubata, soft tick 6kDa Arg-Glu-Asp (RED) sequence « Block the fibrinogen receptor 20
Savignygrin Ornithodoros savignyi, soft tick 6kDa RGD motif ¢ Suppresses aggregation triggered by °
ADP, collagen, thrombin receptor-
activating peptide, and epinephrine
Ixodegrin Ixodes scapularis and Ixodes 8kDa RGD motif with flanking ¢ Blocks fibrinogen receptor 34
pacificus, hard tick cysteine residues
Table 2 Inhibitors of collagen receptors
Protein Species Molecular  Mode of action Reference
weight
Longicomin Haemaphysalis 16 kDa ¢ Interacts with the platelet-collagen receptor (GPVI). 35
longicornis, hard tick
Moubatin Ornithodoros 17 kDa * Platelet-specific: prevents platelet aggregation triggered by collagen 37.38
moubata, soft tick At higher concentrations, it acts as a thromboxane A, receptor antagonist,
Tick adhesion  Ornithodoros moubata, soft tick ~ 15kDa * TAI competes directly with collagen for binding 38
inhibitor (TAI) to the platelet a,B1 (la-11a) integrin complex-> blocking platelet adhesion
¢ Inhibits the adhesion of endothelial cells to collagen
Exosite Il Exosite |
. Thrombin e A
Heparin Fibrin(ogen) Manadin |
Prothrombin Thrombin receptor Manadin ||

,  Thrombomodulin

Hyalomin-1

Active site

- Boophilin
Variegin

Fig. 1 Thrombin structure (PDB: 1ppb) with ligand-binding domains exosite | (orange), exosite Il (blue) and the active site (pink). Source:
Thrombin domains were adopted from Troisi et al.3® Licensed under CC BY 4.0. [rerif]. Source: Created in BioRender. Proost, P. (2026) https:/|
BioRender.com[630hpj0.
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Table 3 Thrombin inhibitors
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Protein Species Molecular Structure Mode of action Reference
weight
Sculptin Amblyomma cajen 17 kDa « Specific and reversible inhibitor of thrombin 40
nense, hard tick
Savignin Ornithodoros savignyi, 12kDa « Competitive, slow, and tight-binding inhibitor ~ 3341:42
soft tick of a-thrombin.
Ornithodorin ~ Ornithodoros moubata, Approximately 12 kDa « Highly selective thrombin inhibitor 43
soft tick
Monobin Argas monolakensis, 14 kDa ¢ Thrombin inhibitor 3
soft tick
Madanin 1 Haemaphysalis longicornis, ~ Approximately 7 kDa « Competitive thrombin inhibitor 36.44
and 2 hard tick
Hyalomin-1 Hyalomma margina 6kDa Pro-Arg-Leu motif « Selective thrombin inhibitor, binding 4
tum rufipes, hard tick is critical for activity noncompetitively to boththe enzyme’s active
site and exosite |
— Thereby delaying fibrin clot formation
and further suppressing thrombin-mediated
activation of coagulation factors Xl and V
Boophilin Boophilus microplus, 14kDa Two Kunitz-type « Classic, noncompetitive inhibitor of thrombin 447
hard tick domains ¢ Interferes with the activity of trypsin,
plasmin, neutrophil elastase, kallikrein,
cathepsin G and FXla
Amblin Amblyomma hebraeum, 18 kDa Sequence homology ¢ Thrombin inhibitor 48
hard tick with both tissue factor
pathway inhibitor
and Boophilin
Chimadanin ~ Haemaphysalis longi 10kDa No kunitz domains * Competitive thrombin inhibitor a4
cornis, hard tick that interacts with the active site
and exosite Il of thrombin
Variegin Amblyomma variegatum, « Disrupts thrombin’s catalytic triad 49-51

hard tick

Competitive inhibitor before cleavage,
after cleavage a noncompetitive inhibitor

and cleaving protease-activated receptor molecules on platelets,
and in return, activated platelets expose phosphatidylserine,
which interacts with the tenase complex and Prothrombinase

complex, promoting the conversion of circulating prothrombin
into thrombin, thus enhancing thrombin generation indirectly.
(Table 3) 36,38-51

Table 4 Inhibitors of the coagulation pathway other than thrombin
Protein Species Molecular Structure Mode of action Reference
weight
Ixolaris Ixodes scapularis, 16 kDa Two Kunitz-like  Serine protease inhibitor 25:46,47.52
hard tick domains e Binds to factor X and factor Xa.
* Inhibits the FX(a)/tissue factor/FVlla
complex formation, preventing the
initiation of the extrinsic coagulation
pathway.
Tick anticoagulant ~ Ornithodoros 7kDa * Highly selective inhibitor of FXa 43.48
peptide (TAP) moubata,
soft tick
Amblyomin-X Amblyomma 12kDa  Noncompetitive serine protease 27.29
cajennense, inhibitor that targets FXa
hard tick
Penthalaris Ixodes scapularis, Approximately 35kDa Five Kunitz » Binds both factor X and factor Xa-> inhibits factor X activation *°
hard tick domains via the extrinsic coagulation pathway
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Table 5 Modulators of the vascular function

% Thrombosis and Haemostasis

Protein Species Molecular weight  Structure Mode of action Reference
Tick histamine release Ixodes scapularis, * Binds to basophils and triggers =0

factor (tHRF) hard tick release of histamine

Histamine release Dermacentor variabilis, 20 kDa * Induces histamine secretion by basophils >’

factor homolog (DVHRF) hard tick

Prostacyclin/prostaglandin * Inhibits platelet aggregation 3354

I; (PGl

Nitrophorins Ornithodoros moubata Conserved B-barrel « Histamine binding properties 41.42

and Rhipicephalus
appendiculatus,
soft and hard tick

fold that forms a hy
drophobic pocket for
ligand binding

* Increasing the NO levels

Inhibitors of the Coagulation Pathway Other Than Thrombin
To ensure uninterrupted feeding, ticks secrete salivary protease
inhibitors with anticoagulant properties that specifically target
proteases involved in the coagulation cascade.?’?? Below, we
present several reported examples of anticoagulant molecules in
tick saliva (Table 4).>2

Vascular Modulation

Beyond anticoagulant proteins, ticks modulate host vascular
responses to facilitate prolonged blood feeding by inducing
vasodilation and dampening inflammatory cascades. Tick saliva
contains several proteins and lipid mediators that modulate
vascular function (Table 5).>3->

Proteins Inhibiting Inflammatory Responses

Tick saliva contains numerous proteins that possess immunomod-
ulatory properties, serving to suppress both inflammatory and
immune responses in the host. These salivary proteins act through
multiple mechanisms: Evasins bind and neutralize chemokines,?’
cystatins inhibit host cysteine proteases,>>>® Prostaglandins are
lipid mediators that reduce T cell activation and the secretion of

Table 6 Inhibitors of inflammatory responses

pro-inflammatory cytokines.>”*>® Through these coordinated ac-
tivities, tick salivary components reduce local inflammation, limit
immune cell recruitment and activation, and prevent effective
host immune recognition at the feeding site. (Table 6)°3°-52

Proteins Acting at the Interplay between Hemostasis and
Inflammation

The interplay between inflammation and hemostasis is well
established as a key component of tissue repair and host defense
mechanisms. Studies on tick salivary proteins have demonstrated
the effectiveness of targeting the interplay between inflammation
and hemostasis by simultaneously inhibiting key components of
both processes. 629234445 This ability provides key insights into
therapeutic approaches that target at the same time inflamma-
tory and cardiovascular disorders. Below, we enumerate some
examples of multi-specific tick salivary proteins. Some of these
regulate critical biological processes, including coagulation and
inflammation, by precisely controlling protease activity. These
serine protease inhibitors (serpins) consist of a typical core fold
with three B-sheets (A, B, and C) and eight or nine a-helices. They
are characterized by a flexible, exposed reactive center loop (RCL),

Protein Species Mode of action

Reference

Sialostatin L Ixodes scapularis,
hard tick

by immune cells
Sialostatin L2

macrophages

« Inhibitor of cysteine protease: inhibits cathepsin L
 Reduces the production of inflammatory cytokines (like IL-9 from Th9 cells)

« Inhibits cathepsins C, L, S, and V and suppresses the secretion of IL-1B and IL-18 by

59

60

* Inhibits the activity of caspase-1 and the NLRC4 inflammasome

Hyalomin A and B Hyalomma asiaticum,

hard tick
Evasins

Prostaglandin E2 (lipid mediator)Ixodes scapularis,
hard tick

» Directly inhibiting host secretion of inflammatory factors such as TNF-a, MCP-1, and IFN-y®'
* Indirectly increasing the secretion of immunosuppressant cytokine IL10
* Neutralizes free radicals

* Binds and inhibits proinflammatory chemokines 2043

* Prevents leukocyte recruitment

» Inhibits the production of pro-inflammatory cytokines (such as TNF-a) by macrophages 362

and dendritic cells
* Inhibits the proliferation of T lymphocytes by reducing interleukin 2 (IL-2) expression
¢ Blocks the dendritic cell (DC) function

Jmel MA et al. doi: 10.1055/a-2899-3775
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Table 7 Modulators linking coagulation and inflammation

8 Thrombosis and Haemostasis

Protein Species Molecular Structure Mode of action Reference
weight
Apyrases Ornithodoros savignyi 67 kDa « Hydrolyzes the phosphodiester bonds of extra 31.56.63-67
(soft tick) and Ixodes cellular ATP and ADP leading to inhibition of
scapularis and Hya inflammatory pathways activated by ATP/ADP via
lomma dromedarii purinergic P1 and P2 receptors.
(hard ticks)  Disaggregates platelets
Ixodes Ricinus  Ixodes ricinus, 42 kDa A conical serpin « Targets specifically the chymotrypsin-like proteases, 32.68
serpin-2 (IRS-2) hard tick fold composed of 3 cathepsin G and chymase
large B-sheets and ¢ Inhibits platelet aggregation induced by both
9 a-helices. thrombin and cathepsin G
Iripin-3 Ixodes ricinus, 42 kDa Serpin fold, consisting e Inhibits trypsin-like serine proteases (kallikrein and 69
hard tick of three B-sheets, matriptase), thereby inhibiting blood coagulation and
ten o-helices, and reducing inflammation, itch and pain
a cleaved RCL ¢ Reduces the production of pro-inflammatory cytokines by
LPS-activated macrophages
Longistatin Haemaphysalis longicornis, 17.8kDa  Contains two EF- ¢ RAGE antagonist that inhibits NF-kB nuclear translocation 70
hard tick hand domains and downregulation of adhesion molecule expression, thereby
mitigating the inflammatory responses
 Can directly hydrolyze fibrinogen, the precursor of fibrin.
 Can bind to fibrin and specifically converts inactive plasminogen
into its active form, plasmin.
q-2 Ixodes ricinus, hard tick 43 kDa « Inhibitor of human leukocyte elastase, thereby modulating 71

inflammation

 Suppresses T cell and splenocyte proliferation and modulates
cytokine production from peripheral blood mononuclear
cells (PBMCs)

* Interferes with both coagulation and fibrinolysis

which serves as their defining structural feature. Serpins trap
target proteases by using the RCL to form a stable covalent
complex with the enzyme. (Table 7)%*~""

Chemokine Inhibition in Cardiovascular
Diseases: The Example of Evasins

Inflammation has a crucial role in cardiovascular diseases such as
atherosclerosis or myocardial infarction, and targeted anti-inflam-
matory treatment can have beneficial effects.”? Leukocyte migra-
tion is a hallmark of inflammation and is orchestrated by
chemokines, small chemotactic cytokines (8-14kDa) classified
into four groups (CC, CXC, CX3C, and XC) based on the arrange-
ment of two conserved cysteine residues and a nonconserved
amino acid (X) in their NH,-terminal region.”*”# The CXC-chemo-
kine family is subdivided depending on the presence of a gluta-
mate-leucine-arginine (ELR) motif between the N-terminus and
the first conserved cysteine.”> Chemokine activity is established
on three levels: the formation of a chemokine gradient by binding
glycosaminoglycans (GAGs), activating one of the four classes of
chemokine receptors (CXCR, CCR, CX3CR, and XCR), and post-
translational modifications that affect chemokine activity.”®~"8
Due to the fine-tuned character and redundancy of the chemokine
network, therapeutic targeting remains challenging, with only
three anti-chemokine receptor drugs approved to date (Mara-
viroc, Plerixafor, and Mogamulizumab), none of which are for
strictly inflammatory or cardiovascular pathologies.” Neverthe-
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less, chemokine inhibition remains under investigation as a
potential target for cardiovascular therapies.®° Tick saliva contains
chemokine-binding proteins named Evasins, as prevention of
leukocyte recruitment is a necessary strategy for any hematopha-
gous organism. First discovered in tick salivary gland extracts of
Rhipicephalus sanguineus, to date, this family counts 51 validated
proteins, divided into two structurally distinct groups—class A and
B, binding CC and CXC chemokines, respectively.®'3* Interest-
ingly, Evasins overcome the redundant character of the chemo-
kine network by binding and inhibiting multiple chemokines. As
this may provide benefit to anti-chemokine strategies targeting a
single protein, Evasins were investigated as therapeutic agents,
including cardiovascular in vivo models, where they presented
varied outcomes (Table 8),5°-°8:66.85-87

Chronic Ischemia

Myocardial ischemia can result in persistent sterile cardiac inflam-
mation with excessive leukocyte infiltration, linked to maladaptive
cardiac remodeling with increased risk for further complications
such as ventricular dysfunction or malignant arrhythmias.®® Many
chemokines, among which CXCL1, CXCL2, CCL2, and CCL5, are
elevated in in vivo models of ischemic myocardial injury.”® The
CXCR2-CXCL1-axis was found responsible for neutrophil, mono-
cyte, and macrophage infiltration into the arterial wall of the
injured heart. Monocyte infiltration, managed largely by CXCR2-
CXCL1 in this model, was linked to adverse cardiac remodeling

© 2026. The Author(s).
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Table 8 Therapeutic effects of Evasins in cardiovascular diseases

a Thrombosis and Haemostasis

Myocardial ischemia

Procedure Evasin Interacting EVA-treatment Effect Reference
chemokines
Chronic ischemia EVA-3  CXCL1, CXCL2, Intraperitoneal after ischemia onset Early effects (day 1) 55.85.86
induced by total CXCL3, CXCL5, Dose: 10 pg/mouse ! infarct size
coronary occlusion CXCL6, CXCL8 = ejection fraction, end-systolic volume,
by surgical ligation end-diastolic volume, septum-to-lateral
of the left anterior end-systolic wall thickness ratio,
coronary artery at 1 end-systolic lateral wall thickness,
the inferior edge of septum end-systolic thickness
the left atrium Late effects (day 21)
= survival, infarct size, collagen deposition,
ejection fraction, end-systolic volume, end-
diastolic volume, septum-to-lateral end-systolic
wall thickness ratio, end-systolic lateral wall
thickness, septum end-systolic thickness
EVA-4 CCL1, CCL3, CCL7, Intraperitoneal Early effects (day 1) 36,85
CCL8, CCL11, after ischemia onset ! infarct size, septum-to-lateral end-
CCL14, CCL15, Dose: 1 pg/mouse systolic wall thickness ratio
CCL16, CCL17, = ejection fraction, end-systolic
CCL18, CCL19, volume, end-diastolic volume, septum
CCL21, CCL22, end-systolic thickness
CCL23, CCL24, 1 end-systolic lateral wall thickness
CCL25, CCL26 Late effects (day 21)
1 survival
= infarct size and collagen deposition
= ejection fraction, end-systolic volume,
end-diastolic volume, septum-to-lateral
end-systolic wall thickness ratio, end-
systolic lateral wall thickness, septum
end-systolic thickness
Ischemia reperfusion injury
Myocardial
Procedure Evasin Interacting EVA-treatment Effect Reference
chemokines
Surgical ligation of EVA-3 CXCL1, CXCL2, Intraperitoneal during ischemia 0.1 ug and 1 ug 55.66.86
the left anterior CXCL3, CXCL5, Dose: 0.1-10 pg/mouse No effect
coronary artery at CXCL6, CXCL8 10 pg
the inferior edge of ! infarct size, neutrophil
the left atrium (30 min) infiltration, serum cTnl levels
followed by reperfusion = macrophage infiltration
Surgical ligation of EVA-3  CXCL1, CXCL2, Into Langendorff system = infarct size 55.66,86
the left anterior CXCL3, CXCL5, during ischemia
coronary artery at CXCL6, CXCL8 5 pg/mL
the inferior edge
of the left atrium
(30 min) followed
by reperfusion for 2h
Intestinal
Procedure Evasin Interacting EVA-treatment Effect Reference
chemokines
60 min occlusion EVA-3 CXCL1, CXCL2, Subcutaneous 30 min before reperfusion 0.0 ug 55.66.86
of superior mesenteric CXCL3, CXCL5, Dose: 0.01-1 pg/mouse = survival
artery followed by CXCL6, CXCL8 0.1-1 g
reperfusion 1 survival
60 min occlusion of EVA-1 CCL3, CCl4, Subcutaneous 30 min before reperfusion 10 ug 35:57:58
superior mesenteric CCL14, CCL18, Dose: 10-30 pg/mouse = survival
artery followed by CCL3L1, CCL4Lt 30 ug
reperfusion 1 survival

Cerebral

Jmel MA et al. doi: 10.1055/a-2899-3775
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Table 8 (Continued)

8 Thrombosis and Haemostasis

Cerebral
Procedure Evasin  Interacting EVA-treatment Effect Reference
chemokines
Occlusion of EVA-3 CXCL1, CXCL2, Intraperitoneal ! neutrophil cerebral infiltration 55.66.86
middle cerebral CXCL3, CXCL5, 5min after ischemia onset = macrophage infiltration, neurological
artery (45 min) CXCL6, CXCL8 Dose: 1-10 yg/mouse outcomes, cerebral infarct size,
followed by 24 h poststroke brain edema, BBB permeability
eperfusion
Atherosclerosis
Procedure Evasin  Interacting EVA-treatment Effect Reference
chemokines
ApoE '~ mice with a EVA-3  CXCL1, CXCL2, Intraperitoneal Carotid low shear stress region 55.66.86
cast placed on right CXCL3, CXCL5, 1 pg/d/mouse | intraplaque neutrophils
common carotid CXCL6, CXCL8 5 d a week for 3 wk = intraplaque lipids, macrophages, collagen
artery following a Carotid oscillating shear stress region
Western diet (chronic L intraplaque neutrophils, lipids
cardiovascular stress) f = intraplaque macrophages, collagen
or 9 wk Aortic root plaques
L intraplaque neutrophils
1 collagen
= intraplaque macrophages, lipids
Viral myocarditis
Procedure Evasin  Interacting EVA-treatment Effect Reference
chemokines
Intraperitoneal injection P672 CCL1, CCL2, Intraperitoneal Early effects (day 3) 57
of 10° PFU of CVB3-H3 CCL3, CCL7, 5mg/kg every 12 h after infection = body weight, hypothermia
CCLS8, CCL11, Heart
CCL13, CCL14, = virus load, myocarditis score,
CCL15, CCL16, left ventricular enddiastolic
CCL18, CCL23, volume, left ventricular ejection
CCL3L1 fraction, cardiac output, S’ velocity
BK1.3 CCL2, CCL3, Intraperitoneal Early effects (day 3) 87
CCL7, and CCL8  5mg/kg every 12h after infection = body weight
! hypothermia
Heart

= virus load, myocarditis score,

eft ventricular enddiastolic volume,

left ventricular ejection fraction,

cardiac output, S’ velocity

Late effects (day 8)

= body weight, survival, hypothermia
Heart

L virus load, monocytes and macrophages,
longitudinal strain

= myocarditis score, T cells, natural killer
cells, B cells, heart rate, left ventricular
enddiastolic volume, left ventricular
ejection fraction

1 cardiac output, S’ velocity

after injury.®” As EVA-3 inhibits ELR+ chemokines (CXCL1-3 and
CXCL5-8), Braunersreuther et al investigated its effects as an anti-
chemokine strategy in a model of ischemic myocardial injury.”®
The therapeutic effect of EVA-3 was limited, with reduced early
infarct size, but no improvement of adverse cardiac remodeling,
infarct size, or long-term survival.

As CCL5 is upregulated and inhibition of CCL5 in a similar
model of chronic ischemia improved outcome by reducing

Jmel MA et al. doi: 10.1055/a-2899-3775

infarct size and postinfarction heart failure, broader CC-che-
mokine inhibition by EVA-4 administration was investigat-
ed.?99° Despite decreased inflammation and improved
survival with EVA-4 treatment, only marginal differences for
cardiac remodeling and inflammatory markers were observed.
The differences in clinical outcomes between specific anti-CCL5
and Evasin-4 treatment remain unclear, similar to the reason
for the difference between survival of EVA-3 and EVA-4 treated
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mice, but authors speculate that cardiac arrhythmias might be
involved.®®

Ischemia Reperfusion Injury

Restoration of blood supply after an ischemic event is crucial to
prevent ischemic tissue injury; however, a common side effect of
this process is the development of ischemia-reperfusion injury,
with leukocytes as important mediators.®®

Following myocardial ischemia, neutrophils can aggravate injury
during reperfusion by releasing oxygen-derived free radicals, pro-
teolytic enzymes, and other proinflammatory mediators.®® EVA-3
was used to inhibit neutrophil recruitment to the reperfused
myocardium, and decreased infarct size and serum levels of cardiac
troponin I, a sensitive biomarker for myocardial damage.®' This was
supported by the EVA-3 treatment in the Langendorff model, an ex
vivo system where the heart is perfused without circulating leuko-
cytes. Following the same procedure and treatment regimen, EVA-3
did not attenuate the infarct size in this model, suggesting that its
beneficial effect derives from prevention of leukocyte recruitment
to the infarcted heart during reperfusion.®’

In a mouse model of intestinal ischemia-reperfusion injury,
both EVA-3 and EVA-1 treatment improved survival. However, the
provided data are limited, as only survival was measured; there-
fore, a mechanistic explanation for improved survival remains
unspecified.>>

During cerebral ischemia-reperfusion, neutrophils can have a
deteriorating effect and promote brain injury, disruption of the
blood-brain barrier, and cerebral edema.®® Therefore, EVA-3 was
used as a means to prevent neutrophil migration to the ischemic
brain, but did not improve any of the measured clinical outcomes.*?

Atherosclerosis

Cerebral ischemic stroke is a common result of carotid athero-
sclerotic plaque rupture, where its development is considered a
progressive and inflammatory process.’® Neutrophil infiltration is
associated with unstable, rupture-prone atherosclerotic plaques,
characterized by a large lipid core and low collagen amount.”® As a
stroke prevention strategy, EVA-3 treatment was used to inhibit
neutrophil-attracting chemokines, and three individual regions
were investigated: low shear stress, oscillating shear stress, and
aortic root plaques. Neutrophils and MMP-9 were decreased in all
regions; however, the effects remained limited. Lipid contents
were only decreased in the oscillatory shear stress region, and
collagen in aortic root plaques.®®

Viral Myocarditis

Viral myocarditis induces an immune response to counteract
infection but may cause abundant inflammatory tissue injury
during the process, aggravating cardiac cell death and initiating
fibrosis. In a preclinical model of viral myocarditis due to coxsack-
ievirus B3 (CVB3) infection, various CC-chemokines are upregu-
lated, and mainly myeloid immune cells infiltrate into the cardiac
tissue. Therefore, EVA-P672, a broad-spectrum CC-chemokine
inhibitor, and BK1.3, an EVA-P672-derived peptide with a more
restricted chemokine binding range, were compared, and various
cardiac parameters were investigated. EVA-P672 did not have any
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effect on disease outcome or cardiac parameters. The therapeutic
effects of BK1.3 were similarly limited, but a smaller decrease in
cardiac output and S’ velocity, a marker for right ventricular
systolic function, was measured, together with improved global
longitudinal strain.”*

Altogether, evidence for therapeutic potential of Evasins in
cardiovascular disorders is limited. This may derive from a lack of
conceptual understanding of adverse or beneficial effects of
specific chemokine and leukocyte populations in these diseases,
or the fact that in vitro chemokine binding does not necessarily
translate to inhibition of migration by Evasins, which allows to
question the effective scope of administered treatment. More-
over, it is understudied how posttranslational modifications of
chemokines affect the affinity of these chemokines to Evasins.

Salivary Proteins (Salp) and their
Implications in Cardiovascular Research

The Salp family, first described by Das et al,”> comprises 14

immunodominant salivary gland proteins from |I. scapularis,
with molecular weights ranging from 9 to 26kDa. The Salp
proteins have several mechanisms of action and targets; some
Salps have a suppressive effect on the host’s immune system,
while others target hemostasis by inhibiting blood coagulation.
Salp14 was initially characterized as an FXa inhibitor’®; however,
chromogenic assays indicate that it does not directly affect FXa
amidolytic activity.”” Instead, Salp14 has a polylysine motif in its
basic tail region, which is like the C-terminus of tissue factor
pathway inhibitor a and functions in the same manner, namely by
inhibiting the activity of the prothrombinase complex. Salp14 is
proposed to bind to the acidic region of factor V and, as such,
targets the initiation phase of coagulation and reduces thrombin
generation.”” This indirect mode of action distinguishes Salp14
from conventional FXa inhibitors and positions it as a potential
template for the development of novel anticoagulants aimed at
preventing arterial and venous thrombotic events, including
stroke, deep vein thrombosis, and pulmonary embolism.?® Nota-
bly, Salp14 also revealed anti-complement activity by inhibiting
initiation of the lectin complement pathway (Fig. 2). This happens
via interaction with mannan-binding lectin-associated serine
proteases, which, in normal circumstances, are needed to bind
to carbohydrate groups on the surface of bacterial cells.”” Given
the close interplay between complement activation and coagula-
tion in thromboinflammation, this dual activity may be particu-
larly relevant in cardiovascular settings.®'-8

Anticoagulants are frequently used in case of a thrombotic
event, and mostly they are highly effective; however, there is an
increased risk of hemorrhagic complications. This limitation high-
lights the need for complementary or alternative strategies,
including approaches that target inflammatory pathways. In this
context, other Salp proteins that modulate inflammatory path-
ways and the innate immune system are of interest.'® Salp20
inhibits activation of the alternative complement pathway by
preventing the cleavage of C3 into C3a and C3b, thereby reducing
C3b deposition on target surfaces.®® As complement activation is
increasingly recognized as a driver of thrombosis and vascular
inflammation, modulation of this pathway may attenuate throm-
bus formation and vascular injury.8?
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Fig. 2 Overview of the tick salivary proteins and their functions. Salp14 and Salp20 exhibit anti-complement activity by inhibiting the lectin
pathway or alternative pathway, respectively. Salp16, Iper1, and Iper2 inhibit neutrophil function and migration. Salp16, Iper1, Iper2, and Salp25d
lead to reduced formation of reactive oxygen species (ROS). Salp15 inhibits the activation of CD4+ T cells and T cell proliferation and leads to a
reduced production of IL2. In addition, Salp15 suppresses dendritic cell functions, which are essential for initiating adaptive immune responses in
naive hosts. [rerif]. Source: Created in BioRender. Sels, M. (2026) https://BioRender.com/p4gj9bs.

Additional Salp proteins may influence cardiovascular disease
through effects on oxidative stress and leukocyte function, which
both contribute to atherothrombosis. Salp16 homologs identified
in Ixodes persulcatus impair neutrophil function by reducing
reactive oxygen species (ROS) production and inhibiting their
migration induced by the chemoattractant interleukin-8
(CXCL8).”>#* Salp25D, shown to have glutathione peroxidase
activity, also reduces the formation of ROS (Fig. 2) by catalyzing
the reduction of hydrogen peroxide in the presence of reduced
glutathione and glutathione reductase.®® Hence, these antioxida-
tive and immunomodulatory effects suggest a potential role in
modulating vascular inflammation and plaque progression.

Salp15, a 15-kDa protein from tick salivary glands, exerts
immunosuppressive effects via various mechanisms by®* inhibit-
ing CD4+ T cell activation and proliferation.®*°> Salp15 also
affects the innate immune system by interacting with Dendritic
Cell-Specific Intercellular adhesion molecule-3-Grabbing Noninte-
grin (DC-SIGN) on DCs, thereby suppressing their functions
(Fig. 2). The mechanism involves a novel Raf-1/MEK-dependent
signaling pathway and leads to a decrease in IL-6 and TNF-oe mRNA
stability and impaired nucleosome remodeling at the IL-12p35
promoter 132. By acting on both cytokine transcriptional and
posttranscriptional levels, Salp15 is modulating Toll-like receptor—
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induced DC activation. From a cardiovascular perspective, Salp15-
mediated immune suppression may reduce vascular inflamma-
tion, modulate adaptive immune contributions to plaque progres-
sion, or provide insight into T cell-targeted therapies in
atherosclerosis.

Emerging Therapeutic Insights of Tick
Salivary Proteins

The unprecedented ability of tick salivary proteins in targeting
several pathways such as inflammation, immunity, or coagulation,
in addition to their high specificity, has positioned these com-
pounds as promising molecules for therapeutic development.
Several tick-derived molecules progressed to the preclinical and
clinical stages, and we expect an increase in this number in the
next few years across multiple medical fields.%®

Despite their numerous advantages, several challenges need to
be addressed before considering the application of tick salivary
proteins in biomedical research.

A first and major concern is the immunogenicity of tick salivary
proteins. Although tick saliva is considered a source of low
immunogenic compounds, some epitopes can induce an immune
response in humans. These concerns can be addressed using
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structure-guided engineering of these immunogenic compounds
with the objective of masking the concerned epitopes.®”’~%°

A further concern of tick salivary proteins is related to their
production and bioavailability. Increased structural complexity of
tick proteins raises significant concerns regarding their expression
and proper folding (serpins, e.g.). Additionally, posttranslational
modifications can be important in certain cases, necessitating the
use of appropriate expression systems. Furthermore, efficient
delivery of the studied salivary peptides and proteins to the target
tissue requires careful optimization. Various strategies such as the
use of nanoparticles or conjugation to scaffolds are currently
being explored to maximize bioavailability.*®

The repertoire of tick-derived therapeutics related to cardio-
vascular, inflammatory, and immune disorders is expected to
expand with the unprecedented advances in transcriptomics
and proteomics. Therefore, the continued identification of novel
salivary effectors and the study of their molecular and structural
mechanisms will be of great importance in the coming years.

Tick saliva contains a rich set of bioactive proteins that are
emerging as exciting candidates for treating cardiovascular
disease. By acting directly on coaqulation factors, platelet
function, and key inflammatory signals, these molecules can
very precisely tune thrombotic and thrombo-inflammatory
responses rather than shutting down the system broadly. Their
evolution as stealth tools that allow ticks to feed without
triggering strong immune reactions gives them an intrinsic
advantage as templates for new drugs. Important hurdles
remain, including improving stability in vivo, optimizing delivery,
and scaling up production, but work on recombinant formats
and shorter peptide derivatives is rapidly moving the field
forward. Together, these efforts position tick-derived salivary
proteins as promising next-generation anticoagulant and anti-
inflammatory agents in cardiovascular medicine.

What is known about this topic?

e Tick saliva contains proteins that modulate coagulation and
inflammation.

* Various tick-derived salivary proteins target coagulation, plate-
let activation, and inflammatory responses through highly
specific molecular mechanisms.

» Some of these polypeptides have shown therapeutic potential
in preclinical models of thrombotic, inflammatory, and cardio-
vascular diseases.

What does this paper add?

e This review provides an integrated overview of tick salivary
proteins that regulate both hemostasis and inflammation,
emphasizing their interconnected roles in thrombo-
inflammation.

* It highlights evasins and salp proteins as modulators of vascular
inflammation and cardiovascular diseases.

e Tick saliva is presented as a source of novel antithrombotic and
anti-inflammatory therapeutics, addressing both opportuni-
ties and challenges for translation.
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