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Abstract

Background: Ticks puncture the skin of their hosts and secrete saliva, containing
antiplatelet proteins, into the blood. Here, we studied disagregin, a potent platelet-in-
hibiting protein derived from the salivary glands of Ornithodoros moubata, an African
soft tick. Whereas conventional allbp3 antagonists contain an Arg-Gly-Asp (RGD)
sequence for platelet integrin binding, disagregin contains an Arg-Glu-Asp (RED) se-
quence, hypothesizing a different mode of inhibitory action.

Objectives: We aimed to compare the inhibitory effects of disagregin and its RGD
variant (RGD-disagregin) on platelet activation and to unravel the molecular basis of
disagregin-allbp3 integrin interactions.

Methods: Disagregin and RGD-disagregin were synthesized by tert-butyloxycar-
bonyl -based solid-phase peptide synthesis. Effects of both disagregins on platelet
aggregation were assessed by light transmission aggregometry in human platelet-rich
plasma. Whole-blood thrombus formation was investigated by perfusing blood over
collagen | with and without tissue factor at a high wall-shear rate (1000 s in the
presence of disagregin, RGD-disagregin, or eptifibatide.

Results: Disagregin showed inhibition of collagen- and ADP-induced platelet aggrega-
tion with half maximal inhibitory concentration values of 64 and 99 nM, respectively.
This resembled the complete antiaggregatory effect of eptifibatide. Multiparameter
assessment of thrombus formation showed highly suppressed platelet adhesion and
aggregate formation with both disagregins, in contrast to eptifibatide treatment,
which incompletely blocked aggregation under flow. Fibrin formation under flow was
delayed by both disagregin and RGD-disagregin (P < .01) and eptifibatide (P < .05).
Conclusions: Both allbf3-blocking disagregins have a strong potential to suppress
collagen-tissue factor-mediated platelet adhesion, thrombus formation, and fibrin

formation. Both disagregins can be seen as potential new allbf3 inhibitors.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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Essentials

e Tick saliva contains antiplatelet and anticoagulant proteins.

e Tick disagregin was chemically synthesized and tested using whole-blood thrombus formation.

o Disagregin caused suppressed platelet adhesion and aggregate formation.

o Fibrin formation under flow is delayed by the addition of disagregin and RGD-disagregin.

1 | INTRODUCTION

Ticks are hematophagous parasites that collect blood by punctur-
ing the skin of their hosts. This vascular puncturing leads to blood
exposure to vascular collagens, which induces primary hemostasis
by platelet adhesion and aggregation to produce a platelet plug or
thrombus, initially arresting the bleeding.! Interaction of integrin re-
ceptor allbf3 with fibrinogen accomplishes the formation of platelet
aggregates and thrombi. In addition, vascular puncturing also leads
to blood contact with subendothelial tissue factor (TF), initiating
secondary hemostasis, which via the extrinsic coagulation pathway
triggers thrombin generation and fibrin clot formation to stabilize
the platelet plug.1 To suppress primary and secondary hemostatic
pathways of their hosts to enable continuation of feeding, ticks se-
crete saliva that contains a rich mixture of antiplatelet and antico-
agulant proteins.?

Ticks of the Argasidae family are so-called soft ticks equipped
with a soft, leathery shield. A prominent member of this family,
Ornithodoros moubata, produces the protein disagregin in its salivary
glands.3 This 6.9 kDa protein acts as an antihemostatic agent by
binding to the allbf3 integrin on platelets and preventing platelet ag-
gregation.® Upon activation (inside-out signaling), integrin allbp3 is
known to change from a closed to an open conformation, making its
binding sites for fibrinogen accessible. Disagregin belongs to the dis-
integrins, which are nonenzymatic, 6-10 kDa, cysteine-rich proteins,
originally described in viper venom.* Disintegrins generally expose
an Arg-Gly-Asp (RGD) or Lys-Gly-Asp (KGD) sequence, allowing
specific binding to the activated integrins, thereby inhibiting bind-
ing of fibrinogen to activated platelets.®> Interestingly, disagregin
lacks an RGD sequence but instead contains an Arg-Glu-Asp (RED)
sequence, suggesting a different mode of action. One of the clini-
cally approved allbf3 inhibitors is eptifibatide, a cyclic heptapeptide
found in snake venom.'® It contains a KGD sequence in which the
lysine is modified into a homo-arginine that increases specificity for
the receptor.t

In this study, we investigated whether (i) a chemically synthesized
peptide, based on the tick-derived integrin antagonist disagregin,
interferes with platelet activation, and (ii) the action mechanism is
unique due to the absence of an RGD sequence. Therefore, both
native disagregin (referred to as disagregin) and an E15G variant (re-

ferred to as RGD-disagregin) were synthesized by solid-phase peptide

synthesis and native chemical ligation. Subsequently, we revealed
the effects of the synthesized proteins on human platelet adhesion,

aggregation, and ensuing fibrin formation.

2 | MATERIALS AND METHODS

Full methods are described in the supplemental information.

2.1 | Molecular docking and molecular dynamics
simulations

A homology model of disagregin was constructed by using the
SWISS-MODEL WebServer®” with bovine pancreatic trypsin inhibi-
tor (BPTI K15R/R17D variant) in complex with human mesotrypsin
serving as template (chain B of the PDB code 3P95). Molecular dock-
ing of disagregin and allbp3 was conducted by using the protein-pro-
tein docking module implemented in the HADDOCK WebServer.'®
As in our previous work,* the binding pose of disagregin with allbp3,
which gives the lowest binding free energy (indicating the most ther-
modynamically favorable conformation) was selected for further in-
vestigation of binding and interaction between different disagregin
variants (RED-, RGD-, [RAD], and AAA-disagregin) with the allbf3
integrin. Then, these complexes were subjected to molecular dy-
namics (MD) simulations for 20 ns by using standard parameters and
protocols as previously reported.’”?° The binding free energy (BFE)
between allbp3 and the different disagregin variants was computed
by applying the molecular mechanics/generalized Born surface area
(GB model = 5) method. MD simulations and BFE calculations were
performed by using the AMBER16 program, University of California,
San Francisco.

2.2 | Peptide synthesis

All peptide fragments were manually synthesized using tert-bu-
tyloxycarbonyl (Boc)-based solid-phase peptide synthesis on a
0.25-mmol scale on 4-(hydroxymethyl)phenylacetamidomethyl-
polystyrene resin, as described previously (Table S1; Figure 2A).2122

Instead of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
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hexafluorophosphate, 2-(6-chloro-1H-benzotriazol-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (Peptides International,
Louisville, KY, USA) was used as a coupling reagent. Sequences of
peptide fragments are shown in Table S1.

Peptide fragments were deprotected and cleaved by anhydrous
hydrogen fluoride (HF, GHC Gerling, Holz & Co, Handels GmbH,
Hamburg, Germany) treatment for 1 hour at 0°C using 4% p-cresol
as a scavenger. After HF cleavage, peptide products were precipi-
tated and washed with ice-cold diethylether, dissolved in aqueous
acetonitrile and lyophilized.?? Crude products were analyzed on a
Waters (Milford, MA, USA, and Etten-Leur, The Netherlands) ul-
tra-high-performance liquid chromatography-mass spectrometry
(UPLC-MS) XEVO-G2QToF system.

Native chemical ligation and oxidative folding was performed as
described previously (Figure 2B).22?* After completion of folding,
the proteins were purified by semipreparative high-performance lig-
uid chromatography (HPLC), analyzed by UPLC-MS, and lyophilized.

2.3 | Light transmission aggregometry

Platelet-rich plasma (PRP) was collected by centrifuging whole
blood at 240 g for 15 minutes. Platelet-poor plasma (PPP) was col-
lected by centrifuging whole blood for 10 minutes at 2200 g twice.
Platelet count in PRP was adjusted to 250 x 10°/L with autologous
PPP. Samples of PRP were preincubated with indicated concentra-
tions of disagregin, RGD-disagregin or eptifibatide for 2 minutes at
37°C. Platelets were then activated with P2Y, and P2Y,, receptor-
targeting Me-S-ADP (5 uM; SantaCruz Biotechnology, CA, USA)
or glycoprotein Vl-targeting collagen (1 pug/mL; Nycomed Pharma,
Munich, Germany). Optical density changes from citrated PRP were
measured under constant stirring by a Chronolog aggregometer
(Havertown, PA, USA) for 10 minutes at 37°C.%°

2.4 | Shear-induced platelet adhesion and thrombus
formation on a collagen-coated surface

Glass coverslips (24 x 60 mm, Thermo Fisher, Breda, The Netherlands)
were degreased with 2M HClin 50% ethanol and washed with dH,0.
The coverslips were then coated with a collagen | microspot (1 uL
each, 50 pg/mL; Takeda Austria GmbH, Austria).

Following earlier described procedures, coated coverslips were
mounted onto a transparent parallel-plate flow chamber (height,
50 pm; width, 3.0 mm; length, 30 mm; Maastricht flow chamber).?¢
Blood samples were preincubated with disagregin (1 uM or 100 nM),
RGD-disagregin (1 uM or 100 nM), or eptifibatide (1 uM) for 5 min-
utes before the experiment. The samples were then recalcified in
the presence of D-phenylalanyl-prolyl-arginyl chloromethyl ketone
(40 uM; PPACK; Calbiochem, Burlington, MA, USA) with 7.5 mM
CaCl, and 3.75 mM MgCl,. Blood was perfused through the micro-
fluidic chambers at a wall-shear rate of 1000 s™. After 3.5 minutes,

the thrombi were stained for platelet activation with a mixture of
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fluorescein isothiocyanate (FITC)-labeled fibrinogen monoclonal
antibody (mAb; 1:100, FO111; Dako, Santa Clara, CA, USA), AF647-
labeled anti-P-selectin mAb (1.25 ug/mL; BioLegend, San Diego, CA,
USA) and AF568-annexin A5 (0.25 pg/mL; Invitrogen by Thermo
Fisher, Breda, The Netherlands) during a 2-minute perfusion (all in
rinse buffer, containing 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) buffer pH 7.45 supplemented with 0.1% glucose,
0.1% bovine serum albumin, 2 mM CaCl, and 1 U/mL heparin). After
2 minutes of stasis, a perfusion with rinse buffer was started to re-
move unbound label. Subsequently, representative bright-field and
tricolor fluorescence images were taken. After the experiment, the
bright-field and fluorescence images were blindly analyzed for pa-
rameters using FlJI software.

2.5 | Collagen/TF-induced formation of platelet-
fibrin thrombi in flowed whole blood

Clean and degreased coverslips were coated with 2 microspots
(5 mm center-to-center distance; 1 uL of 50 ug/mL collagen-I). After
1 hour of incubation and a washing step with saline, the downstream
microspot was co-coated with TF (1 uL of 500 pM), similarly as de-
scribed elsewhere.?’” Before the experiment, citrated-anticoagulated
blood samples were preincubated with disagregin (100 nM, 1 uM),
RGD-disagregin (100 nM, 1 uM) or eptifibatide (1 uM) for 5 minutes.
Subsequently, the samples were supplemented with 3,3’-dihexylox-
acarbocyanine iodide (DiOC6; platelet membrane label, 0.5 pg/mL;
AnaSpec, Fremont, CA, USA), AF568-annexin A5 (staining phos-
phatidylserine [PS]-exposing platelets, 1:200; Invitrogen) and AF647
human fibrinogen (1:200, Molecular Probes by Thermo Fisher,
Breda, The Netherlands).

During the flow, the blood was continuously recalcified with a
coagulation mix consisting of 63 mM CaCl,, 32 mM MgCl, in modi-
fied HEPES buffer pH 7.45 via a y-shaped dual-inlet tube at a volume
ratio of 10:1, as described.?” Blood was perfused at a wall-shear rate
of 1000 s for 14 minutes. To evaluate the kinetics of thrombus and
fibrin formation, bright-field and fluorescent microscopic images
were taken, and bright-field images were taken from each microspot
at 2-minute intervals. One representative image per time point was
taken from both collagen | and collagen I/TF microspot to analyze
parameters. Images were blindly analyzed for the parameters in
Table S3.

2.6 | Quantitative image analysis

End point and time series of bright-field and fluorescence micro-
scopic images were analyzed using scripts written in the open-access
program FlJI, as described before.?® The following output param-
eters were used (Table S3): percentages of surface area coverage
of platelet deposition (P1), PS exposure (P2), and thrombus surface
area coverage (P3). Bright-field images were furthermore scored for

thrombus morphology (P4) as follows: O, no or few adhered platelets;
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FIGURE 1 Molecular docking and molecular dynamics (MD) simulation with disagregin and different variants (RGD-, RAD-, and AAA-
disagregin). For all figures, the same colors were used to display allb (blue), 3 (yellow), inhibitors (eptifibatide and disagregin variants in
green and magenta), and the key motif (magenta sticks). H-bonds are displayed in dashed lines. A, X-ray structure of allbp3 in complex with
eptifibatide (2VDN - re-refinement of allbf3 headpiece bound to eptifibatide). Eptifibatide interacts with residues from both the allb and 3
domain. B, Molecular docking of disagregin (green) with allbp3. The RED motif (magenta sticks) of disagregin binds to allbp3 in a similar way
as the homo-Arg-Gly-Asp motif of eptifibatide, and this RED motif of disagregin can interact with residues from both the allb and 3 domain.
C, The complex between disagregin and allbf3 after MD simulation (20 ns). The RED motif (magenta sticks) of disagregin still fits into the
binding pocket of allbp3 and still exhibits interactions (H-bonds or electrostatic interactions) with residues from both allb and 3 domain.

D, The complex between RGD-disagregin and allbf3 after MD simulation (20 ns). E, The complex between RAD-disagregin and allbp3 after
MD simulation (20 ns). F, The complex between AAA-disagregin and allbp3 after MD simulation (20 ns)

1, multiple single adhered platelets; 2, platelet monolayer; 3, small
aggregates; 4, medium-size aggregates; and 5, large aggregates.%"29
Thrombus multilayer (P5) and thrombus contraction (P6) were scored
from O to 3.28 The following fibrin parameters were used: fibrinogen
or fibrin deposition (P7), fibrin formation (P8) scored from O to 3.
Times to fibrin formation were measured in minutes and subtracted
(P9).

To compare all parameters between conditions, average values
were uniformly scaled over a range from O to 10 and heat maps were
generated, as appropriate. Using the scaled values, subtraction was
conducted to visualize the difference between control and treat-
ment. In heat maps with fibrin formation, times to first fibrin forma-

tion were subtracted from 14 minutes.?’

2.7 | Cell toxicity

Cell proliferation was measured in real time using the xCELLigence
System (ACEA Biosciences, San Diego, CA, USA). EA.hy926 cells
(15 000 cells per well) were seeded in a 96-xCELLigence-well plate.

After 24 hours, different compounds were added in the well and

proliferation was followed for 6 days (144 hours).

2.8 | Statistical analysis

Data are presented as medians + interquartile ranges. Statistical
significance between groups was determined using a Kruskal-
Wallis test with Dunn’s correction for multiple comparisons. Prism
8.0 (GraphPad Software, La Jolla, CA, USA) was used for statistical

analyses. A P value <.05 was considered as statistically significant.

3 | RESULTS

3.1 | Docking and molecular dynamics simulations of
different compounds with the allbf3 integrin

Molecular docking of disagregin into the binding pocket of allbp3
revealed that the binding mode of disagregin is quite similar to
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the co-crystallized structure of eptifibatide in complex with allbf3
(Protein Data Bank code 2VDN). The homo-Arg residue of epti-
fibatide interacted with Asp224 of the allb domain (Figure 1A),
whereas the Arg residue of the RED motif established H-bonds
with Tyr190 and Asp232 of the allb domain (Figure 1B). The Gly
and Asp residues of eptifibatide formed H-bonds mainly with resi-
dues from the 3 domain, that is, Tyr122, Ser123, Arg214, Asn215,
and Arg216 (Figure 1A). Similar interactions between the Glu
and Asp residues (RED motif) of disagregin were observed. The
Glu residue interacted with Arg214 and also with the side chain
of Tyrl66 of the p3 domain, and the Asp residue exhibited elec-
trostatic interactions with the Ca atom located in the p3 domain
(Figure 1B).

The derived docking complex of disagregin and allbf3 was
further subjected to MD simulations to investigate the stability of
disagregin at the binding pocket of allbp3. The last snapshot of the
MD simulations showed that the RED motif of disagregin stably re-
mained in the binding pocket of allbp3 (Figure 1C). Although the
side chain of the Arg residue of the RED motif was quite flexible,
resulting in losing H-bonds with Tyr190 and Asp232 of the allb do-
main, the electrostatic interactions between the side chain of the
Arg residue with these residues were still detected. Moreover, the
backbone atom of the Arg residue formed an additional H-bond with

the side chain of Asn215 of the 3 domain. The interactions between

the Glu and Asp residues with integrin allbp3 were conserved as in
the starting structure before running MD simulations. Mutation of
RED to RGD led to an increased flexibility of the RGD motif, which
allowed the Arg residues to form stable H-bonds with Tyr190 and
Asp232 of the allb domain (Figure 1D). Due to the lacking side chain,
the Gly residue could not establish H-bonds with Tyr166 and Arg214
of the 3 domain as found in the Glu residue (RED motif). However,
the backbone atoms of the Gly residue exhibited electrostatic in-
teractions with Asn215 and Ala218 of the p3 domain (Figure 1D).
The interaction between the Asp residue and the Ca atom was still
observed in the simulation with RGD-disagregin.

To prove the importance of RED/RGD motif of disagregin for
binding to allbp3, we also generated complexes between RAD-
and AAA-disagregin with allbp3. For RAD-disagregin (Figure 1E),
only interactions between the Arg residue and Tyr190 and
Asp232 of the allb domain were found, whereas the Ala residue
could not establish any interactions with any residues of allbf3.
The RAD motif was quite flexible during the simulation, resulting
in losing the interactions between the Asp residue and the Ca
atom. In the case of AAA-disagregin, the derived results demon-
strated that the AAA motif cannot form any interactions with
allbp3 (Figure 1F).

The BFEs of these disagregin variants (RED-, RGD-, RAD, and

AAA-disagregin) with allbp3 are in agreement with experimental
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results and point out the essential roles of RED/RGD motif for
binding to «llbp3 (Table S2). The BFE value of RGD-disagregin
(=21 kcal/mol) was slightly lower than disagregin (-15 kcal/mol),
which supported the experiments showing that RGD-disagregin
exhibited a slightly better inhibitory activity than disagregin. A
dramatically significant reduction of BFE values of RAD- and
AAA-disagregin with allbf3 (-8 and 8 kcal/mol for RAD- and AAA-
disagregin, respectively) indicated the importance of the RED/RGD
sequence for binding with allbp3. Especially, the positive BFE value
of AAA-disagregin with allbp3 implied an unfavorable binding of
this variant with allbp3.

3.2 | Peptide synthesis

Disagregin and RGD-disagregin were successfully synthesized
with Boc-based solid-phase peptide synthesis and native chemi-
cal ligation (Figure 2A, B). Due to oxidative folding problems with
other variants, we chose to continue experiments with disagregin
and RGD-disagegin. Purity was verified by HPLC analysis and mass
spectrometry (Figure 2C). HPLC chromatograms demonstrated a
single UV absorbance peak for both proteins (Figure S1). The meas-
ured monoisotopic mass of disagregin (6951.1) and RGD-disagregin
(6879.4) corresponded well with their calculated monoisotopic
masses, 6950.9 Da and 6878.9 Da, respectively (Figure S2). The pre-
dicted structure of disagregin is shown in Figure 2D.
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3.3 | Inhibition of platelet aggregation by disagregins

To probe the ability of the synthesized disagregin and RGD-
disagregin to abrogate allbp3-dependent platelet aggregation, light
transmission aggregometry was performed using PRP. After preincu-
bation with different concentrations of disagregin, RGD-disagregin
or eptifibatide, the platelets were activated with intermediate doses
of agonists. Eptifibatide was used as a control. In response to ADP or
collagen, disagregin inhibited aggregation with half maximal inhibi-
tory concentration (IC.,) values of 99 nM and 64 nM, respectively
(Figure 3A, B). For further comparison of the disagregins, two rel-
evant concentrations were chosen: 100 nM (~IC,) and 1 uM (~10x
IC5). At the higher concentration of 1 uM, disagregin was strongly
effective in both ADP (P < .01) and collagen-activated aggregation
(P < .05), comparable to eptifibatide (Figure 3C, D). At this concen-
tration, RGD-disagregin inhibited aggregation with ADP (P < .05)
and collagen (P < .01). The lower dose of RGD-disagregin (P < .01),
but not of disagregin, significantly reduced platelet aggregation with
collagen (Figure 3D).

3.4 | Assessment of whole-blood platelet
aggregation and thrombus formation under flow

To further investigate the observed antiaggregatory effect of disa-
gregin, a multiparameter assay of collagen-dependent thrombus
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FIGURE 3 Suppression by disagregin, RGD-disagregin, and eptifibatide of agonist-induced platelet aggregation. Human platelet-

rich plasma was preincubated with indicated concentrations of disagregin, RGD-disagregin or eptifibatide for 2 minutes, after which
platelet aggregation was measured with 5 pM ADP or 1 pg/mL collagen. A, Effect of disagregin on ADP-induced platelet aggregation.
Calculated half maximal inhibitory concentration (IC. ) for disagregin 99 nM (n = 10). B, Effect of disagregin on collagen-induced platelet
aggregation. Calculated IC, for disagregin 64 nM (n = 10). C, D, Quantified maximal platelet aggregation (% light transmission change) with
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formation in whole blood under arterial flow conditions was per-
formed.2 This test has previously been shown to detect the ab-
sence of flow-dependent platelet aggregation in patients with
Glanzmann thrombasthenia, lacking integrin (X”bﬁ3,28 or with
leukocyte adhesion deficiency Il syndrome, defective allbp3 ac-
tivation.?? For this assay, citrate-anticoagulated blood was pre-
incubated with disagregin, RGD-disagregin or eptifibatide, and
subsequently recalcified in the presence of PPACK and flowed at a
high shear rate (1000 s1) over collagen I microspots. After 3.5 min-
utes of flow, bright-field and fluorescence microscopic images

were collected to measure P-selectin expression (AF647-labeled
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anti-P-selectin mAb), platelet procoagulant activity (AF568-
annexin A5) and activated integrins by fibrinogen binding (FITC-
labeled fibrinogen mAb). Representative stills after 3.5 minutes
are shown in Figure 4A. In control condition, medium aggregates
were formed of contracted platelets, exposing P-selectin as well
as PS, with activated integrins. In the presence of 1-uM disagregin
or RGD-disagregin, the formation of multilayered thrombi and
contracted thrombi was strongly suppressed (P < .05), resulting
in single platelets adhesion. In contrast, the low concentration of
both disagregins and 1 uM eptifibatide still showed the presence
of multilayered and contracted thrombi (Figure 4A, B, C). Both PS
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FIGURE 4 Effect of (RGD-)disagregin on microspot-induced whole-blood thrombus formation. Citrated blood was preincubated with
disagregin or RGD-disagregin, recalcified with D-phenylalanyl-prolyl-arginyl chloromethyl ketone (PPACK), and then flowed through a
microfluidic chamber at wall-shear rate of 1000 s™*. After 3.5 minutes, thrombi were stained with AF647-labeled anti-P-selectin monoclonal
antibody (mAb), AF568-annexin A5, and fluorescein isothiocyanate-labeled fibrinogen mAb. Eptifibatide was used as a reference

integrin agonist. A, Representative bright-field and fluorescence microscopic images from collagen | microspots after 3.5 minutes of flow.
Bars = 20 pm. Note dose-dependent reduction of platelet adhesion, platelet aggregation, P-selectin, phosphatidylserine exposure, and
integrin activation (measured by fibrinogen binding) with indicated inhibitors. B, Decreased morphological score with various integrin
inhibitors. C, Decreased contraction score with various integrin inhibitors. D, Decreased integrin activation with various integrin inhibitors.
Data are presented as medians =+ interquartile ranges. *P < .05



238 p . VAN DEN KERKHOF ET AL.

esearch & practice
in thrombosis & haemostasis

(A) Control Disagregin 100 nM Disagregin 1puM RGD-disagregin 100 nM RGD-disagregin 1 pM Eptifibatide 1 yM

AF568-Annexin-A5 DiOCs Brightfield

AF647-fibrinogen

(B) *
20 - o

- *ok

()

S

3 15—

c

: - T

£ 10 - T

2

3 e =

o 5=

E

-

0 J 1 J 1
Control100 nM 1M 100nM 1pM 1 pM
Disagregin RGD-  Eptifibatide
disagregin

FIGURE 5 Similar impairments in platelet-fibrin thrombus formation by disagregin and RGD-disagregin. Citrated blood was prelabeled
with 3,3'-dihexyloxacarbocyanine iodide, AF568-annexin A5, and AF647 human fibrinogen. Samples were preincubated with disagregin

or RGD-disagregin, recalcified with CaCl, and MgCl,, and then flowed through a microfluidic chamber at a wall-shear rate of 1000 st
Eptifibatide was used as a reference integrin agonist. A, Representative bright-field and fluorescence microscopic images from collagen 1/
tissue factor microspots after 10 minutes of flow. Bars = 20 um. Note dose-dependent reduction of platelet adhesion, absence of platelet
aggregation, and delay of fibrin formation with indicated inhibitors. B, Delayed time to first fibrin formation under flow with various integrin
inhibitors. Data are presented as medians + interquartile ranges. *P < .05, **P < .01

exposure and P-selectin expression were partially decreased in integrin activation (P < .05) (Figure 4D). Table S4 shows the signifi-
all conditions compared to control; however, it has not reached cant decrease in morphological score, multilayer score, contrac-
significance (Figure 4A). In the presence of disagregin (1 uM), fi- tion score, and integrin activation by the addition of disagregin

brinogen binding was no longer observed, indicative of abolished and RGD-disagregin (Table S4).
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3.5 | Time-dependent assessment of platelet-fibrin
thrombus formation under flow

Subsequently, we established how the disagregins affected flow-
dependent thrombus formation in the presence of coagulation
triggered by TF, that is, when thrombin and fibrin are generated.
Therefore, a previously validated multiparameter test was used, in
which whole blood is perfused at a high shear rate over collagen |
and collagen I/TF microspots. Series of microscopic images were
collected in real time to measure platelet deposition (DiOC6 label),
platelet procoagulant activation (AF568-annexin A5) and fibrin
formation (AF647-fibrinogen label, with threshold setting above fi-
brinogen fluorescence).?” In the control samples, at the 10-minute
time point, large aggregates were formed of contracted platelets,
showing massive PS exposure and fibrin formation (Figure 5A). In
the presence of 1 uM disagregin, only single platelets adhered, which
did neither aggregate nor displayed PS exposure or fibrin formation
(3.3% PS exposure for control and 0.5% for 1 uM disagregin) and
fibrin formation (31% for control compared to 1% in the presence of
1 uM disagregin). The lower concentration of 100 nM disagregin par-
tially suppressed platelet aggregate and fibrin formation, while PS
exposure was still abolished. Overall, the addition of 1 uM or 100 nM

(A) OpMTF

(B) 500 pM TF
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RGD-disagregin resulted in similar effects compared to disagregin at
the same concentrations. Remarkably, the addition of 1 uM eptifi-
batide showed less inhibition in suppressing PS exposure and fibrin
formation than disagregin at the same dose (not significant). This was
also observed by measurement of the times to first fibrin formation.
Whereas 1 uM disagregin or RGD-disagregin delayed time to fibrin
from 5 to 12-13 minutes (P < .01), 1 uM eptifibatide only partially
delayed to 10 minutes (Figure 5B).

To quantitatively compare the effects of integrin inhibitors on
all scaled parameters over time (Table S3), subtraction heat maps
were constructed for the spots containing collagen | and collagen
I/TF (Figure 6A, B). As before, we distinguished between platelet
adhesion parameters (P1-2), thrombus parameters (P3-6), and fi-
brin parameters (P7-9).2” Remarkably, the lower dose of 100 nM
disagregins only moderately reduced and delayed all parameters,
with RGD-disagregin being slightly more effective than disagregin.
On the other hand, the higher dose of 1 uM disagregin or RGD-
disagregin effectively suppressed all thrombus (and platelet ag-
gregation) parameters, and inhibited fibrin formation on the TF
microspots. Eptifibatide at 1 uM showed a similar inhibitory pat-
tern but overall was less effective. Note that on collagen | only

microspots, the amounts of fibrin formed were already low in

Effect

Control

Disagregin 100 nM

Disagregin 1 uM

Disagregin RGD 100 nM

Disagregin RGD 1 uM

Eptifibatide 1 uM

P1 P2 P3 P4 PS5 P6 P7 P8 P9 P1 P2 P3 P4 P8 P6 P? P8 P9
Platelet Thrombus parameters Fibrin Platelet Thrombus parameters Fibrin
parameters parameters parameters parameters

FIGURE 6 Time-dependent sustained effects of platelet-aggregation inhibitors on platelet, thrombus, and fibrin parameters under
coagulating conditions. Citrated blood was preincubated with indicated concentrations of disagregin, RGD-disagregin, or eptifibatide. Blood
perfusion was performed under continuous recalcification over collagen | microspots with or without tissue factor (TF) at a shear rate of
1000 s*. Data of thrombus parameters (P1-9) were obtained from real-time microscopic images taken at 2, 4, 6, 8, 10, 12, 14 minutes (t
arrows). For coding, see Table S3. Mean values were univariate scaled per parameter (scale 0-10). Data of P1-9 without addition (control)
were set at O for reference. A, Subtraction heat map after scaling representing effects of inhibitors on thrombus and fibrin formation
without TF. B, Subtraction heat map after scaling representing effects of inhibitors on thrombus and fibrin formation with TF. Color scale
from green to black to red: light green represents lower than control, black represents same as control. Time to fibrin formation (P9)

subtracted. Data are means of n = 5 blood samples
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the absence of inhibitors. Taken together, these results indicated
that RGD-disagregin is similarly active as disagregin in abrogating
platelet adhesion, aggregation, and fibrin formation under flow

conditions.

3.6 | Cell proliferation with the addition of
different compounds

Cell proliferation studies were performed to determine if the disa-
gregins have toxic effects on endothelial cells (EA.hy926) (Figure S3).
In this cell line used, the disagregins did not show obvious toxic ef-
fects, in that proliferation of cells was maintained by the addition of
disagregin, RGD-disagregin, or eptifibatide.

4 | DISCUSSION

In this study, the inhibitory effects of disagregin and RGD-disagregin
were investigated by light transmission aggregometry and whole-
blood thrombus formation under flow conditions. We confirmed
that disagregin and RGD-disagregin inhibited platelet aggregation
stimulated by ADP or collagen. While our reported light transmis-
sion aggregometry IC., value for disagregin was similar to a previous
study, we used chemically synthesized peptides instead of salivary
gland extracts from ticks, confirming that chemically synthesized
disagregin inhibits equally well as tick disagregin, indicating that the
functional influence of posttranslational modifications of both pro-
teins on platelet aggregation is minimal.®

In this article, we have taken advantage of chemically synthesized
peptides enabling rapid production on a large scale and incorpora-
tion or deletion of amino acids in a site-specific way to investigate
antiplatelet activities. This ability will open the door to future pre-
clinical studies.®° Since the antibody abciximab and eptifibatide are
at limited use for kidney failure patients, a synthesized small peptide
offers a clear advantage for a targeted and antidote-sensitive way to
(temporarily) suppress platelet function after administration of the
drug.®?

Various integrin antagonists expose an RGD sequence for spe-
cific binding to these activated receptors. RAD-containing com-
pounds are often used as control, which do not bind to activated
integrins.®? In this article, there is no difference in antiplatelet ef-
fects between disagregin and RGD-disagregin. Disagregin has a neg-
atively charged side chain (glutamate), and RGD-disagregin does not
have a side chain (glycine). Remarkably, a bulky acid group does not
influence the antiplatelet effects. Although disintegrins bind to the
allbp3 and other integrin receptors via their exposed RGD sequence,
the presence of this tripeptide sequence is not a prerequisite for the
antagonistic integrin activity. Disintegrins containing similar to RGD
sequences, such as hRGD, KGD, or RED, to bind integrins have been
described, but barbourin is one of the few natural proteins that se-
lectively binds the allbp3 receptor and does not have an RGD-like

sequence.33'34

Our in silico molecular docking and molecular dynamics simula-
tions revealed that disagregin binds to allbf3 in a similar way as epti-
fibatide. The RED/RGD sequence of disagregin and RGD-disagregin,
respectively, interacts with residues from both the allb and 3 do-
main and also with the Ca atom. Mutation of RED/RGD-disagregin to
RAD- or AAA-disagregin resulted in losing interactions and conse-
quently significantly reduced BFE with allbp3. Taken together, these
results demonstrated that the RED/RGD sequence is the key motif
for interacting with allbp3 and thus responsible for the antiplatelet
function of disagregin.

Multiparameter assessment of whole-blood thrombus formation
on collagen | surfaces indicated less platelet adhesion by the addi-
tion of the inhibitors and no aggregate formation in the presence of
disagregin or RGD-disagregin. A previous study by van Geffen et al?®
showed a comparable result when testing blood of patients with
Glanzmann thrombasthenia, showing single-platelet adhesion and
platelet monolayer. Ex vivo whole-blood thrombus formation was
also tested in mouse blood, showing similar results (data not shown).

Disagregin and RGD-disagregin showed more inhibition com-
pared to eptifibatide in our experiments in vitro. Harder et al®®
showed LTA IC, values ranging from 132 to 264 nM for eptifibatide.
However, in our hands, it appeared that high concentrations of
eptifibatide did not delay the time to fibrin formation as potently
as the disagregins. Importantly, if disagregin would inhibit platelet
adhesion, aggregation, and fibrin formation in vivo as well, a lower
dose of disagregin could be administered compared to eptifibatide in
preclinical studies.

Cell proliferation studies pointed to the absence of strong toxic
effects (Figure S3). However, more toxicity research in other cell
lines is necessary to conclude that in vivo studies can be performed
without expected toxicity.

Research is necessary to further modify the reversible binding
ability of disagregin to the allbp3 integrin receptor and to design the
best selective protein sequence for a dose-controllable antagonist.

A limitation of this study might be the use of labeled fibrinogen
to detect fibrin in our experiments. However, we decreased the
contribution of fibrinogen to the fibrin signal by threshold settings
and bright-field images were used to confirm fluorescent fibers.3¢%”
With labeled fibrinogen we prevent the underestimation of fibrin
because of poor permeation of an antibody in the thrombus.%®

Taken together, we conclude that disagregin and RGD-disagregin
are potential allbf3 integrin inhibitors by inhibiting platelet adhe-
sion, aggregation, and fibrin formation.
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