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Engineering ultrapotent trivalent anticoagulants
through hybridisation of salivary peptides from
multiple haematophagous organisms
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Haematophagous organisms are a rich source of salivary anticoagulant polypeptides that exert their activity
by blocking the catalytic site and one of two positively charged exosites on the host protease thrombin.
Here, we describe a molecular engineering approach to hybridise post-translationally sulfated
polypeptides from different blood-feeding organisms to enhance anticoagulant activity. This led to the
discovery of a triply sulfated hybrid anticoagulant, XChimera, possessing fragments from flea, leech, and

fly salivary polypeptides that exhibits femtomolar inhibitory activity against thrombin. The crystallographic
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Cardiovascular disease is the greatest contributor to human
morbidity and mortality globally, placing health systems
around the world under enormous stress.'” At the core of this
crisis are thrombotic disorders,* that are initiated by the
occlusion of the vasculature by a blood clot and resultant
hypoxic injury that lead to serious medical events such as stroke
and myocardial infarction (heart attack).” The growing inci-
dence of thrombotic events has stemmed from an ageing pop-
ulation and rising obesity rates, compounded by a limited
number of safe and effective therapeutic options.® This has led
to significant demand for novel therapeutics to curb the enor-
mous burden of thrombotic disorders.”

Pathogenic thrombosis is caused by inappropriate activation
of the ‘coagulation cascade’, a series of sequential proteolytic
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was also shown to possess potent in vivo antithrombotic activity in a murine model of thrombosis.

events catalysed by serine proteinases that culminates in the
cleavage of fibrinogen to insoluble fibrin and simultaneous
activation of platelets.®** As the central enzyme of this cascade,
pharmacological inhibition of the protease thrombin (FIIa) with
direct thrombin inhibitors (DTIs) has become a mainstay of
antithrombotic therapy in the clinic.**** Despite the availability
of a number of DTIs, thrombin-inhibiting anticoagulants that
possess a novel mechanism of action to DTIs currently used in
the clinic are still in demand,*® particularly for use in surgical
settings and the prevention of coronary artery disease."”

One source of powerful anticoagulants are found within the
saliva of blood-feeding (haematophagous) organisms. Resulting
from evolutionary pressures, haematophagous organisms have
evolved a suite of salivary peptide and protein molecules to
ablate thrombin-driven blood coagulation of their host, as is
required for successful acquisition and digestion of a blood
meal.” Indeed, the anticoagulant properties of leech saliva have
been known for hundreds of years. The active proteinaceous
anticoagulant component of this saliva, the protein hirudin, has
been extensively profiled for its therapeutic qualities;"
a recombinant form called lepirudin was used clinically for
more than a decade prior to its withdrawal due to the cost of
recombinant production, alongside safety concerns following
anaphylactic events.”® The impressive potency of this salivary
protein stems from its highly constrained fold, mediated by
a complex disulfide architecture, that orients its N-terminal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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segment into the catalytic active site and its highly acidic and
flexible C-terminus into exosite 1.>* Interestingly, the tyrosine
residue at position 63 of hirudin was found to be post-
translationally modified with an anionic sulfate group akin to
the natural modifications present on human fibrinogen, an
endogenous exosite-binding substrate of thrombin.** Exploiting
post-translational tyrosine sulfation to potently inhibit
thrombin through biomimicry is not unique to hirudin.
Recently, we have revealed the presence of tyrosine sulfation on
several other salivary anticoagulants produced by ticks,*
mosquitoes,* leeches,* and flies.>® In the case of the Glossina
morsitans morsitans (tsetse) fly and many ticks, tyrosine sulfa-
tion is used to enhance binding to exosite II of thrombin as
a biomimetic of the physiological thrombin substrates glyco-
protein 1ba and fibrinogen-y’ chain.®

In this work, we sought to exploit the diversity of potent
bivalent thrombin inhibitors produced in the saliva of haema-
tophagous organisms as scaffolds for the molecular engi-
neering of potent chimeric anticoagulants. Specifically, we
chose to target the three main regions of thrombin that mediate
its haemostatic function - the active site, exosite I, and exosite
II. Through this engineering approach, we arrived at a trivalent
hybrid dubbed ‘XChimera’ which contains portions of fly, flea,
and leech anticoagulants and exhibits ultrapotent inhibition of
thrombin and antihaemostatic activity in a suite of in vitro
clotting assays. This engineered peptide also exhibited superior
in vivo antithrombotic activity compared to the gold-standard
anticoagulant hirudin in a murine needle injury model of
thrombosis.

Results
Engineering the exosite I-binding region of XC43

Recently, a potent thrombin-inhibiting anticoagulant was
discovered in the saliva of the oriental rat flea, Xenopsylla cheopis,
the infamous bubonic plague vector.”” This 36-residue peptide,
dubbed XC43, is a flexible substrate mimic that exhibits bivalent
binding to both exosite I and the active site of thrombin, while
demonstrating remarkable selectivity for this enzyme over a large
number of different proteases beyond those involved in coagu-
lation. A distinctive characteristic of this peptide, compared to
other anticoagulants from blood feeders that typically possess
one or more thrombin cleavage sites, is an intrinsic resistance to
proteolytic cleavage by thrombin - an attractive feature for an
anticoagulant in a clinical setting.”” XC43 bears very high
sequence homology within the exosite I-binding C-terminal
region to the archetypal leech-derived DTI hirudin** and the
tick-derived DTI variegin®® (Fig. 1A). While hirudin and variegin
possess a post-translationally modified sulfotyrosine (sY) residue
that potentiates electrostatic interactions with the dense positive
charge in thrombin's basic exosite I, XC43 has a hydrophobic
valine residue (V29) in an equivalent position.

Given that post-translational tyrosine sulfation has been
shown to impart an order-of-magnitude improvement in
inhibitory activity for both variegin and hirudin,??*® we
hypothesised that the potency of XC43 could be enhanced
through rational engineering of synthetic variants exploiting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sulfotyrosine (sY) in place of V29. First, native XC43 (1) was
synthesised using Fmoc-strategy solid-phase peptide synthesis
(SPPS) in excellent yield (12% over 73 steps, average of 97% per
synthetic step) to serve as a benchmark molecule for engineered
analogues (Fig. 1B and SI). Two variant forms of XC43 were
subsequently designed and synthesised by SPPS to probe the
importance of the valine residue, one bearing a simple V29Y
replacement (2) and a second, post-translationally modified
variant (3), with a V29sY replacement (Fig. 1B). When profiled in
a thrombin assay using a chromogenic substrate,> replacing
valine with tyrosine in 2 resulted in a considerable drop in
potency (K; = 502.9 pM for 2 vs. K; = 28.2 pM for synthetic XC43
1, Fig. 1C). However, introduction of a tyrosine sulfate residue
in 3 (V29sY) restored the inhibitory potency (K; = 10 pM for 3).
The diminutive improvement in inhibitory activity of sY-
containing variant 3 over native XC43 1 was thought to be
a result of unfavourable conformational changes in the vestigial
C-terminal tail (XC433¢_3¢) induced by sY. To test this hypoth-
esis, we next sought to hybridise the C-terminal exosite I-
binding regions of variegin and hirudin into the XC43
sequence to generate more potent chimeric anticoagulants.

Towards this end, hybrid peptides were designed and syn-
thesised that were composed of the first 28 residues of XC43
(XC43(124)) and either the six exosite I-binding C-terminal
residues of variegin(,;_3») or the three C-terminal residues of
hiruding;_¢5). Chimeras were prepared with or without a tyro-
sine sulfate in the variable C-terminal region, giving a total of
four constructs: XC43-Vari (4), sulfo-XC43-Vari (5), XC43-Hiru
(6), and sulfo-XC43-Hiru (7) (Fig. 1B). Unsulfated engineered
hybrid peptides XC43-Vari 4 (K; = 83.9 pM) and XC43-Hiru 6 (K;
= 67 pM) were less potent than native XC43 1 (K; = 28.2 pM),
whereas sulfated analogues sulfo-XC43-Vari (5) and sulfo-XC43-
Hiru (7) exhibited superior activities with inhibitory constants
of 6.3 pM and 5.1 pM, respectively, against a-thrombin (Fig. 1C).
This represents a near 15-fold improvement in potency for 5 and
7 relative to their unsulfated counterparts, and notably corre-
sponds to 4- and 6-fold improvements in potency compared to
native XC43 (1), that was proposed to be due to improved
interactions with exosite I. Whilst the most promising candi-
date 7 was less potent than the ‘parent’ anticoagulant hirudin,
at 31 residues, sulfo-XC43-Hiru (7) is half the size of the full-
length leech protein.

We next sought to investigate whether the improved inhibi-
tory activity of sulfated hybrids sulfo-XC43-Vari (5) and sulfo-
XC43-Hiru (7) was a result of improved exosite I-targeting of
the inhibitors. To assess this, we screened anticoagulants 1-7
for their inhibitory activity against vy-thrombin (Fig. S1).
Endogenously, y-thrombin is a minor circulating form of
thrombin that has a disrupted exosite I but retains the ability to
activate platelets.*® This makes y-thrombin an excellent tool to
assess the contribution of exosite I binding to the inhibition of
a-thrombin. When compared to its inhibition profile against o-
thrombin, native XC43 (1) displayed a six-orders-of-magnitude
reduction in potency (K; = 26.2 uM), suggesting that binding
to exosite I is integral to a-thrombin inhibition. The remaining
hybrid peptides 2-7 displayed similar reductions in inhibition
profiles, with K; values ranging from 2 to 60 uM (Fig. S1), again
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Fig. 1 Engineering of the C-terminal region of flea thrombin inhibiting anticoagulant XC43. (A) Alignment of amino acid sequences of XC43
(UniProt entry A2IAB2), hirudingo-es) (UniProt entry P09945), and variegin (UniProt entry P85800). (B) Schematic depicting the synthesis of
a library of XC43 derivatives (1-7) using Fmoc-SPPS as outlined in the methods and SI. (C) Inhibition profiles of XC43-derived peptides (1-7)
against a-thrombin using a chromogenic substrate assay. Data are expressed as the mean of two technical replicates and error bars plotted as
SD. The inhibition constants (K for the peptides (+ standard errors) were determined by fitting the inhibited steady-state velocity data to the

Morrison model.3*

affirming exosite I binding as a main contributor to the
observed a-thrombin inhibitory activity of these compounds.

Design and synthesis of a cleavage-resistant trivalent inhibitor
of thrombin

Following initial success in engineering XC43 into a more
potent sulfopeptide anticoagulant, we turned our attention to

18662 | Chem. Sci., 2025, 16, 18660-18672

further engineering the hybrid to promote binding to exosite II.
Exosite II is an additional functional region of a-thrombin and
is responsible for the modulation of a myriad of procoagulant
functions.?*?® We reasoned that strong blockade of this site, in
addition to the active site and exosite I, would further improve
the thrombin inhibitory and anticoagulant activity of the engi-
neered peptide. We selected the exosite II-binding region of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tsetse thrombin inhibitor (TTI) produced in the salivary glands
of the tsetse fly,>*****° for the N-terminal elaboration of the
bivalent hybrids. Specifically, we selected the most potent
analogue generated above, sulfo-XC43-Hiru (7), as the basis of
an engineered, trivalent hybrid inhibitor capable of occupying
the active site, exosite I and exosite II simultaneously and,
importantly, with resistance to thrombin proteolysis (Fig. 2A).
To design these trivalent hybrid inhibitors, we used the
crystal structures of XC43 (PDB entry 7M]J5*’) and TTI (PDB
entry 6TKH*®) complexed with a-thrombin to guide the selection

A)

View Article Online

Chemical Science

of an appropriate site on the N-terminal end of XC43 from
which to fuse the TTI sequence. We chose to adjoin the two
anticoagulant peptides between Gly21 of TTI and Ala5 of XC43,
as these are in close proximity in the structures of their
complexes with thrombin and are present in flexible segments
of both inhibitors (Fig. S2). Following design of this hybrid
anticoagulant composed of fragments of three different anti-
coagulants from three different species of haematophagous
organisms, we set out to access the full-length 48 residue
polypeptide TTI-XC43-Hiru (8), first in its non-sulfated form,

Hirudin DR E[S \Mq
ME-KPVI?EVAQGZ!!YQRGEGGNGM P DVIINEALNA
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Fig.2 Rational design, synthesis and profiling of a trivalent thrombin inhibitor. (A) Overlay of mature peptide and protein sequences of hirudingss—
65) (UniProt entry P09945), XC43 (UniProt entry A2IAB2) and TTI (UniProt entry O97373) and design of a chimeric inhibitor. (B) Synthesis of TTI-
XC43-Hiru (8) and XChimera (9) using Fmoc-SPPS as outlined in the methods and Sl (final isolated yields are provided in parentheses over all
solid-phase synthesis steps). (C) Inhibition profiles of XC43-derived peptides 1, 7, 8 and 9 against y-thrombin using a chromogenic substrate
assay. Data are expressed as the mean of two independent experiments and error bars plotted as SD. The inhibited steady-state velocity data
were fitted to the Morrison model.® (D) Perturbations to thermal shift of thrombin in the presence of XC43-derived inhibitors. Melting
temperatures (T,,) were determined as the point of inflection in the fluorescence emission ratio of 350/330 and the difference in melting
temperature (AT,,) was determined as the difference with thrombin alone. Data are representative of 4-6 technical replicates.
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which could be generated through a single SPPS (5% overall
yield over 97 synthetic steps following purification by reversed-
phase HPLC; Fig. 2B). The unmodified trivalent hybrid exhibi-
ted a K; of 1 pM against a-thrombin (¢f 67 pM for XC43-Hiru 6,
SI Table S1). This provided an early indication that the addition
of the exosite II-binding TTI fragment improves thrombin
inhibitory activity. When produced in the salivary glands of the
tsetse fly, TTI has two native sites of post-translational sulfation
at "™y9 and ™Y12 (superscript “TTI’ designates TTI residues)
that dramatically enhance its thrombin inhibitory activity.”®
Accordingly, we next set out to synthesise the triply sulfated
trivalent hybrid, sulfo-TTI-XC43-sulfo-Hiru, herein referred to
as XChimera (9), bearing two tyrosine sulfate residues in the N-
terminal 21-residue TTI fragment and one in the C-terminal
hirudin tripeptide fragment (Fig. 2B). Despite its length and
complexity, XChimera (9) was produced in good yield (4% over
98 synthetic steps). XChimera (9) exhibited ultrapotent inhibi-
tory activity against o-thrombin with a K; = 190 fM (see Fig. S3
and Table S1). It is worth noting that this triply sulfated, triva-
lent inhibitor is equipotent to the clinically used form of the
disulfide rich protein, hirudin, despite being a smaller, flexible,
linear polypeptide. When compared to other clinically approved
thrombin inhibitors, bivalirudin (K; = ~10 nM) and dabigatran
(Ki = ~4 nM), XChimera exhibits orders of magnitude higher
potency. In addition, XChimera (9) exhibits increased potency
compared to the naturally occurring sulfated TTI, most likely
due to the addition of exosite I recognition portions from XC43
and hirudin.

We next screened the trivalent inhibitors against y-thrombin
to assess the contribution of the exosite II TTI fragment to the
inhibitory activity. The unsulfated TTI-XC43-Hiru molecule lost
more than five-orders of magnitude of inhibitory activity on vy-
thrombin (K; = 360 nM vs. 1 pM for a-thrombin). Strikingly, the
addition of sY residues in the triply sulfated variant, XChimera,
regained four-orders-of-magnitude in inhibitory activity against
y-thrombin (K; = 112 pM) when compared to its unsulfated
counterpart 8 (Fig. 2C). Despite these gains, the inhibitory
activity against y-thrombin is still significantly weaker than
against a-thrombin, highlighting the importance of exosite I
binding for potency. Nonetheless, these data show that hybrids
8 and 9 (XChimera) are bona fide trivalent inhibitors. Finally, we
assessed the ability of XChimera to stabilise a-thrombin
through a nanoDSF assay.*” In these experiments, XChimera (9)
provided the largest (AT, = 17.6 °C) stabilisation when
compared to unsulfated trivalent hybrid (8), bivalent hybrid
sulfo-XC43-Hiru (7), and parent inhibitor XC43 (1) (Fig. 2D). The
addition of three tyrosine sulfate residues in XChimera
(compared to trivalent hybrid 8) was responsible for a ~7 °C
increase in the melting temperature of the complex, further
highlighting the pronounced effect that addition of this 80 Da
anionic PTM has on the binding to thrombin.

Structure of XChimera-human a-thrombin complex

To provide structural evidence for the ability of engineered
hybrid XChimera (9) to occupy the active site and exosites I and
11, i.e., behave as a trivalent inhibitor, we sought to obtain an X-

18664 | Chem. Sci, 2025, 16, 18660-18672
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ray crystal structure of its complex with thrombin. To this end,
a complex of XChimera (9) and a-thrombin was crystallised and
its structure determined at 2.5 A resolution. Gratifyingly, there
was readily interpretable electron density for the segments of
the anticoagulant contacting both exosites I and II and the
active site cleft of thrombin. The crystallographic structure
reveals an extended conformation for XChimera, with its N-
terminal region binding to exosite II of the enzyme, before
threading through the active site and onto exosite I, to which
the C-terminal portion of the inhibitor binds (Fig. 3A). The
exosite II-targeting region of XChimera closely resembles the
parent TTI, with most interactions with thrombin being
conserved. In particular, sY9 of XChimera adopts a nearly
identical conformation as in native TTI, preserving the inter-
action with TK235 (superscript ‘T’ designates thrombin;
Fig. 3B). Further to this, negatively charged residues ""'D8 and
D10 form contacts with "R233 and "R101, respectively,
interactions that are conserved in XChimera. Although slightly
displaced when compared to "™sy12 and "™™E11, sY12 and E11
of XChimera still make favourable contacts with the basic "K240
and "K236 residues, respectively, of the protease (Fig. 3B). As in
the crystal structure of TTI*® for the region between the active
site and exosite II, XChimera(;3-,y) is disordered in the crystal
structure with thrombin, suggesting conformational flexibility
in this segment of the inhibitor. In contrast, the active site
binding region of XChimera binds in a substrate-like manner to
the enzyme. As with native XC43, the crystal structure shows the
amide bond between K28 and L29 of XChimera intact and
making identical contacts to those observed in the parent
peptide (Fig. 3D). In contrast to the active site binding residues,
there is considerable structural dissonance between XC43 and
the engineered C-terminal tail of XChimera at exosite I. Indeed,
the anionic O-sulfate group of residue 46 of XChimera (derived
from hirudin) forms a salt bridge (3.4 A) with the cationic &-
amine of "K81 (Fig. 3C). By contrast, native XC43 does not make
any contacts with "K81, suggesting that this salt bridge may
contribute to the improved inhibitory activity observed
following hybridisation of XC43 with hirudin. Furthermore, the
analogous sY63 in sulfo-hirudin (superscript ‘H’ denotes hir-
udin) also forms a salt bridge with "K81, an interaction known
to confer an order-of-magnitude improvement in potency in the
full-length hirudin protein.>* Replacement of the C-terminal
residues of XC43 with the hirudin-derived C-terminus causes
a conformational rearrangement of this region and its
preceding segment, when comparing XChimera to native
XC43 (Fig. 3E). Remarkably, the last six residues of
XChimera, from P43 to Q48, adopt an overall conformation,
including an o-helical turn, that is nearly identical to that of
native hirudin, despite containing only three residues derived
from that protein. When superposed onto the experimental
models of native TTI, XC43, and hirudin, as determined in
complex with a-thrombin, XChimera (9) exhibits near-perfect
structural homology to its three parent anticoagulants at exo-
site I, exosite II, and the active site. Beyond affirmation of the
molecular engineering approach applied in this work, we
reasoned that the evidence for the trivalent blockade of
thrombin found in this co-crystal structure may make

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XChimera (9) is a trivalent binder of human a-thrombin. (A) The acidic N-terminal segment (residues 1-12) of XChimera (9) (stick model
with nitrogen atoms blue, oxygen red, sulfur yellow, and carbon tan; PDB entry 8RTN) binds to the exosite Il (left) of thrombin (solid surface
representation with mapped surface electrostatic potential [blue, positive; red, negative]), whereas the C-terminal segment (residues 22-48)
occupies the active-site cleft and recognises the exosite | of the proteinase (right). The 2Fo—Fc electron density map (contoured at 0.9¢) for
XChimera (9) is displayed as a black mesh. Thrombin orientations in the left and right panels are related through a 120° rotation around y. (B) Main
interactions between the sulfotyrosine-containing motif (residues 7-12) of XChimera (9) (coloured as in (A)) and the exosite Il of thrombin
(transparent tan cartoon with selected residues as sticks, colour-coded as for XChimera (9)). The structural superposition of human a-thrombin
in complex with TTI (mauve; PDB entry 6 TKG) is represented as for the XChimera (9) complex. (C) Close-up view of the interactions between the
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XChimera (9) a promising therapeutic anticoagulant candidate
with an unprecedented thrombin inhibitory mechanism for
further investigation.

Evaluation of the antithrombotic potential of XChimera in
vitro and in vivo

To be a useful therapeutic, peptidic anticoagulants must be able
to resist the proteolytic activities of plasma enzymes; rapid
cleavage leads to intractable pharmacokinetic profiles for many
peptide drug candidates.** We investigated the stability of
XChimera (9) in pooled human plasma, alongside precursor
peptides native XC43 (1) and sulfo-XC43-Hiru (7). Both native
XC43 (1) and sulfo-XC43-Hiru (7) underwent rapid amidolysis
between P2 and V3 following incubation with plasma, but the
resultant cleavage product remained stable to 24 hours (Fig. S4).
Pleasingly, XChimera (9) remained intact for 24 hours,
demonstrating remarkable stability for a non-disulfide con-
strained linear peptide (Fig. 4C). We hypothesise the long
plasma stability of XChimera (9) stems from it being comprised
of the major anticoagulant molecules from blood-feeding
organisms. The rapid inactivation of these anticoagulant
peptides in host plasma would result in a greatly decreased
ability to acquire a blood meal, placing an evolutionary pressure
for these peptides to be proteolytically stable to plasma prote-
ases. We also confirmed that XChimera (9) retained resistance
to thrombin proteolysis, with <10% cleavage observed after
incubation with a-thrombin for 4 h at 37 °C (Fig. 4D and S5).
Finally, the selectivity of XChimera (9) for thrombin over other
structurally related proteases in the coagulation cascade (e.g:,
FXa, FXIa, oFXIla, and plasma kallikrein) was assessed, as
selectivity for a single haemostatic protease can be challenging
to achieve for anticoagulants (Fig. S6). Pleasingly, XChimera (9)
selectively inhibited a-thrombin without blocking these other
proteases and, as such, downstream anticoagulant effects (in
vitro and in vivo) can be attributed to the blockade of thrombin
activity.

Having confirmed that XChimera (9) is stable in plasma and
exhibits ultrapotent and selective inhibition of a-thrombin,
mediated by interactions with both exosites and the active site,
we next moved to assess the potential of the trivalent inhibitor
as an anticoagulant agent. To this end, we first assessed
whether XChimera could prolong the in vitro activated partial
thromboplastin time (aPTT) of pooled human plasma. When
compared head-to-head with precursor inhibitors XC43 (1) and
sulfo-XC43-Hiru (7), trivalent hybrid XChimera (9) demon-
strated the most potent anticoagulant activity (Fig. 4A). We next
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assessed the ability of XChimera (9) to modulate the generation
of thrombin using pooled human plasma in a calibrated auto-
mated thrombogram experiment. While both XC43 (1) and
sulfo-XC43-Hiru (7) were able to induce a dose-dependent lag
effect in the generation of thrombin following initiation with
tissue factor, XChimera (9) led to the most pronounced modu-
lation of thrombin generation and delay in the production of
thrombin in a dose dependent manner (Fig. 4B and S7). It is
known that thrombin generation is highly sensitive to modu-
lation of the exosites of thrombin. As such, the blockage of both
exosites by XChimera (9) may be responsible for its improved
potency.

Given the crucial role of platelets in potentiating thrombosis,
we next sought to examine the ability of the trivalent hybrid
XChimera to inhibit ex vivo platelet activation initiated by
thrombin. In these experiments, XChimera (9) was added to
washed platelets and then a-thrombin (0.5 nM) used to initiate
platelet aggregation. XChimera (9) exhibited a potent anti-
platelet effect, significantly disrupting platelet aggregation even
at very low concentrations (ICs, < 400 pM, Fig. 4E). Recently, y-
thrombin has been shown to activate platelets by interacting
with PAR-4 through its available exosite IL.***>** To probe
whether XChimera (9) could block this alternative platelet
aggregation pathway, we measured its antiplatelet effect against
v-thrombin-initiated aggregation. Interestingly, XChimera (9)
was also capable of potently inhibiting this pathway of platelet
aggregation (ICs, ~8000 pM), whereas bivalent inhibitor sulfo-
XC43-Hiru (7), notably missing an exosite II-binding region,
was not capable of inhibiting aggregation in response to 20 nM
v-thrombin (Fig. 4E). These data highlight the need for the
exosite II binding region in XChimera for blockade of y-
thrombin-initiated platelet aggregation, c¢f. active site and exo-
site I binding by sulfo-XC43-Hiru (7) that inhibited a-thrombin-
initiated platelet aggregation.

Finally, we sought to compare the anticoagulant activities of
XChimera (9), together with the most potent bivalent inhibitor
sulfo-XC43-Hiru (7), in vivo. In initial studies we assessed the
ability of sulfo-XC43-Hiru (7) and XChimera (9) to prolong the ex
vivo aPTT following intravenous administration to mice, an
organism where thrombin has a highly conserved role and
structure (>80% amino acid sequence identity) to the human
protein, particularly in the regions targeted by XChimera (9), i.e.
the active site and exosites I and II. When administered at 1 mg
kg !, sulfo-XC43-Hiru (7) was able to prolong the aPTT of mice
between 2- and 3-fold of baseline levels for an hour following
bolus injection. Interestingly, when XChimera (9) was

sulfated Y46 of XChimera (9) and the exosite | of the proteinase (selected residues are represented and coloured as in (B)). Superposed human a.-
thrombin in complex with hirudin (orange; PDB entry 2PW8) is shown with selected residues of the proteinase represented as for the XChimera
(9) complex. For clarity, only Y63 of hirudin is shown. Water molecules involved in the recognition of sulfate groups of Y46 (XChimera (9)) or Y63
(hirudin) are represented as red and orange spheres, respectively. (D) Close-up on the active site of the superposed a-thrombin molecules
complexed to either XChimera (9) or XC43 (pale cyan; PDB entry 7MJ5). Residues at positions P2, P1, and P1’' from both inhibitors (in XChimera
P27, K28, and L29, respectively) are represented as sticks and colour-coded as in (B). The catalytic triad (H57, D102 and S195) and D189 at the
bottom of the S1 specificity pocket of the proteinase are represented as sticks and colour-coded as for the inhibitors. (E) Structural differences
between XC43 and XChimera (9) (represented as in (D)) at the exosite | due to the substitution of the XC43 C-terminal region (residues V29-A36)
by the C-terminal and tyrosine-sulfated region of hirudin (Y63-Q65). Dotted black lines represent hydrogen bonds and superscripts ', ™, %, and ©
denote residues corresponding to a-thrombin, hirudin, XC43, and XChimera (9) molecules, respectively.
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In vitro assessment of the anticoagulant potential of thrombin inhibitors 1, 7 and 9. (A) Effect of the thrombin inhibitors on the aPTT of

human plasma in vitro. See (B) for key. (B) Calibrated automated thrombogram of human plasma in the presence of 120 nM 1, 7 and 9. (C) ESI mass
spectrum of XChimera (9) following incubation in pooled human plasma for 24 hours at 200 uM. Data are presented as the average mass
spectrum over the total ion current. (D) Analytical HPLC chromatograms (A = 214 nm) of XChimera (9) prior to (t = 0) and following incubation
with human a-thrombin for 4 h at 37 °C. (E) Examination of the activity of XChimera (9) on a- and y-thrombin-induced platelet aggregation.
Washed human platelets isolated as described in the methods section were preincubated with vehicle, or the indicated concentration of
XChimera (9) or sulfo-XC43-Hiru (7), prior to addition of a- or y-thrombin (0.5 or 20 nM, respectively). Platelet aggregation was analysed as
described in the methods section. Data are represented as the mean + SEM of % maximal platelet aggregation in response to a- (left) and y-

thrombin (right) resulting from experiments performed with at least four independent blood donors (n = 4-6).

administered at the same dose the aPTT was prolonged to
between 4- and 5-fold of baseline levels, outside the ideal
therapeutic window for an anticoagulant (Fig. 5A). However,
bolus administration of XChimera (9) at a lower dose of 0.5 mg
kg~ " provided steady prolongation of aPTT between 2- and 3-
fold of baseline for 60 minutes (Fig. 5A). Based on these data, we
moved forward with XChimera (9) as a lead candidate to assess
in vivo anti-thrombotic activity in a murine needle injury model

© 2025 The Author(s). Published by the Royal Society of Chemistry

of thrombosis. In this model, thrombus volume and fibrin
deposition were assessed post-injury.** Given the potency of
XChimera (9), we wanted to compare its efficacy to the clinical
anticoagulant, hirudin, administered at 1 mg kg~ . Pleasingly,
although administered at a lower dose (0.5 mg kg™ "), XChimera
(9) was able to limit overall fibrin deposition and thrombus
volume at the site of injury in a comparable manner to hirudin
(Fig. 5B-F).
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In vivo evaluation of XChimera (9) in a murine model of thrombosis. (A) Ex vivo aPTT measurements following bolus intravenous

administration of XChimera (9) at varying doses. (B) Average fibrin intensity over duration of measurement. (C) Average thrombus volume over

duration of measurement. (D) Time course of fibrin intensity following

injury with and without treatment. (E) Time course of thrombus volume

following injury with and without treatment. (F) Exemplar images of thrombus following needle injury after treatment with 9 or hirudin. Images
were acquired 15 min post injury. Fibrin is represented in green and platelets in red.

Conclusions

Despite the global burden of cardiovascular diseases, current
treatment options remain largely inadequate. Modern antico-
agulants developed for thrombotic events associated with
cardiovascular diseases are required to modulate the complex
interplay between the elements of the haemostatic system. In
the context of myocardial infarction, patients who undergo
primary percutaneous coronary intervention (PCI) require the
administration of antithrombotic drugs to prevent re-
thrombosis or inhibit in-stent thrombosis. One leading treat-
ment option involves bolus infusion of the hirudin-inspired,

18668 | Chem. Sci., 2025, 16, 18660-18672

bivalent DTI bivalirudin, which has been shown to improve
overall survival rates when compared to PCI alone.** However,
despite being efficacious in this setting, bivalirudin has signif-
icant limitations due to its short plasma half-life (~30 min) in
vivo, which limits its application in other thromboembolic
disorders. As an ultrapotent, cleavage-resistant thrombin
inhibitor that uniquely occupies three distinct binding sites of
thrombin (the active site, exosite I and exosite II) we anticipate
that XChimera (9) may have the potential to address the limi-
tations of currently employed anticoagulants. Moreover, the
molecular engineering strategy employed in this work, whereby
multiple peptide ligands can be hybridised to optimise potency

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and stability, may be useful in the design of future anticoagu-
lants and other therapeutic candidates where disruption of
multiple protein-protein interaction sites within a given protein
target is desired.

Methods
Ethics

All procedures involving the collection of blood from healthy
human donors were approved by the University of Sydney
Human Research Ethics Committee (HREC, Project 2014/
HE00024 2014/244) and all studies conformed to the princi-
ples outlined in the Declaration of Helsinki. Written informed
consent was obtained from all human research participants. All
procedures involving the use of animals were performed as
approved by the University of Sydney Animal Ethics Committee
(protocol 2021/1912).

SPPS materials

Peptide synthesis reactions were performed using DMF
purchased from Labscan. DMF used in wash steps was
purchased from Ajax. Coupling reagents, Fmoc-protected
amino acids and resins used for SPPS were purchased from
Bachem, Novabiochem, GL Biochem or AK Scientific. Any
manual SPPS steps were undertaken in polypropylene syringes
bearing Teflon filters (Torviq).

General solid-phase peptide synthesis conditions

Synthesis was undertaken using a Biotage Syro I parallel peptide
synthesiser. Preloaded resin in polypropylene reaction vessels
was treated with 40% (vol/vol) piperidine in DMF (800 pL) for
4 min with intermittent shaking, drained by vacuum in situ,
followed by treatment with 20% (vol/vol) piperidine in DMF (800
pL) for 4 min with intermittent shaking, drained, and washed
with DMF (4 x 1.2 mL) with intermittent shaking. For canonical
amino acids, the resin was then treated with a solution of the
required Fmoc-X,,-OH (4 eq.) and Oxyma® (4.4 eq.) in DMF (400
uL), then 1% (wt/vol) solution of 1,3-diisopropyl-2-thiourea in
DMF (400 pL) and a solution of N,N'-diisopropylcarbodiimide (4
eq.) in DMF (400 uL) was added. Couplings were performed at
40 °C for 30 min using a heating block and shaken intermit-
tently. The resin vessel was then drained as before and washed
with DMF (4 x 1.2 mL). Unreacted amine groups were then
acetylated by treatment with 5% (vol/vol) Ac,0 and 10% (vol/vol)
i-Pr,NEt in DMF (800 pL) for 6 min at room temperature and
shaken intermittently. Resin vessels were drained and washed
with DMF (4 x 1.2 mL). These steps were repeated as necessary
for the synthesis of a desired peptide sequence.

Modified coupling cycle for Fmoc-Tyr(OSO;nP)-OH

Fmoc deprotection was performed as described above. A solu-
tion of Fmoc-Tyr(OSO;nP)-OH* (2 eq.) and Oxyma® (2.2 eq.) in
DMF (400 puL) was then added to the reaction vessel containing
the resin, followed by the addition of a solution of 1% (wt/vol)
1,3-diisopropyl-2-thiourea dissolved in DMF (400 pL) and
lastly a solution of N,N'-diisopropylcarbodiimide (2 eq.) in DMF

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(400 pL). This coupling was performed at an elevated temper-
ature using a heating block at 40 °C for 90 min and intermittent
shaking. The vessel was vacuum drained and washed with DMF
(4 x 1.2 mL), as above. The resin was then capped and washed
as above.

Preparative cleavage from resin

Resin (25 pumol) was washed with CH,Cl, (10 x 5 mL) and
filtered in vacuo. Then, a mixture of TFA/TIS/H,O (8 mL, 90:5:
5, v/v/v) was prepared before the addition of solid NH,I (10 eq.,
36 mg, 250 umol). This cleavage cocktail was then briefly soni-
cated to facilitate as much dissolution of ammonium iodide as
possible before being added to the resin and shaken for 2 h at
room temperature. The filtrate of this cleavage was collected,
and the solution was concentrated under a stream of nitrogen.
The crude peptide was precipitated by adding diethyl ether (50
mL) and centrifuged (6 min at 6000 g). The supernatant was
carefully decanted to obtain the crude peptide as a pellet.

Neopentyl sulfate ester deprotection

Neopentyl-protected crude peptide (25 pmol) was dissolved in
a buffer composed of 6 M Gnd-HCl and 200 mM Na,HPO, and
the pH adjusted to ~8 with 5 M NaOH. The reaction mixture was
then heated to 37 °C until complete conversion to the
native tyrosine sulfate ester was observed by UPLC-MS analysis
(16-48 h).

Characterisation data for peptides/sulfopeptides 1-9 can be
found in the SI (Fig. S8-S16).

Thrombin inhibition assay

The inhibition of the amidolytic activity of human o- and
v-thrombin (Prolytix) was followed spectrophotometrically
using Tos-Gly-Pro-Arg-pNA (Chromozym TH, Roche) as chro-
mogenic substrate. The assays were performed in 50 mM Tris—
HCI pH 8.0, 50 mM NacCl, 1 mg per mL bovine serum albumin
with 0.2 nM human «- or y-thrombin, 100 uM substrate, and
varying concentrations of a given inhibitor. The concentration
of each inhibitor variant was determined using an infrared
spectrometer (Direct Detect, Millipore). All reactions were
initiated by the addition of thrombin and carried out at 37 °C in
96-well flat-bottom microtiter plates. Reaction progress was
monitored at 405 nm for 60 min, with measurements taken
every 5 min on a multi-mode microplate reader (Synergy 2, Bi-
oTek). All measurements were performed in duplicate. Inhibi-
tion constants (K;) were determined according to a tight-binding
inhibitor model, using the Morrison equation®" with Prism 9
(GraphPad Software), and are summarised in Table S1.

Complex preparation and crystallisation of a-thrombin :
XChimera (9) complex

Human o-thrombin (Prolytix) in 50% (vol/vol) glycerol/water
was prepared at 8.4 g L' in 20 mM HEPES pH 7.5, 125 mM
NacCl by ultrafiltration using a 2 kDa cutoff centrifugal device
(Sartorius). A 4.5-fold molar excess of the inhibitor in the same
buffer was mixed with the protease and incubated on ice for 45
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minutes. The resulting complex at 6.6 g L™ was screened with
different commercial crystallisation kits at 20 °C using the
vapor diffusion sitting-drop method and an Oryx4 LCP crystal-
lisation robot (Douglas Instruments). Single crystals belonging
to the H32 space group were obtained after 5-7 days from drops
consisting of equal volumes (0.5 pL) of protein complex and
precipitant solution (0.2 M lithium citrate tribasic tetrahydrate
and 20% (wt/vol) PEG 3350) equilibrated against 100 uL of
reservoir solution.

Data collection and processing

Prior to data collection, the crystals were cryoprotected by brief
immersion in mother liquor supplemented with increasing
concentrations [5, 10 and 15% (vol/vol)] of glycerol and flash-
cooled in liquid nitrogen. X-ray diffraction data were collected
from a single cooled (100 K) crystal (3600 images in 0.1° oscil-
lation steps and 0.05 s exposure), recorded on a PILATUS3 X 6M
(DECTRIS) detector using a wavelength of 0.9793 A at beamline
BL13-XALOC* of the ALBA Synchrotron (Cerdanyola del Valles,
Spain). Data were integrated with XDS*” and reduced with util-
ities from the CCP4 program suite.*® Data collection statistics
are summarised in Table S2. The diffraction dataset (doi:
https://doi.org/10.15785/SBGRID/1078) was deposited with the
SBGrid Data Bank (https://data.sbgrid.org/).*

Structure determination and refinement

The structure of the complex was solved by molecular replace-
ment with Phaser® using the coordinates of free wild-type
human o-thrombin (PDB entry 3U69).*' Alternating cycles of
model building with Coot> and refinement with the PHENIX
suite®® were performed until model completion (refinement
statistics are summarised in Table S2). All crystallographic soft-
ware was supported by SBGrid.>* Refined coordinates and
structure factors were deposited at the Protein Data Bank with
accession number 8RTN (https://doi.org/10.2210/pdb8RTN/pdb).

aPTT assay

Anticoagulants were characterised in vitro using the activated
Partial Thromboplastin time (aPTT).”® Measurements using
human plasma were performed on a BFT II Analyzer (Siemens
Healthineers) according to the manufacturer's instructions, as
we have described previously.”> Where plasma volumes were
limited (ex vivo mouse plasma samples), aPTT was assessed in
Nunc 384-well polystyrene plates (Cat. No. Z723010, Sigma-
Aldrich) via changes in plasma opacity at 405 nm using a Clar-
i0oSTAR plate reader (BMG Labtech) fitted with dual injectors
heated to 37 °C. Analysis was performed using BMG Labtech
analysis software (MARS). Dade Actin™ FS Activated PTT
Reagent (Cat. No. 10445710) and calcium chloride 0.025 M
solution (Cat. No. 10446232) were both sourced from Siemens
Healthcare, Australia. Lyophilised pooled human reference
plasma (Pooled Norm, Cat. No. 00539) was purchased from
Diagnostica Stago, Australia and New Zealand. Pooled human
plasma was reconstituted as per manufacturer's instructions.
Pooled platelet-poor plasma was pooled from 3-5 C57BL/6
mice, following collection into 3.8% (wt/vol) sodium citrate.

18670 | Chem. Sci,, 2025, 16, 18660-18672
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Calibrated automated thrombinoscope (CAT)

Thrombin generation was measured using a Hemker Calibrated
Automated Thrombinoscope (Diagnostica Stago) using
a Fluoroskan Ascent® plate reader (Thermo Scientific, MA,
United States), according to manufacturer's instructions (Di-
agnostica Stago — previously “Thrombinoscope BV”, Maastricht,
The Netherlands).*®** Normal lyophilised human pooled
plasma (Pool Norm #00539, Diagnostica Stago S.A.S., Asniéres-
sur-Seine, France) was reconstituted and incubated for 30 min
at 37 °C. Vehicle and various inhibitor concentrations were
incubated in plasma post 30 min incubation. All experiments
were conducted in triplicate in 96-well microplates for
fluorescence-based assays (M33089, Thermo Scientific, MA,
United States) and calibrated using untreated plasma and
a thrombin calibrator (#86192, Diagnostica Stago S.A.S.,
Asniéres-sur-Seine, France).

Plasma stability assay

The peptides (10 mM stock in DMSO) were added to citrated
human plasma (Sigma-Aldrich) to a concentration of 200 uM.
The peptides were incubated at 37 °C for 24 h before being
quenched with three volumes of 1:1 (vol/vol) MeOH : MeCN.
The samples were centrifuged at 13 500 rpm for 5 min before
removing an aliquot of the supernatant (20 pL) that was diluted
with water (20 puL) and analysed by reversed-phase UPLC-MS.

Thrombin cleavage assay

To detect enzymatic cleavage by a-thrombin, XChimera (25 uM)
was incubated for 4 h with human a-thrombin (1 pM, Prolytix
ref. HCT-0020) in 25 mM Tris-HCIl pH 8.0, 150 mM NacCl at
37 °C. The reaction was quenched by the addition of 0.1% (vol/
vol) formic acid in H,O. A Waters Alliance 2690 HPLC system
operating with a 2998 PDA detector (A = 210-400 nm), an Alli-
ance series column heater at 40 °C, and a Waters XBridge C18
column (5 pm, 4.6 x 250 mm) were used to acquire analytical
HPLC chromatograms of XChimera prior to the addition of
thrombin (¢t = 0), and XChimera and its cleavage products
following incubation (¢ = 4 h). Analytical HPLC was performed
at a flow rate of 1 mL min~" using mobile phases consisting of
0.1% (vol/vol) TFA in H,O (Solvent A) and 0.1% (vol/vol) TFA in
MeCN (Solvent B) over a linear gradient of 1-60% B over 30 min.
The extent of cleavage was calculated based on the relative
integrals of the parent peptide and its cleavage products, as
determined by analytical HPLC (A = 214 nm).

Platelet aggregation studies

Washed platelets, prepared as described previously,” were
stimulated with o- or y-thrombin (0.5 and 20 nM, respectively),
in the presence of calcium (1 mM) and fibrinogen (500 pg
mL~"). All aggregations were initiated by stirring platelet
suspensions at 800 rpm for 10 min at 37 °C in a four-channel
automated platelet analyser (AggRAM, Helena Laboratories).
The extent of platelet aggregation was defined as the percentage
(%) change in optical density as measured by the automated
platelet analyser and expressed as % maximal aggregation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Anaesthesia and surgical setup

Unless otherwise indicated, all mouse experiments were per-
formed under similar conditions. Mice were anaesthetised with
5% (vol/vol) isoflurane for initial induction (3-5 min in induc-
tion chamber) and then maintained with 2-3% (vol/vol) iso-
flurane, with constant 1 L min ' oxygen supplementation.
Anaesthesia was confirmed with a negative pedal reflex before
surgery and checked regularly during all procedures. In other
experiments indicated, mice were anaesthetised with a mixture
of ketamine (125 mg kg™ ') and xylazine (12.5 mg kg '), injected
intraperitoneally. Mice were temperature maintained at 37 °C
using a rectal temperature probe, with a veterinary-grade heat
mat and an overhead infrared heat lamp.

Drug delivery was achieved intravenously, through the
jugular vein. A small opening was made in the jugular vein to
allow for insertion of a catheter made of silicone tubing. This
catheter was connected to a 1 mL syringe containing the
inhibitor of interest for delivery at the appropriate concentra-
tion. This syringe was connected to an infusion pump which
delivered a 50 pL bolus, with or without subsequent infusion, at
a constant defined rate.

Mouse plasma collection

Mouse plasma was collected from adult C57BL/6 mice for in
vitro aPTT experiments. Mice were anaesthetised as above, and
whole blood collected from the inferior vena cava using a 29 G
needle into a syringe containing 3.8% (wt/vol) sodium citrate.
Blood samples were centrifuged at 5000 rpm for 15 min at 4 °C
to retrieve platelet-poor plasma. Plasma samples were then
stored at —30 °C until use in in vitro aPTT assays. Plasma was
kept frozen no longer than 3 months.

Needle injury model

Recombinant hirudin (160000 ATU, Lot No. FB1756) was
purchased from Hyphen-Biomed (France) and prepared in 1 mL
distilled water at a concentration of 17.75 mg mL™ . Synthetic
XChimera (9) was prepared in 1x Tyrodes buffer (pH 7.4) at
a concentration of 5 mg mL'. Ketamine (150 mg kg ') and
xylazine (15 mg kg~ ')-anesthetised, oxygen-supplemented C57BL/
6] male mice (15-25 g) were subjected to an intravital needle-
injury model, as previously described.*® Prior to vessel injury,
a bolus of either 1 mg per kg hirudin or 0.5 mg per kg XChimera
was systemically administered. Simultaneously, intravenous
administration of DyLight 649-conjugated anti-GPIbB antibody
(X649 Emfret, Germany, 100 ug kg ™) and Alexa 546-conjugated
anti-fibrin antibody (0.5 mg kg™ ') was carried out to monitor
thrombus formation and fibrin generation, respectively.
Following each injury, platelet thrombus formation and
fibrin generation were monitored over a 15 min period using
a confocal intravital microscopy platform (Nikon A1R-si;
objective: Apo LWD, x40 magnification, 1.15 numerical aper-
ture, water immersion; sequential excitation: 488, 561, and
638 nm lasers; emission: 525/50, 595/50, and 700/75 nm filters;
using NIS-Elements Advanced Research acquisition software).
The microscope stage and objective were maintained at 37 °C
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throughout the experiment via a Peltier heater (OkoLab).
Surface renders of confocal stacks representing thrombi from
separate groups were generated using Imaris (Ver. 9.8 Bitplane
AG, Zurich, Switzerland).

Quantitative analysis of thrombus volume over time: NIS-
Elements software (Nikon, Japan) was used to apply
a threshold to the DyLight 649-conjugated anti-mouse GP1bf
antibody signal for each xyz stack in a time series and was used
to calculate the volume for each time point.

Quantitation of change in fibrin amount over time: the
signal obtained from DyLight 649-conjugated anti-mouse
GP1bp antibody for each xyz stack in a time series was thresh-
olded to create a mask. The total signal (AU) from the Alexa
Fluor 546-conjugated anti-fibrin antibody within this mask (i.e.,
the fibrin signal within the thrombus) for each time point was
then quantified using NIS-Elements software (Nikon, Japan).

Statistical analysis: statistical significance between multiple
treatment groups was analysed using an ordinary 2-way analysis
of variance (ANOVA) with Tukey's multiple comparisons testing,
with a single pooled variance (Prism 10.2, GraphPad Software,
San Diego, CA). Data are presented as means + SEM where ‘n’
equals the number of independent experiments performed.
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