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Background: Salivary glands from blood-feeding arthropods secrete several
molecules that inhibit mammalian hemostasis and facilitate blood feeding and
pathogen transmission. The salivary functions from Simulium guianense, the
main vector of Onchocerciasis in South America, remain largely understudied.
Here, we have characterized a salivary protease inhibitor (Guianensin) from the
blackfly Simulium guianense.

Materials and methods: A combination of bioinformatic and biophysical
analyses, recombinant protein production, in vitro and in vivo experiments
were utilized to characterize the molecula mechanism of action of Guianensin.
Kinetics of Guianensin interaction with proteases involved in vertebrate
inflammation and coagulation were carried out by surface plasmon resonance
and isothermal titration calorimetry. Plasma recalcification and coagulometry
and tail bleeding assays were performed to understand the role of Guianensin in
coagulation.

Results: Guianensin was identified in the sialotranscriptome of adult S. guianense
flies and belongs to the Kunitz domain of protease inhibitors. It targets various
serine proteases involved in hemostasis and inflammation. Binding to these
enzymes is highly specific to the catalytic site and is not detectable for their
zymogens, the catalytic site-blocked human coagulation factor Xa (FXa), or
thrombin. Accordingly, Guianensin significantly increased both PT
(Prothrombin time) and aPTT (Activated partial thromboplastin time) in human
plasma and consequently increased blood clotting time ex vivo. Guianensin also
inhibited prothrombinase activity on endothelial cells. We show that Guianensin
acts as a potent anti-inflammatory molecule on FXa-induced paw edema
formation in mice.
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Conclusion: The information generated by this work highlights the biological
functionality of Guianensin as an antithrombotic and anti-inflammatory protein
that may play significant roles in blood feeding and pathogen transmission.
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1 Introduction

Black flies (Diptera: Simuliidae) are critical disease vectors that
transmit pathogens to humans and livestock during blood feeding (1).
In addition to allergic reactions and erythema, the bite of adult
female black flies can cause deadly diseases through the transmission
of parasites and viruses (2, 3). Human river blindness or Onchocerciasis
is a critical disease transmitted by black flies; it is a leading cause of
blindness in the developing world, resulting from the infection of filarial
parasitic nematode Onchocerca volvulus (4, 5). Those most at risk of
Onchocerciasis live in rural areas of developing countries, making
treatment and preventive efforts difficult (6). There is no vaccine
available to prevent Onchocerciasis, and there is evidence of
emerging resistance to the only available treatment, the anti-parasitic
drug Ivermectin (5). Therefore, vector-based control strategies offer an
attractive approach to disease prevention (7). Most research has focused
on the only species of black fly that has been successfully colonized in the
laboratory, Simulium vittatum (8). However, Simulium guianense is the
primary vector of O. volvulus in the Latin American endemic region on
the border of Brazil and Venezuela (9).

In order to achieve a successful blood meal, hematophagous
arthropods must overcome a variety of host defenses such as
hemostasis, fibrinolysis, inflammation, and immune responses
initiated by tissue damage at the bite site (10, 11). The saliva of
blood-feeding arthropods contains a suite of bioactive compounds
that counteract host defenses, which may enhance pathogen
transmission; thus, they present potential targets for vaccines and
novel therapeutic tools (12-15). During a bite, host tissue damage
initiates the three branches of mammalian hemostasis: blood
coagulation, vasoconstriction, and platelet aggregation (16). These
processes are complex and interconnected, relying heavily on
cascades of serine proteases to prevent blood loss (17, 18).
Coagulation consists of both intrinsic and extrinsic cascades that
share a common pathway through the activation of factor X (FX),
ultimately leading to the creation of a fibrin meshwork that stabilizes
the platelet plug (19). The intrinsic pathway is further connected to
the kallikrein-kinin system, which uses the serine protease kallikrein
to produce bradykinin and induces vasodilation and inflammation
(20). Interestingly, bradykinin can also trigger pain and itch (21).
Fibrinolysis also uses the activation of the serine protease plasmin to
regulate the degradation of the fibrin mesh and coagulation (22).

Hematophagous arthropods have evolved Kunitz salivary
proteins with broad anti-hemostatic and anti-inflammatory
activities (2, 10, 23). Kunitz family proteins are reversible,
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competitive inhibitors of serine proteases that disrupt host
defense systems, including hemostasis and inflammation (24, 25).
Kunitz protease inhibitors contain at least one Kunitz domain,
which usually consists of a 60 amino acid peptide chain stabilized by
three disulfide bridges between cysteine residues (26). Canonical
Kunitz inhibition is characterized by a tight interaction between the
inhibitor and the protease, similar to the enzyme-substrate
Michaelis complex (26). The inhibitor directly binds to the active
site of the protease, blocking catalytic activity (27). Structural
similarities between common serine proteases allow a single
Kunitz inhibitor to have activity against a broad range of
enzymes, thus providing a multifunctional role in inhibiting a
variety of host processes (25, 28). The anticoagulant activity of S.
guianense salivary gland homogenate has been characterized, but
the specific molecules involved have not yet been identified (9). The
sialome of S. guianense described proteins in the salivary glands
with potential importance for blood feeding and disease
transmission, and a secreted Kunitz-type protein was identified
that we, henceforth, call Guianensin (29). In this study, we present a
detailed description of this Kunitz inhibitor with broad anti-
hemostatic and anti-inflammatory properties both in vitro and in
vivo. These findings provide useful insights into a salivary gland
protein that inhibits a variety of host defenses, which would
facilitate successful blood meal acquisition.

2 Materials and methods
2.1 Reagents

Purified human factors XIIa, Xa, and thrombin were
purchased from Haematologic Technologies Inc. (Essex Junction,
VT, USA). Chromogenic substrates S-2222 (Methoxicarbonil-D-
cyclohexylglicil-glicil-arginine-para-nitroanilide acetate) and S-
2238 (H-D-hexahidrotirosol-alanil-arginine-para-nitroanilide
diacetate) were obtained from Diapharma Group Inc.
(Westchester, OH, USA). Cathepsin G, human coagulation factor
FXla, urokinase plasminogen activator, and tissue plasminogen
activator were obtained from Molecular Innovation (Southfield,
MI, USA). Plasmin, thrombin, o-chymotrypsin, chymase, control
plasma, lipopolysaccharide (LPS, E. coli O111:B4), and rabbit
thromboplastin solution were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Trypsin was obtained from Roche Molecular
Biochemicals (Indianapolis, IN, USA), and elastase was purchased
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from Elastin Products Company, Inc. (Owensville, MO, USA).
Kallikrein was obtained from Fitzgerald Industries International
(Concord, MA, USA), Proteinase 3 was purchased from Merck-
Millipore, and matriptase from R&D Systems (Minneapolis, MN,
USA). Human-purified fibrinogen and prothrombin-deficient
plasma were from Diagnostica Stago (Parsippany, NJ, USA). To
evaluate the cleavage of the protease-activated receptor 2 (PAR-2)
and for endothelial cell prothrombinase experiments, purified factor
Va (FVa), prothrombin, factor X (FX), factor Xa (FXa), and
endothelial culture media (MCDB 131) were purchased from
Thermo Fischer Scientific (Waltham, MA, USA). To measure the
protease activity by fluorescence resonance energy transfer (FRET),
substrates based on the mouse PAR-2 sequence (NSKGRSLIGR)
were acquired from Anaspec (Fremont, CA, USA).

2.2 Three-dimensional modeling and
amino acid alignment

The amino acid sequence of Guianensin was obtained from the
sialotranscriptome of S. guianense (29). SignalP 4.1 server was used to
detect and remove the signal peptide of the sequence. The Guianensin
structure was modeled using the I-TASSER software (30). The
sequence coordinates were loaded onto PyMOL to generate the
figure. Protein sequences were aligned against other Kunitz
inhibitors available on the NCBI database: (Simulium vittatum
(EU930300.1), Simulium nigrimanum (ACZ28223), Zeugodacus
cucurbitae (XP_011191995), Ixodes scapularis (XP_029848488),
Pseudonaja textilis (QQOWAL), Vipera ammodytes ammodytes
(AMH40733), and Homo sapiens (ABP02055).

2.3 Cloning and expression of Guianensin

The mature peptide of Guianensin was chemically synthetized
containing two restriction enzyme sites (Ndel 3’end and Xhol 5-
end) and a 6x-His tag before the stop codon (Biobasic Inc., Canada).
The synthetic gene coding for mature Guianensin was optimized for
bacterial expression and subcloned into pET17b (Invitrogen Life
Technologies, San Diego, CA, USA). Chemically competent BL21
(DE3) pLysS cells were transformed with the pET17b-Guianensin
plasmid and cultured in 250 pL of SOC medium (0.5% Yeast
extract, 2% Tryptone, 0.01 M NaCl, 0.0025 M KCl, 0.01 M
MgCl,, 0.01 M MgSO,, and 0.02 M Glucose) according to the
manufacturer’s instructions (Invitrogen Life Technologies). The
cells were propagated on agar plates supplemented with
ampicillin (10 pg/mL) and chloramphenicol (50 pg/mL) at 37°C.
Individual colonies were expanded in 1L of Escherichia coli culture
following the same protocol and antibiotic concentrations described
above until they reached the O.D of 0.8 at 37°C and shaking at 2,500
RPM. Bacterial growth was induced with 0.1 mM final
concentration of isopropyl-f3-d-thiogalactopyranoside (IPTG)
overnight at 20°C and shaking at 100 RPM. Bacterial cells were
harvested by centrifugation at 6,000 RPM for 20 min and stored at
-80°C until protein extraction and purification.
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2.4 Recombinant protein purification

Cell pellets were solubilized in 100 mL of 20 mM Tris-HCI and
0.15 M NaCl pH 8.0. Cells incubated on ice were lysed by three
sonication cycles (30 sec bursts at 300 W using a Branson 450 Sonifier
(VWR)). After sonication, the soluble fraction was separated from the
cell debris by centrifugation at 12,000 RPM for 30 min. The
supernatant was supplemented with 500mM NaCl and 5 mM
Imidazole and loaded onto an affinity column (HP-HiTrap Chelating
column, GE Healthcare, Piscataway, NJ, USA), followed by size-
exclusion chromatography (Superdex200 10/30 column, GE
Healthcare). The identity of purified Guianensin was confirmed by
Edman degradation. Purified protein was further processed to remove
any LPS contaminant and verified using Endosafe nexgen-PTS
(Charles River Laboratories, Wilmington, MA, USA) as described in
a previous report (31). The concentration of purified Guianensin was
estimated by its absorbance at 280 nm using a DeNovix DS-11
spectrometer (DeNovix, Wilmington, DE, USA), using the molar
coefficient €280nm: 9690 M-1.cm-1 and A280nm/cm [Img/mL]).

2.5 Circular dichroism spectroscopy

For circular dichroism spectroscopy (CD) analyses, 0.1 mg/mL of
purified Guianensin in 20 mM Tris-HCL 150 mM and NaCl pH 8.0
was used. Continuous measurements with a pitch of 0.2 nm were
recorded from 200-250 nm wavelengths with a bandwidth of 1 nm.
Mean residue ellipticity was calculated with the following equation:
(molecular weight of each protein in daltons/((number of amino acids
— 1) x OA))/(10 x pathlength in cm x protein concentration in g/mL).
All readings were normalized by subtracting with blank (buffer) mean
residue ellipticity. Data were analyzed using CAPITO (32).

2.6 Anticoagulant assays: normal plasma
recalcification time, prothrombin time, and
activated partial thromboplastin time

The recalcification time of human plasma was carried out as
described previously (33). Briefly, 30 ul of normal control plasma
(Hyphen BioMed) was mixed with equal volumes of serially diluted
Guianensin (3 nM - 126 nM). Hepes buffer (10 mM Hepes, 150 mM
NaCl, and pH 7.3) was used as a negative control. Coagulation was
triggered by adding 30 ul of prewarmed 25 mM CaCl, to each well.
Data was collected in a VersaMax plate reader (Molecular Devices, San
Jose, CA, USA) at 10 s intervals for over 60 min. Recalcification was
determined as the time for each sample to reach 0.025 absorption units
at 650 nm. aPTT and PT were measured on a Start 4 Stago
coagulometer (Diagnostica Stago, Parsippany, NJ, USA) following
the manufacturer’s instructions. Lyophilized citrated normal human
control plasma (Hyphen BioMed, Neuville-sur-Oise, France) was
reconstituted with distilled water, and 50 pL was transferred to an
individual cuvette containing 5 pL of phosphate-buffered saline (PBS)
or different concentrations of Guianensin (200 nM - 3.125 nM,
prepared in PBS). Each reaction was incubated for 2 min at 37°C.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1163367
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Valenzuela-Leon et al.

For aPTT, the mixture was supplemented with 50 pL of prewarmed
aPTT reagent followed by 3 min of incubation. Coagulation was
initiated by the addition of 50 uL of CaCl, (25 mM final
concentration). For the PT assay, 100 uL of Neoplastine CI Plus
reagent (Diagnostica Stago) was added to the sample to initiate the
clot formation. All experiments were carried out in duplicate.

2.7 FXa and thrombin chromogenic
substrate assay

The role of Guianensin on two common points (Factor Xa
activation and thrombin formation) of the coagulation pathway was
investigated. In a 96-well plate, 25 uL of TBS (0.025 M Tris, 0.15 mM
NaCl, and pH 7.4) or Guianensin in TBS at 83 ug/mL or 57 pg/mL was
added to each well, in triplicate, for FXa or thrombin assay, respectively.
Seventy-five microliters of FXa (0.5 nM) or thrombin (0.1 nM) solution
were added to the wells. FXa was prepared in TBS supplemented with
0.5% BSA and 5 mM CaCl,. Calcium chloride was not used for
thrombin preparation. Then, samples were incubated for 15 min at 37°
C followed by the addition of 5 pL of chromogenic substrates (S-2222
for FXa or S-2238 for thrombin) at final concentrations of 5 mM, with
a final reaction volume of 105 uL. Absorbance at 405 nm was measured
on a VersaMax microplate reader (Molecular Devices, USA) at 37°C,
with reads every 10 sec for 1h.

2.8 Prothrombinase assembly assay

Factor Xa inhibition properties of Guianensin were evaluated
regarding its role to interfere in the activation of the prothrombin
complex by human FXa. The assay was performed as described
previously (34). Briefly, all samples were prepared in a TBS-Ca
buffer solution (0.02 M Tris, 0.15 mM NacCl, 0.005mM CaCl,, 0.3%
[w/v] BSA, and pH 7.5). Guianensin (125 pM-0 pM) was incubated
with FX (10 nM final concentration) for 20 min at RT. Cascade
activation was followed by the addition of human factor Va (1 nM)
and phosphatidylcholine and phosphatidylserine (PC/PS) at 10 uM
with an incubation time of 5 min. Prothrombinase complex was
triggered by the addition of human prothrombin (1.4 nM), and
aliquots of 25 uL was collected every other minute and transferred
to a new plate containing stop solution (0.02 M Tris, 0.15 mM NaCl,
0.02 M EDTA, 0.1% BSA, and pH 7.5). Twenty-five microliters of
$2238 (312.5 uM) were added to each collected aliquot. A kinetic
evaluation of the effect of Guianensin in prothrombin assembling
was assessed by measurement of absorbance at 405 nm at 37°C
during 15 min with 11-sec intervals between reads using a
VersaMax microplate reader (Molecular Devices, USA).

2.9 Serine protease inhibition screening

Guianensin was screened against a broad panel of various serine
proteases involved in blood coagulation and inflammation pathways.
The assay was performed as described previously (35) using a panel of
16 serine proteins at specific final concentrations: Plasmin (1.6 nM);
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Cathepsin G (8.8 nM); Elastase (60 pM); Factor XIa (60 pM); b-
tryptase (10 pM); Kallikrein (40 pM); Factor Xa (500 pM); Proteinase 3
(1.3 nM); and t-PA (12 pM). The specification of each enzyme is
described in Section 1.1. The IC5, (nM) and the Ki (nM) of each
interaction were calculated as described elsewhere (34).

2.10 Surface plasmon resonance

Affinity experiments were carried out by surface plasmon
resonance (SPR) using an SPR T200 instrument (GE Healthcare).
Materials (CM5 sensor chip, amine coupling immobilization kit, and
reagents/buffers) were obtained from GE Healthcare. Guianensin was
immobilized at 1250 RU on a CM5 sensor chip by the amine coupling
method followed by ethanolamine blocking of empty sites. An
additional flow cell on the same sensor chip was immobilized with
a running buffer only and served as a non-specific binding parameter
during the analysis. The sensor was regenerated with 10 mM glycine-
HCl pH 2.0 after each cycle. A blank sensogram, obtained from
running buffer only as an analyte, was used to subtract the bulk
refractive index background against running curves. Biacore T200
Evaluation Software package was used for the analysis. The analytes
investigated included human FXIa; human FXa; human FIXa;
Plasmin; Kallikrein; zymogens (Protein Z); Gla-domainless factor
Xa (hGla (-)), which is a truncated form of factor Xa, human factor
Xa, bovine factor Xa, mouse factor Xa, human 3-factor Xa (hf?), and
the human factor Xa that had the catalytic site blocked (hDEGR). A
kinetic assay was performed for each confirmed molecular partner of
Guianensin (Kallikrein, FXIa, FXIIa, FIXa, and Plasmin) with a 500
nM starting concentration and six serial dilutions. Binding running
parameters were set at a contact time of 180 sec, a flow rate of 30 pl/
min, and 600 sec for dissociation. The individual association (K,) and
dissociation (Kg) rate constants and affinity constant (Kp) were
obtained using a global fitting and 1:1 interaction model using the
Biacore T200 Evaluation software.

2.11 Isothermal titration calorimetry

Isothermal titration calorimetry experiments were performed
using a MicroCal VP-ITC machine (Malvern Panalytical,
Westborough, MA, USA). Samples were prepared in TBS buffer
(20 mM Tris pH 8.0 and 0.15M NaCl) and degassed using a
MicroCal ThermoVac (Malvern Panalytical) prior to loading.
Titration experiments were performed by successive injections of
FXa at 30 uM into the sample cell containing 3 UM Guianensin.
Assays were performed at 30°C, and measured heats were converted
to enthalpies and analyzed by fitting to a single-site binding model
on the Microcal Origin software package version 7 (OriginLab).

2.12 Determination of the P1’ site residue
in Guianensin

Ten micromolar of Guianensin or FXa alone, or at an equal 1:1
molar ratio, were incubated for 16 h at 37°C in TBS-Ca in a 25 pL
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total reaction volume. Following the incubation period, 10 uL of
LDS buffer (Invitrogen) was added to each sample in the presence of
a4 uL reducing agent (Invitrogen). Samples were loaded onto a 4%-
12% SDS-PAGE gel under reducing and non-reducing conditions
and blotted to a nitrocellulose membrane. Bands were stained with
Coomassie blue without acetic acid. Fragments from the
Guianensin cleavage were excised and submitted for N-terminal
sequencing for identification.

2.13 Tail bleeding assay

All procedures were performed in accordance with the animal
study protocol approved by the NIAID Animal Care and Use
Committee (ASP#: LMVR3). Sixteen to twenty-week-old female
mice (C57BL/6) were anesthetized using a mixture of ketamine and
xylazine (90 mg/kg and 10 mg/kg IP) and placed on a warming pad
at 37°C. The tail was measured and marked with ink at 1 cm from
the tip and transected with a scalpel to lacerate the tail vein. The tail
was hung over the edge of the warming pad and immersed in
warmed tubes at 37°C containing 100 pl of either water as a control
or Guianensin at two different concentrations (0.3 uM and 1 uM),
ensuring that the tail tip did not touch the walls or the bottom of the
tube. Shed blood was collected for 15 min. The blood volume and
concentration of hemoglobin were used to estimate the quantity of
shed blood. To measure the hemoglobin content, 900 pl of distilled
water was added to each tube to lyse red blood cells and release
hemoglobin. Tubes were vortexed, incubated for 10 min at room
temperature, and spun down at 12,000 x g for 5 min in a bench-top
centrifuge. Blood samples were diluted 1:5 in water and added to
microtiter flat-bottom 96-well plates (Corning Costar, Corning NY,
USA) in technical triplicates. The absorbance was measured at 540
nm in a VersaMax microplate reader (Molecular Devices).

2.14 Mouse paw edema

In this study, we utilized 8-week-old female C3H/He] mice
obtained from Charles River Laboratories and housed in the NIAID
Animal Care Facility. Posterior footpads were injected with PBS,
Guianensin (10 pg), FXa alone (10 ug), or FXa incubated with
Guianensin (10 pg + 10 pg) for 15 min. Intradermal/subcutaneous
(s.c.) injections were performed by injecting 50 ul of sample into the
footpads using BD Microfine IV needles. Before each injection and
at 15, 30, 45, and 60 min, a caliper (Mitutoyo America Corp.,
Kawasaki, Kanagawa, Japan) was used to measure the thickness of
the posterior footpad. In these experiments, statistical significance
was determined by two-way ANOVA, using the FXa alone group as
the positive reference of inflammation. Statistical differences were
set at p < 0.05 (*p < 0.05, **p < 0.001, and ***p < 0.0001).

2.15 Coagulation assay on endothelial cells

Human Dermal Microvascular Endothelial Cells (HMEC-1)
from ATCC (Catalog number: CRL-3243) were cultured in
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MCDB 131 medium supplemented with epidermal growth factor
(10 ng/mL), hydrocortisone (1 ug/mL), glutamine (10 mM), and
fetal bovine serum (10%). The cells were maintained without
antibiotics in a 37°C/5% CO, environment following standard cell
culture procedures. HMEC-1 cells (1 x 10°) were seeded in 96-well
plates until they reached a confluent monolayer. The endothelial
cells were then activated for 6 and 24 h with 1 pg/mL LPS (O111:
B4) in the absence of fetal bovine serum. After the incubation time,
culture media was removed, and human plasma (50 uL) was added
in the presence or absence of different concentrations of Guianensin
(0, 15, 31, 62, 125, 250, and 500 nM) in a final volume of 150 puL.
The coagulation process was triggered by 10 mM CaCl,, and clot
formation kinetics was followed directly on endothelial cell
monolayers at 650 nm for 40 min using a Cytation 5 microplate
reader (Biotek Instruments, Winooski, VT, USA). Coagulation time
(measured in seconds) was defined as the time taken to reach the
0.05 absorbance value (onset Optical Density).

2.16 Generation of factor Xa and thrombin
on endothelial cell surface

FXa generation was measured on HMEC-1 surfaces through
tenase complex activation using human plasma deficient in
prothrombin. For this purpose, confluent HMEC-1 cells were
incubated with Guianensin (0, 15, 31, 62, 125, 250, and 500 nM)
in the presence of prothrombin-deficient plasma (50 pL). Then, the
tenase complex was activated by adding thromboplastin (10 uL) in
the presence of 10 mM CaCl,. The kinetics of FXa formation was
measured directly on endothelial cell monolayers at 405 nm in the
presence of 2 mM S2222 substrate for 40 min using a Cytation 5
microplate reader (Biotek Instruments, Winooski, VT, USA). In
another set of experiments, thrombin generation was also
investigated on HMEC-1 by measuring prothrombinase complex
activity. In this case, prothrombinase components (20 nM
prothrombin, 5 nM FXa, and 1 nM FVa) were assembled on
HMEC-1 confluent monolayers and incubated with Guianensin.
Thrombin formation was detected after adding human-purified
fibrinogen (2 mg/mL, final concentration) in the presence of 10 mM
CaCl,. Similarly, the kinetics of fibrinocoagulation was followed at
650 nm in the Cytation 5 microplate reader (Biotek Instruments,
Winooski, VT, USA).

2.17 PAR-2 peptide cleavage analysis

FXa cleavage of PAR-2 peptide in the presence of Guianensin
was performed as described previously (36). FXa (10 nM) was
incubated with Guianensin (0, 15, 31, 62, 125, 250, and 500 nM) at
37°C in reaction media containing 20 mM Tris-HCl, 150 mM NaCl,
and Tween 20 0.01% (pH 7.4). After 15 min, a FRET-substrate
based on the mouse PAR-2 sequence (NSKGRSLIGR) conjugated
with 7-methoxycoumarin-4-acetic acid and the quenching group
Dnp (2,4-DNP) was added to a final concentration of 2 mM. The
peptide hydrolysis rate was followed at 320 nm excitation and 420
nm emission in kinetic mode at 30°C using a Synergy H1 microplate
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reader (Biotek Instruments, Winooski, VT, USA). PAR-2 cleavage
products generated by FXa in the presence or absence of
Guianensin were also analyzed by electrospray ionization-mass
spectrometry (ESI-MS). A Q Exactive Plus mass spectrometer was
used at a resolution of 280,000, a spray voltage of 3.5 kV, and a
capillary temperature of 32 °C. Samples were desalted by C18 Zip-
tip (Millipore, Burlington, MA, USA) and dissolved in 100 uL of
reconstitution buffer (50% ACN, 49% H,O, and 1% FA). Samples
were introduced using a syringe pump (Thermo Fisher Scientific,
Waltham, MA, USA) with a flow rate of 5 uL/min. Xtract algorithm
of the Freestyle (Thermo Fischer Scientific, version 1.5) was used to
deconvolute the raw data. Deconvolution parameters were set as
output mass, MH+; charge range, 1-5; minimum number detected
charge, 2.

2.18 Data analysis

The data are presented as means * SE, and significant
differences were analyzed by one-way ANOVA followed by an
unpaired f-test with Bonferroni correction for multiple
comparisons. P-values of 0.05 were considered significant.

10.3389/fimmu.2023.1163367

Statistical analyses were performed using GraphPad Prism
(GraphPad Software Inc., San Diego, CA, USA) software.

3 Results
3.1 Initial characterization of Guianensin

The previously described sialome of female adult S. guianense
revealed the presence of a typical single Kunitz protein deducted from
three expressed sequence tags (ESTs). The cDNA of Guianensin
(GeneBank: J1626169) has an open reading frame of 321 base pairs
(bp) that encodes for a protein of 106 amino acids (AA). It has a
predicted signal peptide (37) of 19 AA, indicative of secretion. The
calculated mature Guianensin protein (GenBank: AEB96404) has a
molecular weight (MW) of 10074.65 Da and an isoelectric point of 9.45.
Two tryptic peptides obtained by MS/MS matching Guianensin were
identified by SDS-PAGE, followed by Liquid Chromatography with
tandem mass spectrometry (LC/MS/MS). The protein band
corresponding to native Guianensin agrees with the calculated MW,
suggesting that Guianensin has no significant post-translational
modifications in vivo (29). Alignment of Guianensin with other

Guianensin

S. vittatum

. nigrimanum
cucurbitae
. scapularis
textilis
ammodytes

. sapiens

mSWHNG

80
|

FIGURE 1

Protease

The comparison of mature Guianensin amino acid sequence with seven other single-domain Kunitz protease inhibitors. (A) Sequence alignment of
single-domain Kunitz protease inhibitors from Simulium vittatum (EU930300.1), Simulium nigrimanum (ACZ28223), Zeugodacus cucurbitae
(XP_011191995), Ixodes scapularis (XP_029848488), Pseudonaja textilis (Q90WA1L), Vipera ammodytes ammodytes (AMH40733), and Homo sapiens
(ABP02055). Conserved amino acids are shaded in teal, and similar residues are shaded in gray. Conserved cysteine residues are highlighted in black,
and brackets denote disulfide bonds. Amino acid (AA) numbers correspond to the mature Guianensin sequence. The conserved Kunitz domain is
shaded in black, and AAs within the trypsin interaction site are marked by triangles. Sequences were aligned using CLUSTAL and refined using the
Boxshade server. (B) The predicted folding structure figure (created with BioRender.com) for Guianensin shows three disulfide bonds formed
between the six cysteine residues present in the protein. (C) The tertiary structure model of Guianensin was constructed using the coordinates
generated by I-TASSER and visualized in PyMol software. a-helices are indicated by cylinders and B-strands by arrows. The expected P1P1’ site (R15

and A16) is marked.
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proteins of the same family shows the presence of the conserved trypsin
interaction (FxxGGCxooaxFxoxaxxxC) site found in most single Kunitz
domain proteins characterized to date (Figure 1A). A three-dimensional
model of Guianensin was generated using the I-TASSER software. The
overall 3D modeled structure of Guianensin shows six cysteine residues
stabilizing the structure by forming three putative disulfide bonds
(Figures 1B, C). Guianensin appears to display an extended and
accessible reactive-site loop, with complementarity to the protease
catalytic site, which might be responsible for its inhibitory activity. The
overall reactive-center loop geometry with other Kunitz inhibitors
suggests that Guianensin might have a similar mechanism of action
on serine proteases described elsewhere (38). Recombinant Guianensin
was purified from the soluble fraction and runs as a single peak at the
expected mass by size-exclusion chromatography, suggesting that this
salivary inhibitor is monomeric (Supplementary Figure S1). CD analysis
of Guianensin shows that it comprises mainly irregular structures (55%)
followed by o-helices (12%) and 32% of B-sheets (Supplementary Figure
S1). The predicted P1 site residue (Argl5) was experimentally confirmed
for factor Xa (FXa) (Supplementary Figure S2).

3.2 Guianensin is a
FXa-directed anticoagulant

Initial experiments using recalcification time of normal plasma
confirmed that Guianensin acts as an anticoagulant in vitro
(Figure 2A). We also showed that Guianensin significantly prolonged
PT and aPTT (Figures 2B, C). These results suggested that Guianensin
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may inhibit a factor in the common coagulation cascade pathway.
Consequently, Guianensin inhibited the amidolytic activity of FXa;
however, no thrombin inhibition was observed (Figure 2D). These
findings are consistent with the anticoagulant activity reported in
salivary gland extracts of S. guianense (9).

3.3 Guianensin is a tight inhibitor of FXa

To investigate the binding interaction between Guianensin and
FXa, surface plasmon resonance (SPR) experiments were performed.
Typical kinetic sensograms revealed that Guianensin exhibits high
affinity binding to FXa (Figure 3A; Table 1). We also found that
Guianensin binds FXa from other species (mouse and bovine), human
Gla-domainless, (hGLA (-)), and hP. No binding was detected with
active site-blocked factor Xa (hDEGR), indicating that Guianensin
displays reversible, substrate-like binding to the catalytic site of FXa
(Figure 3B) as proposed for Kunitz-type inhibitors. Through
isothermal calorimetry (ITC) assays, we analyzed the stoichiometry
and enthalpy of the interaction between FXa and Guianensin. The
complex inhibitor-protease was exothermic, with a favorable enthalpy
(AH) of —12.32 kcal/mol and slightly unfavorable entropy (AS = —1.14
cal/mol/deg). Stoichiometry of the binding (N = 0.786 + 0.006 sites)
indicates that one molecule of Guianensin binds to one molecule of
FXa (Figure 3C). The calculated Gibbs free energy (AG) of -11.97 keal
indicates that the complex formation occurs spontaneously at a
physiological temperature. Thermodynamic parameters are shown in
Table 2. FXa formation was observed at different starting
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Guianensin has an anticoagulant activity that targets FXa but does not target thrombin. (A) Recalcification time was determined using plasma mixed at
the indicated concentrations of Guianensin, and reactions were initiated by the addition of CaCl, The involvement of Guianensin in the (B) extrinsic and
(C) intrinsic clotting pathways was tested using PT and aPTT. To analyze the results, we used one-way ANOVA with the control group as a reference.
Statistically significant differences are denoted by *p < 0.05, or ****p < 0.0001. (D) Amidolytic activity of FXa and Flla was determined in the presence of

increasing concentrations of Guianensin.
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Kinetics of Guianensin interaction with FXa. (A) Factor Xa at different concentrations was injected over immobilized Guianensin for 180 seconds. The
dissociation of the Guianensin-FXa complex was monitored, and a global 1:1 binding model was used to calculate kinetic parameters. (B) Binding
analysis of Factor X, hf3, and Factor Xa from human, mouse, and bovine over immobilized Guianensin. We also included modified forms of human
FXa (hGla(-) and hDEGR). All analytes were used at a concentration of 100 nM. (C) Binding of FXa with Guianensin as measured by isothermal
titration calorimetry. The plots represent enthalpies calculated from measured heats (points) versus the molar ratio of FXa to Guianensin in the
reaction cell. The data were fitted to a single-site ligand binding model (solid line). The parameters obtained from the fit are shown in Table 2.

(D) The activation of prothrombin complex in the presence of Guianensin. Guianensin at different concentrations was incubated with FXa, FVa, PC/
PS, and prothrombin. Aliquots were removed at the plotted times, and the concentration of activated thrombin was determined using the

chromogenic substrate S2238.

concentrations of Guianensin over a time course. The kinetic pattern
obtained is typical for a slow-binding inhibitor as seen with many
peptide inhibitors of serine proteinases (Figure 3D). Accordingly,
Guianensin also blocked prothrombinase activity in vitro
(Supplementary Figure S3). Taken together, our results indicate that
Guianensin is a salivary FXa-directed anticoagulant in S. guianense and
may account for the anti-FXa activity found in salivary gland extracts
previously described for this species (9).

3.4 Guianensin inhibits other proteases
involved in coagulation and inflammation

Kunitz family proteins target many serine proteinases involved in
coagulation, digestion, and inflammation, among other physiological
processes. We also found that Guianensin inhibited other serine
proteases that might be relevant for S. guianense blood-feeding
behavior. Guianensin significantly reduced the activity of cathepsin G,

TABLE 1 Surface plasmon resonance analysis of Guianensin-FXa interaction.

K, (m's™

45050 + 3606

Frontiers in Immunology

Ka (s7)

0.001211 + 3.111e-005

kallikrein, trypsin, o-chymotrypsin, B-tryptase, plasmin, elastase,
proteinase 3, and the coagulation factor XIa (Figure 4A). The half-
maximal inhibitory concentration (ICsp) and inhibition constant (Ki)
values for each serine protease were calculated as described previously
(39). The inhibition constant (Ki) values calculated for each Guianensin-
serine protease were in the low nM range, suggesting a strong inhibitory
activity against these enzymes (Supplementary Table 1). These results
were confirmed by SPR (Figure 4B). The affinity of Guianensin for FXIa,
FIXa, Kallikrein, and Plasmin calculated by SPR was also in the
subnanomolar range (Supplementary Figure 4). Binding constant
values are in Supplementary Table 2.

3.5 Guianensin inhibits FXa generation and
prothrombinase activity in endothelial cells

To study the effects of Guianensin in the context of cell-
mediated initiation of blood coagulation, HMEC-1 was stimulated

Kp (M)

2.700e-008 + 2.828e-009
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TABLE 2 Thermodynamic parameters of Guianensin-FXa complex measured by isothermal titration calorimetry.

N (sites) Ko (nM) AH (kcal/mol) AS (cal/mol/deg) AG (kcal)

0.786 + 0.006 2.32 £ 042 -12.32 £ 0.022 -1.14 -11.97

with human prothrombin-deficient plasma in the presence or  blood volume and hemoglobin content (Figures 7A, B). In addition,
absence of Guianensin. After 30 min, the tenase complex was  Guianensin showed anticoagulant activity on endothelial cells
activated by the addition of calcium thromboplastin, and FXa  activated with LPS (Supplementary Figure 6).
formation was measured in the presence of S2222. We observed
that increasing concentrations of Guianensin decreased the activity
of FXa (Figure 5A). We further examined the inhibitory effect of 3-8 Guianensin inhibits Factor Xa-mediated
Guianensin on prothrombinase activity in endothelial cells. As ~acute inflammation in vivo
shown in Figures 5B, C, Guianensin decreased prothrombinase
activity in a dose-dependent manner in vitro. Previous studies have shown that subplantar injection of FXa
induces paw edema in mice and rats in a time- and dose-dependent
manner (36, 40). To assess whether Guianensin also inhibits the
3.6 Guianensin inhibits FXa cleavage of inflammatory activity of FXa in vivo, 10 ug of FXa was injected
PAR-2 peptide either alone in the mouse footpad or in the presence of Guianensin
at a molar ratio of 1:1. FXa produced a time-dependent increase in
PARs can be activated through the action of serine proteases, =~ paw edema, which peaked at 15 minutes, and styed significantly
including FXa. Since Guianensin is a specific inhibitor of FXa, we  inflamed after 1 hour. In the presence of Guianensin, FXa-induced
hypothesized that inhibition of FXa by Guianensin renders this  inflammation was significantly reduced, demonstrating its anti-
protease unable to activate PAR. Our results show that, in the  inflammatory activity in vivo (Figure 8).
presence of Guianensin, FXa is unable to cleave PAR-2 in vitro
(Figures 6A, B). We also confirmed these results by a mass
spectrometry analysis of PAR-2 peptide treated with FXa in the 4 Discussion
presence or absence of Guianensin (Supplementary Figure 5).
Like many blood-feeding arthropods, S. guianense flies are
anautogenous and require a blood meal for egg development (41).
3.7 Guianensin prolongs bleeding ex vivo Among the several challenges faced by bloodsucking arthropods, the
vertebrate hemostatic response against blood loss represents an
To determine any anti-hemostatic effects of Guianensin ex vivo, — important barrier to efficient blood feeding. This feeding behavior
tail bleeding time was measured in mice. Guianensin significantly ~ can also result in pathogen transmission to their vertebrate hosts.
prolonged coagulation when compared with controls. Guianensin ~ Consequently, these blood feeders have evolved bioactive salivary
acted as an anticoagulant at the injury site and prevented  components that counteract vertebrate hemostasis and inflammation
coagulation, leading to major bleeding, defined as an increase in  (42). Salivary secretions from black flies contain platelet aggregation

A B
120 4 2500 -
Xla
100 —
= 2000 -
B
2 80 4 5
2 Z 1500 -
o
o
60 1]
2 §
£ 21000 fxa
T 40 4 o
4
§ ixa
© 500 Plasmin
20 - Kallikrein
o< Q & & S 2 v 2 s X T T T T T L)
& -P ép & 8 S 0 50 100 150 200 250 300
\* &’\Q © & »» o e
é\é\ s @"A’::\ a“ e #‘9 s

9
‘b

FIGURE 4

The inhibition of serine proteases activity in the presence of Guianensin. (A) Enzyme activities, defined as a percentage of the total activity in the
presence of Guianensin at 200 nM, are shown. The graph shows mean + SEM. u-PA: urokinase-type plasminogen activator; t-PA: tissue
plasminogen activator. Each inhibition assay was conducted in triplicate. (B) FXla, FXa, FIXa, Kallikrein, and Plasmin were allowed to flow over
immobilized Guianensin using SPR. All analytes were used at 100 nM.
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The inhibition of FXa generation and prothrombinase complex activity by Guianensin in vitro: (A) FXa generation in prothrombin-deficient plasma
was measured on endothelial cell monolayers. Human prothrombin-deficient plasma was incubated with confluent HMEC-1 cells in the presence or
absence of Guianensin. The tenase complex was then activated by the addition of calcium thromboplastin, and FXa formation was measured in the
presence of S2222. Data are presented as mean + SE of percent FXa activity measured in the absence of Guianensin. (B) The prothrombinase
complex (20 nM prothrombin, 5 nM FXa, and 1nM FVa) was assembled on HMEC-1 confluent monolayers. After incubation with Guianensin,
thrombin formation was measured by the fibrinogen addition. (C) The dose-response inhibition curve for thrombin generation and the right panel
shows representative curves of kinetic progress for thrombin-induced fibrinocoagulation. Data are presented as mean + SE of percent thrombin

formation measured in the absence of Guianensin.

inhibitors, vasodilators, anticoagulants, and immunomodulators (2, 3,
10, 14, 25, 43). Salivary gland extracts from female S. guianense display
anticoagulant activity (9); however, the factor(s) responsible for this
activity remained elusive thus far. Bioinformatic surveys of the S.
guianense salivary transcriptome revealed the presence of a Kunitz-
type serine protease inhibitor (29). Kunitz inhibitors are a class of
serine protease inhibitors spanning from microbes to mammals. They
are competitive inhibitors, acting in a substrate-like manner with a 1:1
stoichiometry with their target protease. These proteins can have single
or multiple Kunitz inhibitory domains linked together or are associated
with other domain types, and they have been implicated in various
physiological processes, including inhibition of blood clotting and
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FIGURE 6

inflammation (26). Kunitz inhibitors found in blood-feeding
arthropods, as well as in poisonous animals, act as anti-coagulant,
anti-microbial, and anti-inflammatory mediators (26).

In this work, we identified a Kunitz-type serine protease inhibitor
from S. guianense that we named Guianensin. We showed that
Guianensin is a salivary anticoagulant that targets coagulation FXa.
The lack of binding of Guianensin to FX and the catalytic-blocked FXa
indicated that this inhibitor binds directly to the catalytic site of the
protease. Guianensin was also active against other serine proteases
involved in blood clotting and inflammatory immune responses.
Several serine proteases inhibited by Guianensin - neutrophil
elastase, cathepsin G, and proteinase 3 - are important for the
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Guianensin dose-dependently inhibits FXa-induced PAR-2 substrate cleavage. (A) FXa-induced PAR-2 cleavage was investigated by fluorescence
resonance energy transfer (FRET) technology. A FRET-substrate was synthetized based on the mouse PAR-2 (NSKGRSLIGR) sequence containing the
fluorescent group MCA (7-methoxycoumarin-4-acetic acid) and the quenching group DNP (2,4-DNP) at the N- and C-terminal ends, respectively.
FXa was then incubated with different concentrations of purified Guianensin, and the reaction was triggered by the FRET-substrate addition. The
peptide hydrolysis rate was followed at 320 nm excitation and 420 nm emission. (B) Representative data for kinetic progress curves and the right
panel shows the dose-response inhibition curves of FXa-induced PAR-2 hydrolysis. Data are presented as mean + SE of the percent of PAR-2

hydrolysis measured in the absence of Guianensin.
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Guianensin impairs host hemostasis ex vivo. (A) The volume of shed blood after laceration of the tail vein. (B) Hemoglobin content is expressed as
the mean of the absorbance of technical triplicates at 540 nm + SEM. Results from at least seven animals are represented for each group. Multiple
comparisons were done by one-way ANOVA (***p < 0.001; **p < 0.01; ns: not significant)

activation of innate immune responses and for scavenging infectious
agents (44). Other serine proteases targeted by Guianensin included oi-
chymotrypsin, B-tryptase, and trypsin. These proteases can trigger
inflammatory responses in the vertebrate host, inducing the expression
of chemokines, cytokines, cell surface receptors, and adhesion
molecules (27, 45, 46). It is over the damaged endothelium some
hemostatic processes and inflammation are activated, and endothelial
cells can trigger antithrombotic or prothrombotic events depending
on tissue needs (47, 48). Some mechanisms activated on the endothelial
cell surface during an injury are the intrinsic tenase and

prothrombinase complexes, which enhance the activities of FXa and
Flla, generating enough thrombin to produce large amounts of
insoluble fibrin to form the blood clot (49, 50). Guianensin inhibited
the generation of FIla (thrombin) by the tenase complex dose-
dependently, both in solution and on endothelial cells. Accordingly,
Guianensin increased bleeding time in mice, clearly indicating that
this inhibitor may work in vivo. In addition to its role in blood
coagulation, FXa is also a direct pro-inflammatory molecule acting
on PARs (51). PARs, a family of G protein-coupled receptors with
seven transmembrane domains, are activated following proteolytic

-~ PBS -~ Guianensin =+~ FXa -* Guianensin:FXa

o
)
[

0.6+

0.4+

0.2+

Footpad increase (mm)

e
=)

L)
0 15

30

45 60

Time after inoculation (min)

FIGURE 8

Guianensin blocks the inflammatory effects of FXa. Paw edema was induced by intradermal injection of FXa (10 pg) in the presence of PBS as a
negative control or FXa previously incubated with Guianensin at the same concentration. Edema formation was determined using calipers before
and after injection of FXa at selected time intervals. Symbols are means + SEM of five mice per group: ***p < 0.001, or ****p < 0.0001..
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cleavage of their extracellular N-terminus. In fact, PAR activation in a
variety of cell types in and around blood vessels is associated with the
production of pro-inflammatory cytokines, expression of adhesion
molecules, and regulation of vascular tone in smooth muscle cells that
mediate contraction migration and proliferation (52-56). We also
found that Guianensin was able to inhibit PAR activation in
endothelial cells. Furthermore, our experiments in mice showed how
Guianensin decreased inflammation induced through the subplantar
inoculation of FXa. Combined, we conclude that this salivary inhibitor
regulates these pro-inflammatory and procoagulant processes that can
be detrimental to the acquisition of a blood meal by S. guianense.
Salivary secretions suppress the hemostatic system of vertebrate hosts,
helping the invertebrate to obtain a blood meal (57-59). Consequently,
the presence of Guianensin in the saliva of this species represents an
evolutionary adaptation for blood feeding. By inhibiting proteases
involved in coagulation and inflammation, Guianensin may reduce the
time necessary to successfully feed on vertebrate blood. Awareness
from the vertebrate hosts may result in aborted feeding or death of the
arthropod. Hence, faster probing and feeding times would reduce the
duration of vector-host contact and increase the survival of the feeder.

Our results collectively indicate that Guianensin facilitates blood
feeding by disrupting coagulation and interferes with host
inflammatory responses. The broad anti-protease activity displayed
by Guianensin is not unexpected because Kunitz inhibitors from other
blood-sucking arthropods, snakes, and other organisms show similar
inhibitory properties. For example, Simukunin, a Kunitz inhibitor
from S. vittatum, inhibits the activity of multiple proteases, including
coagulation factors (25). However, Guianensin shows a stronger
inhibition of Kallikrein, Cathepsin G, B-tryptase, and o-
chymotrypsin, but a lower activity against elastase. These differences
suggest that Simukunin and Guianensin may have different
mechanisms of protease inhibition. More structure-function studies
will be necessary to elucidate these inhibitor-protease interactions.

We hypothesize that the secretion of Guianensin at the bite site is
an evolutionary strategy to block host proteases that could facilitate
blood meal acquisition by inhibiting coagulation and inflammation.
Future functional studies will be needed to fully understand the role of
Guianensin in blood feeding and pathogen transmission by black flies.
This work is another example of the complexity of the biology of blood-
feeding arthropods and highlights the potential use of vector salivary
proteins as therapeutic applications and potential targets for
transmission-blocking vaccines.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Ethics statement

The animal study was reviewed and approved by NIAID
Animal Care and Use Committee (ASP#: LMVR3).

Frontiers in Immunology

12

10.3389/fimmu.2023.1163367

Author contributions

Planned the experiments: PV-L, AC, LT, and EC; performed the
experiments: PV-L, AC, IM-M, MK, GS, AW, LT, and EC; analyzed
data: PV-L, AC, IM-M, AP, MK, LT, and EC; wrote the paper: PV-
L, AP, and EC. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by the Intramural Research Program
of the Division of Intramural Research, National Institute of Allergy
and Infectious Diseases, National Institutes of Health (A1001246).

Acknowledgments

We thank Drs. Yixiang (Alex) Zhang and Brian Martin, RTB/
NIAID, for mass spectrometry analysis and N-terminal sequencing.
The authors also thank Yolanda L. Jones, NIH Library, for
editing assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer BB declared a past collaboration with the authors
EC, IM to the handling editor.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Author disclaimer

Because the authors are government employees and this is
government work, the work is in the public domain in the United
States. Notwithstanding any other agreements, the NIH reserves the
right to provide the work to PubMed Central for display and use by
the public, and PubMed Central may tag or modify the work
consistent with its customary practices. You can establish rights
outside of the U.S. subject to a government-use license.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1163367/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1163367/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1163367/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1163367
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Valenzuela-Leon et al.

References

1. Tsujimoto H, Gray EW, Champagne DE. Black fly salivary gland extract inhibits
proliferation and induces apoptosis in murine splenocytes. Parasite Immunol (2010) 32
(4):275-84. doi: 10.1111/j.1365-3024.2009.01186.x

2. Abebe M, Cupp MS, Ramberg FB, Cupp EW. Anticoagulant activity in salivary
gland extracts of black flies (Diptera: simuliidae). ] Med entomol (1994) 31(6):908-11.
doi: 10.1093/jmedent/31.6.908

3. Andersen JF, Pham VM, Meng Z, Champagne DE, Ribeiro JM. Insight into the
sialome of the black fly, simulium vittatum. J Proteome Res (2009) 8(3):1474-88. doi:
10.1021/pr8008429

4. Cross ML, Cupp MS, Cupp EW, Ramberg FB, Enriquez FJ. Antibody responses of
BALB/c mice to salivary antigens of hematophagous black flies (Diptera: simuliidae). /
Med Entomol (1993) 30(4):725-34. doi: 10.1093/jmedent/30.4.725

5. Sainas S, Dosio F, Boschi D, Lolli ML. Targeting human onchocerciasis: recent
advances beyond ivermectin. Annu Rep Med Chem (2018) 51:1-38. doi: 10.1016/
bs.armc.2018.08.001

6. Gustavsen K, Hopkins A, Sauerbrey M. Onchocerciasis in the americas: from
arrival to (near) elimination. Parasit Vectors (2011) 4:205. doi: 10.1186/1756-3305-
4-205

7. Cao J, Shi L, Zhou Y, Gao X, Zhang H, Gong H, et al. Characterization of a new
kunitz-type serine protease inhibitor from the hard tick Rhipicephalus
hemaphysaloides. Arch Insect Biochem Physiol (2013) 84:104-13. doi: 10.1002/arch.211

8. Bernardo MJ, Cupp EW, Kiszewski AE. Rearing black flies (Diptera, simuliidae)
in the laboratory - colonization and life table statistics for simulium-vittatum. Ann
Entomol Soc America (1986) 79(4):610-21. doi: 10.1093/aesa/79.4.610

9. Chagas AC, Medeiros JF, Astolfi-Filho S, Py-Daniel V. Anticoagulant activity in
salivary gland homogenates of Thyrsopelma guianense (Diptera: simuliidae), the
primary vector of onchocerciasis in the Brazilian Amazon. Mem Inst Oswaldo Cruz.
(2010) 105(2):174-8. doi: 10.1590/S0074-02762010000200011

10. Cupp EW, Cupp MS. Black fly (Diptera: simuliidae) salivary secretions:
importance in vector competence and disease. ] Med entomol (1997) 34(2):87-94.
doi: 10.1093/jmedent/34.2.87

11. Rau JC, Beaulieu LM, Huntington JA, Church FC. Serpins in thrombosis,
hemostasis and fibrinolysis. ] Thromb Haemost (2007) 5(Suppl 1):102-15. doi:
10.1111/§.1538-7836.2007.02516.x

12. Nienaber J, Gaspar AR, Neitz AW. Savignin, a potent thrombin inhibitor
isolated from the salivary glands of the tick Ornithodoros savignyi (Acari: argasidae).
Exp Parasitol (1999) 93(2):82-91. doi: 10.1006/expr.1999.4448

13. Oliveira F, Lawyer PG, Kamhawi S, Valenzuela JG. Immunity to distinct sand fly
salivary proteins primes the anti-leishmania immune response towards protection or
exacerbation of disease. PloS Negl Trop Dis (2008) 2(4):e226. doi: 10.1371/
journal.pntd.0000226

14. Borah S, Naglot A, Goswami S, Rahman I, Deka M. Anticoagulation activity of
salivary gland extract of oriental blackfly simulium indicum. Asian Pacific ] Trop
Biomed (2014) 4(Suppl 1):S252-7. doi: 10.12980/APJTB.4.2014C265

15. Assumpcao TC, Mizurini DM, Ma D, Monteiro RQ, Ahlstedt S, Reyes M, et al.
Ixonnexin from tick saliva promotes fibrinolysis by interacting with plasminogen and
tissue-type plasminogen activator, and prevents arterial thrombosis. Sci Rep (2018) 8
(1):4806. doi: 10.1038/s41598-018-22780-1

16. Ribeiro JMC, Francischetti IMB. Role of arthropod saliva in blood feeding:
sialome and post-sialome perspectives. Annu Rev Entomol (2003) 48:73-88. doi:
10.1146/annurev.ent0.48.060402.102812

17. Cupp MS, Ribeiro JM, Champagne DE, Cupp EW. Analyses of cDNA and
recombinant protein for a potent vasoactive protein in saliva of a blood-feeding black
fly, Simulium vittatum. ] Exp Biol (1998) 201(Pt 10):1553-61. doi: 10.1242/
jeb.201.10.1553

18. Ribeiro JM, Mather TN. Ixodes scapularis: salivary kininase activity is a metallo
dipeptidyl carboxypeptidase. Exp Parasitol (1998) 89(2):213-21. doi: 10.1006/
expr.1998.4296

19. Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med (2010) 38
(2 Suppl):S26-34. doi: 10.1097/CCM.0b013e3181c98d21

20. Kato N, Iwanaga S, Okayama T, Isawa H, Yuda M, Chinzei Y. Identification and
characterization of the plasma kallikrein-kinin system inhibitor, haemaphysalin, from
hard tick, haemaphysalis longicornis. Thromb Haemost (2005) 93(2):359-67. doi:
10.1160/TH04-05-0319

21. Paterson KJ, Zambreanu L, Bennett DL, McMahon SB. Characterisation and
mechanisms of bradykinin-evoked pain in man using iontophoresis. Pain (2013) 154
(6):782-92. doi: 10.1016/j.pain.2013.01.003

22. Vassalli JD, Sappino AP, Belin D. The plasminogen activator/plasmin system. J
Clin Invest (1991) 88(4):1067-72. doi: 10.1172/JCI115405

23. Macedo-Ribeiro S, Almeida C, Calisto BM, Friedrich T, Mentele R, Sturzebecher
J, et al. Isolation, cloning and structural characterisation of boophilin, a multifunctional
kunitz-type proteinase inhibitor from the cattle tick. PloS One (2008) 3(2):e1624. doi:
10.1371/journal.pone.0001624

Frontiers in Immunology

13

10.3389/fimmu.2023.1163367

24. Ascenzi P, Bocedi A, Bolognesi M, Spallarossa A, Coletta M, De Cristofaro R,
et al. The bovine basic pancreatic trypsin inhibitor (Kunitz inhibitor): a milestone
protein. Curr Protein Pept Sci (2003) 4(3):231-51. doi: 10.2174/1389203033487180

25. Tsujimoto H, Kotsyfakis M, Francischetti IM, Eum JH, Strand MR, Champagne
DE. Simukunin from the salivary glands of the black fly Simulium vittatum inhibits
enzymes that regulate clotting and inflammatory responses. PloS One (2012) 7(2):
€29964. doi: 10.1371/journal.pone.0029964

26. Ranasinghe S, McManus DP. Structure and function of invertebrate kunitz
serine protease inhibitors. Dev Comp Immunol (2013) 39(3):219-27. doi: 10.1016/
j.dci.2012.10.005

27. Parizi LF, Ali A, Tirloni L, Oldiges DP, Sabadin GA, Coutinho ML, et al.
Peptidase inhibitors in tick physiology. Med Vet Entomol (2018) 32(2):129-44. doi:
10.1111/mve.12276

28. Corral-Rodriguez MA, Macedo-Ribeiro S, Barbosa Pereira PJ, Fuentes-Prior P.
Tick-derived kunitz-type inhibitors as antihemostatic factors. Insect Biochem Mol Biol
(2009) 39(9):579-95. doi: 10.1016/j.ibmb.2009.07.003

29. Chagas AC, Calvo E, Pimenta PF, Ribeiro JM. An insight into the sialome of
Simulium guianense (Diptera : simuliidae), the main vector of river blindness disease in
Brazil. BMC Genomics (2011) 12:612. doi: 10.1186/1471-2164-12-612

30. Yang ], Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER suite: protein
structure and function prediction. Nat Methods (2015) 12(1):7-8. doi: 10.1038/
nmeth.3213

31. Martin-Martin I, Chagas AC, Guimaraes-Costa AB, Amo L, Oliveira F, Moore
IN, et al. Immunity to LuloHya and lundep, the salivary spreading factors from
Lutzomyia longipalpis, protects against Leishmania major infection. PloS pathogens
(2018) 14(5):¢1007006. doi: 10.1371/journal.ppat.1007006

32. Wiedemann C, Bellstedt P, Gorlach M. CAPITO-a web server-based analysis
and plotting tool for circular dichroism data. Bioinformatics (2013) 29(14):1750-7. doi:
10.1093/bioinformatics/btt278

33. Smith LB, Duge E, Valenzuela-Leon PC, Brooks S, Martin-Martin I, Ackerman
H, et al. Novel salivary antihemostatic activities of long-form D7 proteins from the
malaria vector Anopheles gambiae facilitate hematophagy. J Biol Chem (2022) 298
(6):101971. doi: 10.1016/.jbc.2022.101971

34. Calvo E, Mizurini DM, Sa-Nunes A, Ribeiro JM, Andersen JF, Mans BJ, et al.
Alboserpin, a factor xa inhibitor from the mosquito vector of yellow fever, binds
heparin and membrane phospholipids and exhibits antithrombotic activity. J Biol
Chem (2011) 286(32):27998-8010. doi: 10.1074/jbc.M111.247924

35. Chmelar J, Oliveira CJ, Rezacova P, Francischetti IM, Kovarova Z, Pejler G, et al.
A tick salivary protein targets cathepsin G and chymase and inhibits host inflammation
and platelet aggregation. Blood (2011) 117(2):736-44. doi: 10.1182/blood-2010-06-
293241

36. Shrivastava G, Valenzuela-Leon PC, Chagas AC, Kern O, Botello K, Zhang Y,
et al. Alboserpin, the main salivary anticoagulant from the disease vector Aedes
albopictus, displays anti-FXa-PAR signaling In vitro and in vivo. Immunohorizons
(2022) 6(6):373-83. doi: 10.4049/immunohorizons.2200045

37. Nielsen H, Engelbrecht J, Brunak S, von Heijne G. Identification of prokaryotic
and eukaryotic signal peptides and prediction of their cleavage sites. Protein Eng (1997)
10(1):1-6. doi: 10.1093/protein/10.1.1

38. Xu Y, Carr PD, Guss JM, Ollis DL. The crystal structure of bikunin from the
inter-alpha-inhibitor complex: a serine protease inhibitor with two kunitz domains. J
Mol Biol (1998) 276(5):955-66. doi: 10.1006/jmbi.1997.1582

39. Kotsyfakis M, Sa-Nunes A, Francischetti IM, Mather TN, Andersen JF, Ribeiro
JM. Antiinflammatory and immunosuppressive activity of sialostatin I, a salivary
cystatin from the tick ixodes scapularis. J Biol Chem (2006) 281(36):26298-307. doi:
10.1074/jbc.M513010200

40. Cirino G, Cicala C, Bucci M, Sorrentino L, Ambrosini G, DeDominicis G, et al.
Factor xa as an interface between coagulation and inflammation. molecular mimicry of
factor xa association with effector cell protease receptor-1 induces acute inflammation
in vivo. J Clin Invest (1997) 99(10):2446-51. doi: 10.1172/JCI119428

41. Fallis AM. Feeding and related behavior of female simuliidae (Diptera). Exp
Parasitol (1964) 15:439-70. doi: 10.1016/0014-4894(64)90038-4

42. Arca B, Ribeiro JMC. Saliva of hematophagous insects: a multifaceted toolkit.
Curr Opin Insect Sci (2018) 29:102-9. doi: 10.1016/j.c0is.2018.07.012

43. Chagas AC, McPhie P, San H, Narum D, Reiter K, Tokomasu F, et al.
Simplagrin, a platelet aggregation inhibitor from simulium nigrimanum salivary
glands specifically binds to the Von willebrand factor receptor in collagen and
inhibits carotid thrombus formation in vivo. PloS Negl Trop Dis (2014) 8(6):e2947.
doi: 10.1371/journal.pntd.0002947

44. Wiedow O, Meyer-Hoffert U. Neutrophil serine proteases: potential key
regulators of cell signalling during inflammation. J Intern Med (2005) 257(4):319-28.
doi: 10.1111/j.1365-2796.2005.01476.x

45. Caughey GH. Mast cell tryptases and chymases in inflammation and host
defense. Immunol Rev (2007) 217:141-54. doi: 10.1111/j.1600-065X.2007.00509.x

frontiersin.org


https://doi.org/10.1111/j.1365-3024.2009.01186.x
https://doi.org/10.1093/jmedent/31.6.908
https://doi.org/10.1021/pr8008429
https://doi.org/10.1093/jmedent/30.4.725
https://doi.org/10.1016/bs.armc.2018.08.001
https://doi.org/10.1016/bs.armc.2018.08.001
https://doi.org/10.1186/1756-3305-4-205
https://doi.org/10.1186/1756-3305-4-205
https://doi.org/10.1002/arch.211
https://doi.org/10.1093/aesa/79.4.610
https://doi.org/10.1590/S0074-02762010000200011
https://doi.org/10.1093/jmedent/34.2.87
https://doi.org/10.1111/j.1538-7836.2007.02516.x
https://doi.org/10.1006/expr.1999.4448
https://doi.org/10.1371/journal.pntd.0000226
https://doi.org/10.1371/journal.pntd.0000226
https://doi.org/10.12980/APJTB.4.2014C265
https://doi.org/10.1038/s41598-018-22780-1
https://doi.org/10.1146/annurev.ento.48.060402.102812
https://doi.org/10.1242/jeb.201.10.1553
https://doi.org/10.1242/jeb.201.10.1553
https://doi.org/10.1006/expr.1998.4296
https://doi.org/10.1006/expr.1998.4296
https://doi.org/10.1097/CCM.0b013e3181c98d21
https://doi.org/10.1160/TH04-05-0319
https://doi.org/10.1016/j.pain.2013.01.003
https://doi.org/10.1172/JCI115405
https://doi.org/10.1371/journal.pone.0001624
https://doi.org/10.2174/1389203033487180
https://doi.org/10.1371/journal.pone.0029964
https://doi.org/10.1016/j.dci.2012.10.005
https://doi.org/10.1016/j.dci.2012.10.005
https://doi.org/10.1111/mve.12276
https://doi.org/10.1016/j.ibmb.2009.07.003
https://doi.org/10.1186/1471-2164-12-612
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1371/journal.ppat.1007006
https://doi.org/10.1093/bioinformatics/btt278
https://doi.org/10.1016/j.jbc.2022.101971
https://doi.org/10.1074/jbc.M111.247924
https://doi.org/10.1182/blood-2010-06-293241
https://doi.org/10.1182/blood-2010-06-293241
https://doi.org/10.4049/immunohorizons.2200045
https://doi.org/10.1093/protein/10.1.1
https://doi.org/10.1006/jmbi.1997.1582
https://doi.org/10.1074/jbc.M513010200
https://doi.org/10.1172/JCI119428
https://doi.org/10.1016/0014-4894(64)90038-4
https://doi.org/10.1016/j.cois.2018.07.012
https://doi.org/10.1371/journal.pntd.0002947
https://doi.org/10.1111/j.1365-2796.2005.01476.x
https://doi.org/10.1111/j.1600-065X.2007.00509.x
https://doi.org/10.3389/fimmu.2023.1163367
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Valenzuela-Leon et al.

46. Kuravi SJ, Bevins A, Satchell SC, Harper L, Williams JM, Rainger GE, et al.
Neutrophil serine proteases mediate inflammatory cell recruitment by glomerular
endothelium and progression towards dysfunction. Nephrol Dial Transplant (2012) 27
(12):4331-8. doi: 10.1093/ndt/gfs180

47. van Hinsbergh VW. Endothelium-role in regulation of coagulation and
inflammation. Semin Immunopathol (2012) 34(1):93-106. doi: 10.1007/s00281-011-0285-5

48. Bombeli T, Karsan A, Tait JF, Harlan JM. Apoptotic vascular endothelial cells
become procoagulant. Blood (1997) 89(7):2429-42. doi: 10.1182/blood.V89.7.2429

49. Ahmad SS, London FS, Walsh PN. The assembly of the factor X-activating
complex on activated human platelets. ] Thromb Haemost (2003) 1(1):48-59. doi:
10.1046/j.1538-7836.2003.00020.x

50. Fredenburgh JC, Weitz JI. Chapter 122 - overview of hemostasis and thrombosis. In:
Hoftman R, Benz EJ, Silberstein LE, Heslop HE, Weitz JI, Anastasi J, et al. editors.
Hematology, (7th edition). (2018). p. 1831-42. doi: 10.1016/B978-0-323-35762-3.00122-0

51. Bukowska A, Zacharias I, Weinert S, Skopp K, Hartmann C, Huth C, et al.
Coagulation factor xa induces an inflammatory signalling by activation of protease-
activated receptors in human atrial tissue. Eur | Pharmacol (2013) 718(1-3):114-23.
doi: 10.1016/j.ejphar.2013.09.006

52. McNamara CA, Sarembock IJ, Gimple LW, Fenton JW2nd, Coughlin SR,
Owens GK. Thrombin stimulates proliferation of cultured rat aortic smooth muscle
cells by a proteolytically activated receptor. J Clin Invest (1993) 91(1):94-8. doi:
10.1172/JCI116206

Frontiers in Immunology

14

10.3389/fimmu.2023.1163367

53. Griffin CT, Srinivasan Y, Zheng YW, Huang W, Coughlin SR. A role for
thrombin receptor signaling in endothelial cells during embryonic development.
Science (2001) 293(5535):1666-70. doi: 10.1126/science.1061259

54. Shinohara T, Suzuki K, Takada K, Okada M, Ohsuzu F. Regulation of
proteinase-activated receptor 1 by inflammatory mediators in human vascular
endothelial cells. Cytokine (2002) 19(2):66-75. doi: 10.1006/cyt0.2002.1946

55. Hirano K. The roles of proteinase-activated receptors in the vascular physiology
and pathophysiology. Arterioscler Thromb Vasc Biol (2007) 27(1):27-36. doi: 10.1161/
01.ATV.0000251995.73307.2d

56. Francischetti IM, Sa-Nunes A, Mans BJ, Santos IM, Ribeiro JM. The role of saliva in
tick feeding. Front Biosci (Landmark Ed) (2009) 14(6):2051-88. doi: 10.2741/3363

57. Calvo E, Tokumasu F, Marinotti O, Villeval JL, Ribeiro JM, Francischetti IM.
Aegyptin, a novel mosquito salivary gland protein, specifically binds to collagen and
prevents its interaction with platelet glycoprotein VI, integrin alpha2betal, and von
willebrand factor. J Biol Chem (2007) 282(37):26928-38. doi: 10.1074/jbc.M705669200

58. Martin-Martin I, Valenzuela Leon PC, Amo L, Shrivastava G, Iniguez E, Aryan A, et al.
Aedes aegypti sialokinin facilitates mosquito blood feeding and modulates host immunity and
vascular biology. Cell Rep (2022) 39(2):110648. doi: 10.1016/j.celrep.2022.110648

59. Chagas AC, Ramirez JL, Jasinskiene N, James AA, Ribeiro JM, Marinotti O, et al.
Collagen-binding protein, aegyptin, regulates probing time and blood feeding success

in the dengue vector mosquito, aedes aegypti. Proc Natl Acad Sci USA (2014) 111
(19):6946-51. doi: 10.1073/pnas.1404179111

frontiersin.org


https://doi.org/10.1093/ndt/gfs180
https://doi.org/10.1007/s00281-011-0285-5
https://doi.org/10.1182/blood.V89.7.2429
https://doi.org/10.1046/j.1538-7836.2003.00020.x
https://doi.org/10.1016/B978-0-323-35762-3.00122-0
https://doi.org/10.1016/j.ejphar.2013.09.006
https://doi.org/10.1172/JCI116206
https://doi.org/10.1126/science.1061259
https://doi.org/10.1006/cyto.2002.1946
https://doi.org/10.1161/01.ATV.0000251995.73307.2d
https://doi.org/10.1161/01.ATV.0000251995.73307.2d
https://doi.org/10.2741/3363
https://doi.org/10.1074/jbc.M705669200
https://doi.org/10.1016/j.celrep.2022.110648
https://doi.org/10.1073/pnas.1404179111
https://doi.org/10.3389/fimmu.2023.1163367
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Guianensin, a Simulium guianense salivary protein, has broad anti-hemostatic and anti-inflammatory properties
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Three-dimensional modeling and amino acid alignment
	2.3 Cloning and expression of Guianensin
	2.4 Recombinant protein purification
	2.5 Circular dichroism spectroscopy
	2.6 Anticoagulant assays: normal plasma recalcification time, prothrombin time, and activated partial thromboplastin time
	2.7 FXa and thrombin chromogenic substrate assay
	2.8 Prothrombinase assembly assay
	2.9 Serine protease inhibition screening
	2.10 Surface plasmon resonance
	2.11 Isothermal titration calorimetry
	2.12 Determination of the P1’ site residue in Guianensin
	2.13 Tail bleeding assay
	2.14 Mouse paw edema
	2.15 Coagulation assay on endothelial cells
	2.16 Generation of factor Xa and thrombin on endothelial cell surface
	2.17 PAR-2 peptide cleavage analysis
	2.18 Data analysis

	3 Results
	3.1 Initial characterization of Guianensin
	3.2 Guianensin is a FXa-directed anticoagulant
	3.3 Guianensin is a tight inhibitor of FXa
	3.4 Guianensin inhibits other proteases involved in coagulation and inflammation
	3.5 Guianensin inhibits FXa generation and prothrombinase activity in endothelial cells
	3.6 Guianensin inhibits FXa cleavage of PAR-2 peptide
	3.7 Guianensin prolongs bleeding ex vivo
	3.8 Guianensin inhibits Factor Xa-mediated acute inflammation in vivo

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


