1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Int J Parasitol. 2014 May ; 44(6): 369-379. doi:10.1016/j.ijpara.2014.01.010.

A blood meal-induced Ixodes scapularis tick saliva serpin
inhibits trypsin and thrombin, and interferes with platelet
aggregation and blood clotting

Adriana M.G. Ibelli®P, Tae K. Kim?, Creston C. Hill2, Lauren A. Lewis?, Mariam Bakshi?,
Stephanie MillerC, Lindsay Porterd, and Albert Mulenga®”

aTexas A & M University AgriLife Research, Department of Entomology, 2475 TAMU, College
Station, Texas 77843, USA

bFederal University of Sdo Carlos, Graduate Program in Genetics and Evolution, Brazil

¢College Station High School, Science Department-Biology, 4002 Victoria Ave, College Station,
Texas 77845, USA

Abstract

Ixodes scapularis is a medically important tick species that transmits causative agents of important
human tick-borne diseases including borreliosis, anaplasmosis and babesiosis. An understanding
of how this tick feeds is needed prior to the development of novel methods to protect the human
population against tick-borne disease infections. This study characterizes a blood meal-induced I.
scapularis (Ixsc) tick saliva serine protease inhibitor (serpin (S)), in-house referred to as
IxscS-1E1. The hypothesis that ticks use serpins to evade the host's defense response to tick
feeding is based on the assumption that tick serpins inhibit functions of protease mediators of the
host's anti-tick defense response. Thus, it is significant that consistent with hallmark
characteristics of inhibitory serpins, Pichia pastoris-expressed recombinant IxscS-1E1
(rIxscS-1E1) can trap thrombin and trypsin in SDS- and heat-stable complexes, and reduce the
activity of the two proteases in a dose-responsive manner. Additionally, rixscS-1E1 also inhibited,
but did not apparently form detectable complexes with, cathepsin G and factor Xa. Our data also
show that rIxscS-1E1 may not inhibit chymotrypsin, kallikrein, chymase, plasmin, elastase and
papain even at a much higher rixscS-1E1 concentration. Native IxscS-1E1 potentially plays a
role(s) in facilitating 1. scapularistick evasion of the host's hemostatic defense as revealed by the
ability of rIxscS-1E1 to inhibit adenosine diphosphate (ADP)- and thrombin-activated platelet
aggregation, and delay activated partial prothrombin time (APTT) and thrombin time (TT) plasma
clotting in a dose-responsive manner. We conclude that native IxscS-1E1 is part of the tick saliva
protein complex that mediates its anti-hemostatic, and potentially inflammatory, functions by
inhibiting the actions of thrombin, trypsin and other yet unknown trypsin-like proteases at the tick-
host interface.
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1. Introduction

Ixodes spp. ticks transmit a large number of human tick-borne disease (TBD) agents
including Borrelia burgdoferri, Anaplasma phagocytophilum, Babesia microti, Powassan
virus, tick-borne encephalitis, Omsk hemorrhagic fever and Louping hill (Ebel and Kramer,
2004; Yano et al., 2005; Michalski et al., 2006; Rlzek et al., 2010; Burri et al., 2011;
Anderson and Armstrong, 2012; Lommano et al., 2012; Subramanian et al., 2012; VVannier
et al., 2012). The impact of Ixodes spp. on public health was the underlying rationale for
sequencing of the Ixodes scapularis genome (Hill and Wikel, 2005; Pagel et al., 2007). The
availability of the |. scapularis genome sequence data provides opportunities for in-depth
studies on the molecular basis of tick feeding physiology. We are interested in
understanding the role(s) of serine protease inhibitors (serpin) in |. scapularistick feeding
physiology. These data may lead to a better understanding of how |. scapularis and other
ticks acquire, maintain and transmit tick-borne agents.

The tick feeding style of lacerating host tissue and feeding on blood that bleeds into the
wounded site is expected to trigger serine protease mediated tissue repair pathways such as
inflammation, complement activation and blood clotting, all of which are controlled by
serpins. Ticks accomplish feeding by secreting a myriad of proteins into the feeding site to
evade the host's anti-tick defense. Given that the host's anti-tick defense is serpin-regulated
serine protease pathways (Gettins 2002; Huntington 2006; Huntington and Church, 2007;
Raul et al., 2007; Kaiserman et al., 2010; Silverman et al., 2010; Whisstock et al., 2010), it
was hypothesized that ticks could utilize this family of proteins to evade the host's anti-tick
defense (Mulenga et al., 2001). Serpin-encoding cDNAs have been cloned for multiple tick
species (Leboulle et al., 2002a Nene et al., 2002, 2004; Mulenga et al., 2003, 2007, 2009;
Sugino et al., 2003; Imamura et al, 2005; Ribeiro et al., 2006, 2011; Chmelar et al., 2011,
Sonenshine et al., 2011; Karim et al., 2012; Rodriguez-Vale et al., 2012; Yu et al., 2013).
Currently several unpublished serpin sequences from Rhipicephalus puchelus are available
in GenBank (Accession numbers JAA54306.1-JAA54316.1, JAA54167.1, JAA62387.1,
JAAB3258.1, JAAB3611.1, JAA53966.1) .

The hypothesis that ticks utilize serpins to evade the host's anti-tick defense (Mulenga et al.,
2001) is premised on the assumption that ticks inject inhibitory serpins into the host during
feeding, and that these serpins inhibit mammalian protease mediators of the host's anti-tick
defense. Tick serpins effective against blood clotting, complement activation, inflammation
and platelet aggregation functions have been identified in Ixodesricinus (Leboulle et al.,
2002a; Prevot et al., 2006, 2009; Kovarova, et al., 2010; Chmellar et al., 2011),
Rhipicephalus haemaphysal oides (Yu et al., 2013), and Amblyomma americanum (Mulenga
etal., 2013a). In other studies the effect of recombinant serpins as tick vaccines was
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demonstrated when ticks that fed on animals immunized with recombinant tick serpins
displayed reduced feeding efficiency (Imamura et al., 2005, 2006, 2008; Prevot et al., 2007).

The objective of this study was to functionally characterize tick saliva serine protease
inhibitor (IxscS-1E1) in the context of |. scapularistick feeding physiology. The gene
encoding for IxscS-1E1 likely occurs in a cluster with 10 other serpins in the I. scapularis
genome, and potentially exhibits as an extracellular protein (Mulenga et al., 2009).
Temporal and spatial transcription analysis revealed that IxscS-1E1 was blood meal
responsive and displayed a dichotomous mRNA expression pattern in the tick salivary gland
(SG) and midgut (MG) (Mulenga et al., 2009). In the SG, IxscS-1E1 mRNA was induced
and differentially up-regulated in response to feeding activity from the 24 h feeding time
point. In contrast, in the MG, IxscS-1E1 mRNA was expressed in unfed ticks and was
down-regulated in response to tick feeding activity (Mulenga et al., 2009). We conclude that
native IxscS-1E1 is part of the tick saliva protein complex that mediates its anti-hemostatic,
and potentially inflammatory, functions by inhibiting the actions of thrombin, trypsin and
other yet unknown trypsin-like proteases at the tick-host interface.

2. Materials and methods

2.1. Chemicals and proteases

2.2. Cloning

In this study, the proteases, bovine trypsin, chymotrypsin and thrombin, porcine elastase and
kallikrein, human chymase and plasmin (plasma), and human neutrophil cathepsin G, were
purchased from Sigma (St. Louis, Missouri, USA). The other proteases, papain (papaya) and
human plasma factor Xa were purchased from Spectrum (Gardena, California, USA) and
Fisher Scientific (Middletown, Virginia, USA), respectively. P-nitroanilide (pNA)-labeled
chromogenic peptide substrates for trypsin (Arg-pNA), chymotrypsin (Ala-Ala-Val-Ala-
pNA), papain (Glu-Phe-Leu-pNA), plasmin and factor Xa (Gly- Arg-pNA), elastase (Pro-
Val- pNA), chymase and cathepsin G (Ala-Ala-Pro-Phe- pNA), thrombin and kallikrein
(Pro-Phe-Arg-pNA) were purchased from Sigma. Reagents for in vitro plasma clotting time
assays, prothrombin time (PT), activated partial prothrombin time (APTT) and thrombin
time (TT) as well as accompanying normal reference human plasma was purchased from
Pacific Hemostasis through Fisher Scientific (Middletown, Virginia, USA). Adenosine
diphosphate (ADP) was obtained from Chrono-Log Coorporation (Harvetown,
Pennsylvania, USA). Cattle whole blood was collected at the Texas A & M University meat
processing plant, USA.

and sequencing analyses

The IxscS-1E1 open reading frame (ORF) was assembled from expressed sequence tags
(ESTs; EW88858) and genome sequence fragments (1ISW023621) that were downloaded
from GenBank and VectorBase. For cloning, PCR primers (For:
ATGAAAGTTCTCGTGACGTTCCTG; Rev: TCAAAGGTGGTTCACTTGCCCTG) were
designed from the assembled ORF sequences. The ORF was amplified from 120 h partially
fed I. scapularistick salivary gland cDNA template. Synthesis of cDNA used here was
previously described by Ibelli et al. (2013). The PCR product was cloned into a pGEMT
(Promega, Fitchburg, Wisconsin, USA) TA cloning vector and sequenced using the BigDye
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Sequencing Master Mix (Life Technologies, Grand Island, New York, USA) with T7 or SP6
promoter primers using routine procedures. Sequence analysis was done using MacVector
software (Acceryls, San Diego, CA, USA).

2.3. Expression and affinity purification of recombinant IxscS-1E1 (rIxscS-1E1)

The Pichia pastorisand pPICZ plasmid system was used to express rixscS-1E1 according to
the manufacturer's instructions (Life Technologies, Carlsbad, California, USA). SignalP
(http://www.cbs.dtu.dk) analysis of the translated IxscS-1E1 ORF revealed a 16 amino acid
signal peptide (SP) (Mulenga et al., 2009). To express mature rixscS-1E1, a forward primer
excluding the SP coding domain with the EcoRl site
(GAATTCTGGGGAAGAGGACAAACTCACAG) and reverse primer with the Notl site
(GCGGCCGCAAGGTGGTTCACTTGCCCTG) were synthesized. The recombinant pPICZ
A - IxscS-1E1 plasmid was used to transform X-33 P. pastoris competent cells as previously
described (Mulenga et al., 2013). Positive transformants, selected for methanol utilizati were
cultured at 28 C to Aggg of 1 before inducing rixscS-1E1 expression. Daily addition of
methanol to a 5% final concentration induced rixscS-1E1 protein expression.

The X-33 P. pastorisand pPICZa plasmid system secretes a recombinant protein fused with
a C-terminus six-histidine tag into the media that is used for detection of expression and
affinity purification of the recombinant protein. Pilot assays confirmed that rixscS-1E1
reached high expression levels at day 5. To purify from large-scale cultures, rixscS-1E1 was
precipitated from a 5 day 1 L-spent media by ammonium sulfate ((NH4)2*SO,) saturation
(525 g/L) overnight at 4 C with stirring. Precipitated rixscS-1E1 was processed for affinity
purification under native conditions using the NiCI2* charged HiTrapTM Chelating HP
column (GE Healthcare Bio- Sciences Corp, Piscataway, NJ, USA) as previously described
(Mulenga et al., 20133, b). Affinity purified rixscS-1E1 was dialyzed against 0.1 M HEPES
buffer containing 150 mM NaCl (pH 7.4) or normal saline (0.9% NaCl in sterile distilled
water). Purified rIxcsS-1E1 was concentrated by centrifugation using Jumbosep centrifugal
spin filter devices with a 30 kDa size cut-off point (Pall Life Sciences, Port Washington,
New York, USA). Protein quantification was done using the Bradford assay according to
instructions of the manufacturer (Thermo Scientific, Barrington, llinois, USA).

2.4. Deglycosylation

To determine whether rixscS-1E1 was glycosylated, affinity-purified rixscS-1E1 was treated
with deglycosylation enzyme mix according to the manufacturer's instructions (New
England Biolabs, Ipswich, Massachusetts, USA). Briefly, 1 ug of enzyme mix in appropriate
reaction buffer was incubated at 37 C with 10 pg of rixscS-1E1 for 30 min. Subsequently
non-treated rixscS-1E1 and the treated sample were subjected to SDS-PAGE with silver
staining. The deglycosylation enzyme mix used in the study was validated to remove both
N- and O-linked sugars.

2.5. Production of antibodies to replete-fed I. scapularis tick saliva proteins

Antibodies to replete-fed (allowed to feed to completion) I. scapularistick saliva proteins
were produced as previously published (Chalaire et al., 2011; Mulenga et al., 2013a). Briefly
New Zealand White rabbits were repeatedly (four times) infested with 30 (15 on each ear)
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female |. scapularisticks to provoke tick resistance. Ticks were fed on top of the rabbit ear
to prevent them from getting into the ear canal. Ticks were restricted on top of the rabbit ear
by placing them into a 5.08 cm orthopedic stockinette (containment cell) that was attached
on top of the rabbit ear using Kamar adhesive (Kamar Inc., Steamboat Springs, Colorado,
USA). Two weeks after the final infestation, rabbits were exsanguinated under humane
conditions as provided in the animal use protocol approved by the Institutional Animal Care
and Use (Committee Texas A & M University, USA). Care and maintenance of animals was
provided by licensed veterinarians and/or approved staff of the Comparative Medicine
Program at Texas A & M University (USA) in accordance with USA federal government
requirements. Rabbit blood was kept at 4°C overnight to allow for maximum separation of
serum. Collected immune serum was stored at —80 C in 1 ml aliquots.

2.6. Validation of IxscS-1E1 immunogenicity and secretion into the host during tick feeding

To validate whether native IxscS-1E1 was immunogenic and secreted into the vertebrate
host during tick feeding, we subjected rixscS-1E1 to western blotting analysis using
antibodies to replete-fed adult I. scapularis tick saliva proteins. Preliminary analysis
revealed that rixscS-1E1 was N-glycosylated. Thus, to investigate whether antibodies to
IxscS-1E1 were directed to glycans, and/or protein backbone, deglycosylated and non-
treated rixscS-1E1 were subjected to western blotting analysis. Detection of the positive
signal was done using DAB (3, 3'-diaminobenzidine) (Thermo Scientific Pierce, Rockford,
Illinois, USA), the chromogenic substrate for horseradish peroxidase (HRP).

2.7. Inhibitor function profiling of rixscS-1E1

The inhibitor function of rixscS-1E1 was investigated using 10 proteases including trypsin,
chymotrypsin, elastase, chymase, kallikrein, plasmin, factor Xa, thrombin, papain and
cathepsin G. Assays were done using the progress curve method under continuous
conditions (Schechter and Plotnick, 2004; Askew et al., 2007; Huang et al., 2008) and
adopted by us (Mulenga et al., 2013b) with slight modifications. All assays were done in
duplicate in 100 mM HEPES buffer (pH 7.4) containing 150 mM NaCl, pH 7.4. Enzyme and
inhibitor combinations provided here were determined in several rounds of optimization
trials with the optimized levels repeated twice. Thrombin (0.54 pM) was assayed against
0.031, 0.122, 0.489 and 1.96 UM rlxscS-1E1. Cathepsin G (0.267 uM), factor Xa (0.0217
UM), and trypsin (6.68 M) were assayed against 0.154, 0.618, 2.47 and 9.89 uM
rixscS-1E1. In preliminary assays with high rixscS-1E1 amounts, no inhibitory activity was
observed against papain, chymotrypsin, plasmin, chymase, kallikrein or elastase and thus,
these proteases were removed from the dose-responsive analysis. rixscS-1E1 and protease
were routinely co-incubated at 37 C for 10 min and then peptide substrates were added to
the reaction mix. Optimized peptide substrate amounts added to the reaction mix were 50
UM for trypsin and thrombin, 100 uM for cathepsin G and factor Xa. Peptide substrate
hydrolysis was progressively monitored at A4gonm every 20 s for over 30 min using the
VersaMax microplate reader (Molecular Devices, Sunnyvale, CA, USA) set to 37 C.

Substrate hydrolysis data was acquired using SoftMax Pro software (Molecular Devices) set
to the default basic kinetics protocol. This analysis estimated endpoint maximum enzyme
velocity (Vmax) as a proxy for residual enzyme activity. To calculate the percentage of
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enzymatic inhibition levels, Vihax estimates in the presence of different rixscS-1E1
concentrations were expressed as a percentage of Vax in the absence (0 uM) of rixscS-1E1.
This was then subtracted from the assumed 100% enzyme activity in the 0 UM rixscS-1E1
reaction. Statistical analysis was done as described in Section 2.12.

2.8. Formation of SDS- and heat-stable complexes between rixscS-1E1 and the target

protease

The mechanism of inhibition by serpins is to trap the target protease into a SDS- and heat-
stable complex (Gettins, 2002). To determine whether this was consistent for rixscS-1E1,
aliquots of rIxscS-1E1 and proteases reactions (see Section 2.7) were subjected to routine
western blotting analysis with antibodies to the target protease or by silver staining. In this
analysis, we detected complexes between rixscS-1E1 and thrombin or trypsin. To
investigate whether complex formation was time-dependent, 3.96 uM rixscS-1E1 and 0.81
UM thrombin or 7.03 uM rlxscS-1E1 and 0.625 pM trypsin were incubated at 37 C and/or
room temperature. These reactions were then sampled at 0 (immediately after mixing), 5, 30,
60 min and overnight. Aliquots were immediately mixed with loading buffer and then
subjected to western blotting analyses using protease-specific antibodies. The antibodies to
trypsin, thrombin, cathepsin G and factor Xa were purchased from Rockland (Gilbertsville,
Pennsylvania, USA), Fitzgerald (Acton, Massachusetts, USA), Enzo Life Sciences
(Farmingdale, New York, USA), and New England Biolabs, respectively. Positive signals
were detected by chemiluminescence.

2.9. Effect of rIxscS-1E1 on platelet aggregation

The effect of rixscS-1E1 against platelet aggregation function was investigated using the
whole blood platelet aggregation assay as described (Mulenga et al., 2013a, b). Citrated
cattle blood (500 pL) was diluted with an equal volume of normal saline and then pre-
incubated for 10 min at 37 C with various amounts of rIxscS-1E1. Addition of 20 uM ADP
or 0.5U/ L of thrombin triggered platelet aggregation. Platelet aggregation as a function of
increased electrical resistance (ohms, 2) was monitored and recorded using the whole blood
platelet aggregometer (Chrono-Log Coorporation). Platelet aggregation assays were done in
duplicate and statistical analyses were performed as described in Section 2.12.

2.10. Effect of rIxscS-1E1 on in vitro blood clotting assays

The effects of rIxscS-1E1 on the extrinsic, intrinsic and common blood activation pathways
were, respectively, assayed using modified PT, APTT and TT according to the
manufacturer's instructions (Pacific Hemostasis, Waltham, Massachusetts, USA) with
modifications. The modifications were that we used, respectively, 25 uL and 30 uL of
plasma instead of the recommended 100 pL in the PT and APPT assays. In the TT assay, 25
pL of the TT reagent was used instead of the recommended 100 L. The rationale for
modification was to attempt to have excess rixscS-1E1 in the reaction. We believe that this
removed the possibility of high amounts of target clotting factors in plasma masking the
effect of rixscS-1E1. All assays were done in duplicate and statistical analyses were
performed as described in Section 2.12.
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In the PT assay various amounts (0, 0.52, 1.02, 2.03 and 4.09 uM) of rIxscS-1E1 were pre-
incubated for 10 min at 37 C with 25 uL of reference human plasma diluted up to 100 pL
with 100 mM HEPES buffer, pH 7.4. Adding 200 uL of pre-warmed thromboplastin reagent
triggered plasma clotting. Plasma clotting time was immediately monitored and determined
using the KC1 DELTA coagulometer (Trinity Biotech, Parsippany, New Jersey, USA).

In the APTT assay, 100 uL of the APTT reagent and 30 uL of citrated reference human
plasma were pre- (0, 0.26, 0.52, 1.02 and 2.04 pM) of rIxscS-1E1 with the reaction volume
adjusted to 200 pL with 100 mM HEPES buffer, pH 7.4. Addition of 100 pL of 25 mM CaCl
pre-warmed to 37 C triggered plasma clotting time was immediately monitored and
determined as described above.

In the TT assay, various amounts (0, 0.52, 1.02, 2.03 and 4.09 pM) of rIxscS-1E1 were pre-
incubated for 10 min at 37 C with 25 uL of the TT reagent (which contains thrombin and
calcium) with the reaction volume adjusted to 100 uL with 100 mM HEPES buffer, pH 7.4.
Addition of 200 pL of pre-warmed plasma triggered conversion of fibrinogen to fibrin
followed by clot formation. Clotting time was determined as described for the PT assay.

2.11. Effect of rixscS-1E1 on complement activation

The effect of rixscS-1E1 on complement activation was investigated using the MicroVue
CH50 ELISA kit according to the manufacturer's instructions (Quidel, San Diego,
California, USA) modified as described (Mulenga et al., 2013a, b). This kit reports the
amount of terminal complement complexes (TCC) that are formed when the complement
system is activated via the classical pathway (Kojouharova et al., 2010). Briefly, in the first
step 14 pL of reference human serum supplied with the kit were pre-incubated at 37 C for 15
min without or with 1.33 and 4.67 uM of rixscS-1E1. In the second step, 86 uL of the
complement activator solution was added to the reaction mix and incubation continued for 1
h at 37 C. In the third step, a 200 L aliquot of 1:200 dilution of the reaction mix was
applied onto ELISA plates that were pre-coated with a monoclonal antibody to human TCC.
In the fourth step, HRP-conjugated antibody to human TCC was added to plates and
incubated for 1 h at room temperature. In the fifth step, a chromogenic HRP substrate was
added to wells to detect bound TCC. Color intensity as proxy for bound TCC was quantified
at Ays0nm Using the DUB 640 spectrophotometer. Assays were done in duplicate and
statistical significance done as described in Section 2.12.

2.12. Statistical analysis

The one-way ANOVA and Tukey Honestly Significant Difference (HSD) calculator in
PRISM software (GraphPad Software, Inc. La Jolla, California, USA) were used to
determine whether effects of different rixscS-1E1 concentrations on protease activity, blood
clotting, complement activation and platelet aggregation assays were statistically significant.
Additionally the unpaired student's t-test calculator in PRISM was used to determine
whether the dose-responsive effects of rixscS-1E1 on platelet aggregation and complement
activation assays were statistically significant Observed differences were graphed as mean
S.E.M. in PRISM. Differences were considered significant if P < 0.05.
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3.1. ORF cloning, expression, affinity purification and western blotting analyses of

rixscS-1E1

IxscS-1E1 ORF, (GenBank accession number KF990169) was cloned using PCR primers
that were designed from source sequences 1ISW023621 and EW88858 (Mulenga et al.,
2009). The assembled and the cloned IxscS-1E1 ORFs were 98% identical at the amino acid
level (not shown). Pairwise sequence alignment analysis shown in Fig. 1 revealed a seven
amino acid difference between the cloned (IxscS-1E1 (C)) and assembled (IxscS-1E1 (A)
OREFs. It is important to note that two of the seven amino acid differences between the
cloned and assembled ORFs are in the reactive center loop (RCL), which is important for
serpin substrate specificity (Gettins, 2002). Comparative sequence analysis between
IxscS-1E1 (A) and other tick serpins has been previously published (Mulenga et al., 2009).

The cloned IxscS-1E1 ORF was successfully expressed in P. pastoris and affinity purified
under native conditions. Affinity purification of rixscS-1E1 was verified by silver staining
(Fig. 2A). Fig. 2B shows that rIxscS-1E1 did not bind pre-immune serum, but it bound
antibodies to replete-fed . scapularistick saliva proteins (Fig. 2C) indicating that native
IxscS-1E1 was immunogenic and that it was injected into the host during tick feeding. It is
apparent in Fig. 2A that two major rixscS-1E1 forms were expressed, the long form
migrating at ~48 kDa, and the short form migrating at ~45 kDa. Treatment of rixscS-1E1
with the deglycosylation enzyme mix eliminated the upper band (Fig. 2C lane 2), indicating
that it is the glycosylated form. Mature IxscS-1E1 is 377 amino acid residues long with
~41.7 kDa calculated molecular weight. If secreted into media as occurred with rixscS-1E1,
the pPICZa plasmid adds ~3.5 kDa protein fusion to the recombinant protein. In this case
the expected molecular mass for rixscS-1E1 is ~45 kDa, which appears to be consistent with
the observed band in Fig. 2C lane 2. It is also important to note that a 1:100 antibody
dilution was used in experiments summarized in Fig. 2C. While the rixscS-1E1 protein band
was detectable at lower antibody concentrations (1:500 and 1:1000), the protein band
intensity was much weaker (data not shown).

3.2.rIxscS-1E1 is an inhibitor of thrombin and trypsin

Fig. 3 shows that the amounts of rIxscS-1E1 indicated reduced enzymeic activity of
thrombin (Fig. 3A), trypsin (Fig. 3B), cathepsin G (Fig. 3C), and factor Xa (Fig. 3D) in a
dose-responsive manner. Activity of 0.54 uM thrombin was reduced by ~ 70 1.43, ~77 1.01,
~79 2.50 and 87 1.15% (Fig. 3A), 6.68 UM trypsin by ~44 1.12, ~48 06.1, ~53 1.17 and ~55
0.70% (Fig. 3B), 0.267 uM Cathepsin G by 0, ~26 0.98, ~37 2.28 and 45 0.33% (Fig. 3C),
and 0.0217 uM factor Xa by 0, ~24 0.98, ~28 1.03 and ~30 1.02% (Fig. 3D). One-way
ANOVA revealed that differences among treatments in Figs. 3A, B, C and D were
significant with F (3,4) = 8.52, P = 0.033; F (3,4) = 28.12, P = 0.0038; F (3,4) = 244.62, P
0.0001; and F (3,4) = 17.97, P = 0.0083, respectively. Subsequently Tukey HSD analysis
shows that mean inhibition (MI) of thrombin activity at 0.031 uM rixscS-1E1 was
significantly lower than 0.489 uM (P 0.05) and 1.96 uM (P 0.001), but not 0.122 uM.
Similarly M1 of thrombin activity at 0.122 pM rixscS-1E1 was significantly lower than 1.96
UM rlIxscS-1E1 (P 0.05), butnot 0.489 uM. Additionally, differences in MI between 0.489
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and 1.96 pM rixscS-1E1 are not statistically significant, although apparent. In Fig. 3B, 0.154
UM rlIxscS-1E1 M1 of trypsin activity was significantly lower than 2.47 uM (P 0.05) and
9.89 uM (P 0.01) but not 0.618 pM. Similarly Ml of trypsin activity at 0.618 UM rIxscS-1E1
was significantly lower than 2.47 uM (P 0.05) and 9.89 uM (P 0.01), but not between 2.47
UM and 9.89 uM rixscS-1EL. In Fig. 3C, 0.267 uM rlxscS-1E1 reduction of MI of cathepsin
G activity was significantly lower than 2.47 and 9.89 pM rixscS-1E1 with P 0.01, but not
0.618 puM. Similarly 0. 618 uM inhibition of cathepsin G was significantly lower than 9.89
UM rlIxscS-1E1 with P 0.05. In Fig. 3D, although differences in the Ml of factor Xa activity
are apparent, the dose-responsive effect was not statistically significant.

3.3. rIxscS-1E1 traps thrombin and trypsin is SDS- and heat-stable complexes

Fig. 4 show that rixscS-1E1 trapped thrombin and trypsin in SDS- and heat-stable
complexes. When aliquots of reactions in Fig. 3 were subjected to western blotting analysis,
rixscS-1E1 complexes with trypsin and thrombin were observed at the highest rixscS-1E1
concentration (not shown). To investigate whether complex formation between rixscS-1E1
and thrombin (Fig. 4A) or trypsin (Fig. 4B) was time dependent, a single reaction was
sampled at different time points and subjected to western blotting analysis. Based on
complex band intensity, the amount of complex formed between rIxscS-1E1 and thrombin
(Fig. 4A) or trypsin (Fig. 4B) increased with time. It should be noted that the trypsin
reaction was not sampled at 60 min and overnight time points. The observed ~50/52 and 70
kDa complexes of rixscS-1E1 with trypsin and thrombin are within the expected molecular
size range. The mechanism of inhibitory serpin function involves the protease cleaving and
releasing the C-terminal end of the serpin through the P1 site (Gettins, 2002). Subsequently
the cleaved serpin and the protease form a stable complex. Removal of the C-terminal end
from translated rixscS-1E1 leaves ~37.5 kDa protein backbone. Thus, the observed ~50/52
(Fig. 4B) and 70 kDa (Figs. 4A) are consistent with the expected molecular size of the
complex between the cleaved 37.5 kDa rixscS-1E1 and the 23.3 kDa trypsin or ~35 kDa
bovine thrombin. It is important to note that the antibody to thrombin used in Fig. 4 was
raised against the prothrombin molecule, and hence the appearance of other prothrombin
components in Fig. 4A. Following activation, prothrombin separates into two major
subunits, a-thrombin (active subunit, ~35/37 kDa) and p-thrombin (inactive subunit, ~22
kDa) as indicated in Fig. 4A. Complexes between rIxscS-1E1 and cathepsin G or factor Xa
were not detected (data not shown).

3.4. rIxscS-1E1 inhibits platelet aggregation

When subjected to the classical complement activation pathway assay, rixscS-1E1 did not
show any effect (data not shown). The whole blood approach was successfully used to
measure the effects of various amounts of rixscS-1E1 on ADP- (Fig. 5A) and thrombin-
induced (Fig. 5B) platelet aggregation. In this assay the level of electrical resistance in ohms
(€) is correlated with the level of platelet aggregation. In Fig. 5A, electrical resistance of
ADP-induced platelet aggregation was reduced from 8.5 0.1 © in the absence (0 uM) of
rixscS-1E1 to 7.95 0.15 ©2 and 5.75 0.15 Q when 0.067 pM and 0.659 pM rixscS-1E1 were
pre-incubated with whole blood, respectively. Similarly, in Fig. 5B, electrical resistance of
thrombin-induced platelet aggregation was reduced from 16.5 2.95 Q in the absence (0 pM)
of rixscS-1E1 to 15.55 1.95 2 and 12.45 1.65 ©2 when 0.1 uM and 0.4 pM rixscS-1E1 was
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pre-incubated with whole blood, respectively. One-way ANOVA demonstrated statistical
significant differences between different treatments in Fig. 5A (F (2, 3) = 115.5, P = 0.0015)
but not in Fig. 5B. When subjected to Tukey HSD analysis, differences in electrical
resistance between 0 uM and 0.659 uM (P = 0.0015) and 0.067 uM and 0.65 uM (P =
0.0029) rixscS-1E1 treatments were statistically significant, but not between 0 UM and 0.067
UM. To determine the perecentage of platelet aggregation inhibition levels, observed (2 at
different rixscS-1E1 concentrations were expressed as a percentage of electrical resistance at
0 UM rixscS-1E1 (Figs. 5C, D). In Fig. 5C, 0.06 pM IsxcS-1E1 reduction of ADP-induced
platelet aggregation by 6.5 0.66% was statistically significantrly lower than 32.36 0.1% at
0.659 pM (P = 0.0021) as revealed by unpaired t-test. In Fig. 5D, the difference in the
percentage of reduction of thrombin-induced platelet aggregation between 0.1 uM (4.5
4.5%) and 0.4 M (23 4%) rixscS-1E1 treatments, while apparent, is not statistically
significant, as revealed by an unpaired t-test.

3.5. rIxscS-1E1 delays plasma clotting in a dose-responsive manner

The effect of rixscS-1E1 on plasma clotting time (PCT) was investigated using in vitro
blood clotting assays as summarized in Fig. 6. In the prothrombin time (PT) assay to
measure effects on the extrinsic blood clotting activation pathway various amounts of
rixscS-1E1 did not have any effect on PCT (not shown). In the activated partial prothrombin
time (APTT) (Fig. 6A) and thrombin time (TT) (Fig. 6B) assays to measure the effect of
rixscS- 1E1 on the intrinsic and common blood clotting activation pathways, PCT was
delayed in a statistically significant dose-responsive manner as revealed by one-way
ANOVA with F (4, 5) = 26.48, P = 0.0015 and F (4, 5) = 48.67, P = 0.0003, respectively. In
Fig. 6A, Tukey HSD analysis revealed that PCT at 0.26 pM (69.6 0.99 s) and 0.52 uM
(81.95 12.23 s) rIxscS-1E1 while apparently dalayed by 10.5 2.3 sand 22.85 7.5 s,
respectively, were not statistically significant different from PCT at 0 uM (59.1 2.263s),
while PCT at 1.02 uM (102 4.74s, P = 0.0115) and 2.04 M (120.1 9.97s, P = 0.0014)
rixscS-1E1, respectively, were significantly delayed by 42.95 4.95 and 68.05 8.65 s.
Similarly in Fig. 6B, 0 uM PCT (35.35 1.63 s) and 0.52 uM (34.8 2.83 s) are not different,
1.02 uM PCT (39 1.34 s) was apparently delayed by 4.1 0.2 s but not statistically significant,
while PCT at 2.03 uM (50.3 0.85 s, P = 0.0019) and 4.09 uM s, (53.2 1.41 s, P = 0.008)
were significantly delayed by 14.95 1.75 and 17.85 2.15 s, respectively.

4. Discussion

Except for a limited number of serpins from I. ricinus (Leboulle et al., 2002a; Prevot et al.,
2002, 2006; Kovarova et al., 2010; Chmelar et al., 2011), R. haemaphysaloides (Yu et al.,
2013), and A. americanum (Mulenga et al., 2013) that have been functionally characterized,
the majority of tick serpins in databases remain uncharacterized. IxscS-1E1 characterized in
this study occurs in a cluster with 10 other |. scapularis serpins (Mulenga et al., 2009). This
study is part of a series which functionally characterizes this cluster of serpins in the context
of I. scapularistick feeding physiology. To understand the role(s) of serpins, expression of
recombinant serpins with appropriate post-translational modifications will be important.
Thus, it was encouraging to note that rixscS-1E1 had post-translational N-glycosylation
modification consistent with sequence analysis that predicted two putative N-glycosylation
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sites in IxscS-1E1 (Mulenga et al., 2009). This observation gave us confidence in the
potential for data in this study to reflect events in vivo. It may be possible that P. pastori-
expressed recombinant proteins may be hyperglycosylated. Thus, there is a potential that
levels of glycosylation between native IxscS-1E1 and rixcsS-1E1 may be different. In
identifying and characterizing tick saliva proteins that regulate tick feeding, it is important to
verify secretion of candidate proteins into the host during tick feeding. Additionally, from
the perspective of our long-term interest in identifying target antigens for tick vaccine
development, it is important that candidate tick saliva proteins are verified as immunogenic.
Thus, the observation that rixscS-1E1 specifically reacted with antibodies to replete-fed I.
scapularis tick saliva proteins was significant as it demonstrated that the native IxscS-1E1
was immunogenic and that it was apparently secreted into the host during tick feeding. We
would like to note here that we observed a strong rixscS-1E1 antibody-binding signal at a
much higher antibody concentration (1:100). This could be explained by the possibility that
native IxscS-1E1 is not a predominant tick saliva protein or that it is not highly
immunogenic.

In the literature, the designation of a tick protein being injected into the host during tick
feeding has been based on a candidate gene being expressed in the tick salivary gland and
possessing the signal peptide (Valenzuela et al., 2002; Ribeiro et al., 2006). Data emerging
in our laboratory (unpublished data) suggest that this is not always the case. There is also
evidence of tick salivary gland expressed proteins such as the tick histamine release factor,
which does not have the classical signal peptide, but is apparently secreted into the host
during tick feeding (Mulenga et al., 2003, 2005). On this basis, we are of the opinion that
expression in the salivary gland and possession of the signal peptide alone is not sufficient
evidence to designate a protein as being injected into the host during tick feeding.

The hypothesis that ticks utilize serpins to facilitate the tick's evasion of the host's defense
response to tick feeding is premised on the assumption that candidate tick serpins are
inhibitors of mammalian protease mediators of the host's defense response to tick feeding
(Mulenga et al., 2001). Thus, an important goal in this study was to determine the
functionality of rixscS-1E1. In mammals, serpins generally fall into two categories: i) those
with inhibitor functions against serine and cysteine proteases, and ii) those without inhibitor
functions but which are involved in other important pathways (Gettins, 2002; Huntington,
2006; Silverman et al., 2010; Whisstock et al., 2010). Data in this study demonstrated that
rixscS-1E1 inhibited activities of thrombin and trypsin, and possibly cathepsin G and factor
Xa. The inhibitory mechanism of serpins is to trap and destroy their target protease in a
stable complex (Gettins, 2002; Huntington, 2006). Kinetically the consequence of serpins
trapping the protease is reducing maximum enzyme velocity of the target protease (residual
enzyme activity) in a dose-responsive manner as was observed with rixscS-1E1 in this
study. Another interesting observation in this study was the formation of SDS- and heat-
stable complexes between rIxscS-1E1 and thrombin or trypsin. This was significant in that it
is consistent with the hallmark feature of a typical inhibitory serpin mode of action
(Huntington, 2006; Wang et al., 2013). The failure to detect complexes between rixscS-1E1
and cathepsin G and factor Xa could be explained by the possibility that the optimum molar
ratio at which complexes could be detected was not attained in this study. It is also possible

Int J Parasitol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Ibelli et al.

Page 12

that rixscS-1E1 did not form complexes with the two proteases because it is a poor inhibitor
of these proteases.

Several lines of evidence have demonstrated that both thrombin and trypsin play important
roles in mediating the host's anti-tick defense pathways, inflammation, platelet aggregation
function, wound healing and blood clotting. From this perspective, the observation that
rixscS-1E1 inhibited thrombin and trypsin is significant. In addition to its central role in the
blood clotting activation cascade, thrombin function is also important in inflammation,
platelet function, cell proliferation and angiogenesis (Huntington and Baglin, 2003; Siller-
Matula et al., 2011; Calucci and Semeraro, 2012; Chambers and Scotton, 2012; Hunt et al.,
2012; Rothmeier and Ruff, 2012; Heemskerk et al., 2013), all of which represent the host's
first line of defense to tick feeding activity. Similarly, trypsin in serum and skin plays
important roles in inflammation through its activation of protease activated G-coupled
receptor 1 (Koshikawa et al., 1998; Satoshi et al., 2001; Meyer-Hoffer et al., 2004; Hunt et
al., 2012; Rothmeier and Ruff 2012), and wound healing through cell proliferation functions
(White et al., 2013). It is also noteworthy that rIxscS-1E1, which has a basic residue (R) at
the P1 site, inhibited trypsin and trypsin-like serine proteases, thrombin, cathepsin G and
factor Xa. The data provided here are supported by site-directed mutagenesis studies that
showed that replacing the P1 site with a basic amino acid residue converted Manduca sexta
(Li et al., 1999) and I. ricinus (Leboulle et al., 2002a, b; Prevot et al., 2006) to efficient
inhibitors of trypsin-like proteases. Of significance to our long-term research interests,
human serpins, aj-antichymotrypsin, ap-antiplasmin, antithrombin 111, protein C inhibitor
and C1 inhibitor that regulate pathways representing the host's first line of defense tick
feeding, inflammation, blood clotting and complement activation have basic amino acid
residues at their P1 sites (Gettins, 2002). Studies reviewed here and data from this study
strongly suggest a high possibility for native IxscS-1E1 to be among tick saliva proteins that
facilitate tick and host interactions.

The observation that rixscS-1E1 inhibited thrombin, an important protease of the blood
clotting pathway, and our data that native IxscS-1E1 is injected into the host during I.
scapularis tick feeding, prompted us to gauge insight into probable role(s) of this protein at
the tick-feeding site. The observation that rixscS-1E1 prevented platelet aggregation and
delayed plasma clotting in a dose-responsive manner suggested that native IxscS-1E1 may
be part of tick saliva proteins that mediate tick evasion of the host's hemostatic defense
mechanism. It is noteworthy that at the highest concentration of rixscS-1E1, we could only
observe 23 4% and 32.36 0.1% inhibition of thrombin- and ADP-activated platelet
aggregation. This may be explained by the fact that several pathways, collagen, ADP, and
thromboxane contribute to platelet aggregation (Brass, 2003; Offermanns, 2006; Davi and
Patrono, 2007; Varga-Szabo et al., 2008; Stalker et al., 2012). Thus, there is a possibility
that levels of inhibition observed here reflected contributions of thrombin and ADP to the
final platelet aggregation levels.

Blood clotting can be activated via three pathways, extrinsic and intrinsic pathways, which
culminate into the common pathway when the fibrin clot is formed. In vitro assays, PT,

APTT, and the TT time are routinely used to probe the effects of tick saliva proteins on the
extrinsic, intrinsic and common blood clotting activation pathways, respectively (Okhura et
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al., 2011; Oliveira et al., 2012; Mulenga et al., 2013a, b). Data from this study indicate that
rixscS-1E1 affected the intrinsic and common pathways, but not the extrinsic pathway.
Physiologically, the blood clotting system is activated via the extrinsic pathway when injury
to blood vessels exposes the tissue factor, which initiates a cascade of actions that
culminates in activating prothrombin to thrombin (Mercer and Chambers, 2013). Activated
thrombin catalyzes the conversion of fibrinogen to fibrin to initiate clot formation at the
common pathway level (Mercer and Chambers, 2013). An intense amplification of plasma
clotting occurs at the intrinsic pathway level in which thrombin catalyzes activation of key
blood clotting factors XI, IX, VII and X (Mercer and Chambers, 2013). Given that thrombin
is the principal protease of both the intrinsic and common blood clotting activation pathways
(Mercer and Chambers, 2013), it is fitting that an anti-thrombin such as rixscS-1E1 delayed
plasma-clotting time in APTT and TT assays in a statistically significant dose-responsive
manner. Comparable to the mammalian blood clotting system, principal components of the
arthropod haemolymph clotting system include serine proteases and serpins (Theopold et al.,
2002; Iwanaga and Lee, 2005; Dushay, 2009). Thus, there is a chance that native IxscS-1E1
is part of the tick haemolymph clotting regulatory mechanism and that the observed anti-
plasma clotting effects are artifact. However, the apparent secretion of native IxscS-1E1 into
the host during tick feeding increases confidence that native IxscS-1E1 protein acts at the
tick-host interface.

In conclusion, data from this study add to an emerging list of tick serpins that inhibit
proteases which mediate the host defense to tick feeding (Leboulle et al., 2002a; Prevot et
al., 2002; 2006; Kovéarova et al., 2010; Chmelar et al., 2011; Mulenga et al., 2013; Yu et al.,
2013). It is also important to note here that there is a-two amino acid deference in the RCL
between the cloned (characterized in this study) and assembled ORFs. Whether or not the
two amino acid differences in the RCL denotes allelic difference remains to be confirmed.
The next experiments will be to determine whether or not blocking function of IxscS-1E1
through immunization affects I. scapularistick feeding.
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Fig 1.

CI%ning of the open reading frame (ORF) for Ixodes scapularis serpin (IxscS-1E1). ORF
PCR primers were designed from the sequence of the ORF assembled from two sequence
fragments (GenBank Accession numbers ISCW023621 and EW88858). Translated amino
acid sequences of the cloned (IxscS-1E1(C)) and assembled (IxscS-1E1 (A)) ORFs were
aligned using MacVector software. The signal peptide, putative N-glycosylation sites and
the reactive center loop are noted. Asterisks (*) denote amino acid differences between the
ORFs. Identical amino acid residues are boxed and shaded gray.
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Fig. 2.
Expression, deglycosylation and western blotting analyses of recombinant Ixodes scapularis

serpin (rIxscS-1E1). Affinity purified rixscS-1E1 was subjected to SDS-PAGE with silver
staining (A). Untreated (D-) and treated with deglycosylation enzyme mix (D+) rixscS-1E1
was subjected to routine western blotting analysis using (B) 1:100 dilution pre-immune sera,
or (C) immune sera to replete-fed |. scapularistick saliva proteins.

Int J Parasitol. Author manuscript; available in PMC 2015 May 01.

~48 kDa
~45 kDa



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Ibelli et al.

A

% Thrombin activity inhibition

% Cathepsin G activity inhibition

Page 22
B
100 = 60
r— .E —— ==
804 == 5 =
— = 40} T
60+ 2 |
2 1
S —e
40= 2
‘2 2014
20- E
X
0 T T T T 0} 1T T T T
0.031 0.122 0.489 1.96 0.154 0.618 247 9.89
rIxscS-1E1 concentration (uM) rIxscS-1E1 concentration (uM)
D
50 £ 40
40 —.E
=
- .E 30/ ——
=S > ==
304 2 ==
Q 20
<
20 <
™
101
101 9]
;|
Or T T T T S O T T T T
0.154 0.618 2.47 9.89 0.154 0.618 247 9.89

rIxscS-1E1 concentration (uM) rIxscS-1E1 concentration (uM)

Fig. 3.
Inhibitor function profiling of recombinant Ixodes scapularis serpin (rIxscS-1E1). Various

amounts of affinity purified rixscS-1E1 (indicated) were pre-incubated with (A) 0.54 uM
thrombin, (B) 6.68 uM trypsin, (C) 0.267 y,M cathepsin G, (D) 0.0217 pM factor Xafor
10min at 37°C. Following incubation, peptide substrates were added and hydrolysis
continuously monitored every 20 s up to 30min at Asgsnm using the VersaMax microplate
reader. Substrate hydrolysis data was acquired using the SoftMax Pro software set to the
default kinetics parameters to estimate end point maximum enzyme velocity (Vimax) Or
residual enzyme activity (REA). Vimax Or REA at different rixscS-1E1 concentrations were
expressed as percentages of Vinax in the absence of rixscS-1E1. Subtracting the percentage
of REA from the assumed 100% enzyme activity in the absence of rixscS-1E1 calculated the
percentage of enzyme inhibition levels summarized as the mean = S.E.M. of two assays.
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Fig 4.
Fogrmation of SDS- and heat-stable complexes between recombinant Ixodes scapularis
serpin (rIxscS-1E1) and target protease. A single reaction of rixscS-1E1 and (A) thrombin or
(B) trypsin was incubated at room temperature and sampled at 0, 5, 30, 60 min and
overnight (ON). Overnight and the 60 min aliquots were not run for trypsin (B). Aliquots
were subjected to western blotting analysis using antibodies to thrombin and trypsin as
described in Section 2.8. Complexes between rIxcsS-1E1 and thrombin (A) or trypsin (B)
are indicated by arrows. L, molecular size ladder; TH, thrombin; S, rIxscS-1E1.
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Fig. 5.
The effect of recombinant Ixodes scapularis serpin (rIxscS-1E1) on platelet aggregation

function. Various amounts, of rixscS-1E1 (as indicated in A-D) were co-incubated with
cattle whole blood for 10 min at 37°C as described in Section 2.10. Addition of 20 uM
adenosine diphosphate (AD ) or 0.5U/uL of thrombin triggered platelet aggregation. Platelet
aggregation was monitored over 8 min using the whole blood platelet aggregometer as
described in Section 2.10. (A B) The observed electrical resistance as an index for platelet
aggregation. (C, D) The percentage of inhibition of ADP- and thrombin-triggered platelet
aggregation, respectively. Experiments were duplicated.
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Fig. 6.

The effect of recombinant Ixodes scapularis serpin (rIxscS-1E1) on plasma clotting time in

the activated partial thromboplastin time (APTT, A), and thrombin time (TT, B) assays.
Indicated amounts of rixscS-1E1 were pre-incubated with (A) citrated human reference

plasma or (B) the TT reagent at 37°C for 10 min. Following activation of plasma clotting,

the time to clot formation was determined using the KC1 DELTA coagulometer as described

in Section 2.10.
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