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ABSTRACT: The GPVI platelet receptor was recently validated as a safe antiplatelet target for the treatment of thrombosis using
several peptidic modulators. In contrast, few weakly potent small-molecule GPVI antagonists have been reported. Those that have
been published often lack evidence for target engagement, and their biological efficacy cannot be compared because of the natural
donor variability associated with the assays implemented. Herein, we present the first side-by-side assessment of the reported GPVI
small-molecule modulators. We have characterized their functional activities on platelet activation and aggregation using flow
cytometry as well as light transmission and electrical impedance aggregometry. We also utilized microscale thermophoresis (MST)
and saturation transfer difference (STD) NMR to validate GPVI binding and have used this along with molecular modeling to
suggest potential binding interactions. We conclude that of the compounds examined, losartan and compound 5 are currently the
most viable GPVI modulators.
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Aberrant thrombus formation is the underlying cause of
diseases such as deep vein thrombosis (DVT), stroke, and

myocardial infarction (MI), with an MI occurring every 5 min
in the UK, and every 39 s in the US.1,2 Despite the
development of numerous antiplatelet and anticoagulant
therapeutics, a safe and effective treatment for thrombosis
remains elusive. Even the newer direct oral anticoagulants
(DOACs), such as apixaban, rivaroxaban, and dabigatran,
remain plagued by undesirable bleeding side effects and require
the use of a reversal agent to prevent hemorraging.3−5

GPVI (glycoprotein VI) is a platelet receptor that adheres to
exposed subendothelial collagen upon atherosclerotic plaque
rupture, tethering platelets to the site of vascular injury. This
subsequently leads to platelet activation and aggregation to
form a stable vascular plug.6 There are numerous examples of
epidemiological studies and preclinical experiments with
genetic or peptide-induced GPVI deficient murine models
validating GPVI as a safe and effective antiplatelet target.7−13

Moreover, two peptidic treatments: the soluble dimeric GPVI-
Fc (fragment crystallizable) fusion protein Revacept, and the
humanized antibody fragment against GPVI ACT017 (also
known as Glenzocimab) have both successfully completed

phase I clinical trials without reports of bleeding side
effects.14−16 Notably, phase II clinical trials with Glenzocimab
for patients with ischemic stroke (NCT03803007) are
underway.17 Similarly, a phase II trial with Revacept for
patients with coronary artery disease undergoing percutaneous
coronary in te rven t ion was recen t l y comple ted
(NCT03312855).18 Importantly, preliminary results from a
phase II clinical trial with Revacept for patients with
symptomatic carotid artery stenosis, transient ischemic attacks,
and stroke (NCT01645306) also showed no increase in
bleeding complications.19 Despite this promising evidence
validating GPVI as a safer antiplatelet target, relatively few
direct GPVI small molecules have been reported (Table 1).20
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Honokiol and Glaucocalyxin A (GLA) are both natural
products isolated from the bark of Magnolia officinalis and the
perennial herb Rabdosia japonica, respectively.21,22 Losartan
and cinanserin are repurposed medicines originally used for the
treatment of hypertension and atypical pneumonia, respec-
tively.23 Compound 5 is a novel inhibitor based on a
tetrahydroisoindole scaffold.25 The activity of the known
modulators in Table 1 has been separately quantified in the
literature by the authors using analogous collagen-induced light
transmission (LT) aggregometry assays. By directly comparing
these values, most compounds are weakly potent against GPVI,
with GLA being the most active. However, GLA’s activity was
only measured at three concentrations, so the IC50 value was
defined by extrapolation.22 Notably, the LT assay, and likewise
any assay that uses human platelet samples, is subject to donor
variation issues because the expression levels of GPVI on
platelets varies greatly (typically 3000−4000 copies per human
platelet).26 As such, it is not appropriate to directly compare
the published literature values. Ideally, the compounds are
tested under the same conditions with the same donor,
although this can be challenging to achieve with the limited
throughput nature of the functional assays employed. In
addition, despite being described as GPVI modulators, often
their binding to GPVI is insufficiently characterized. The
compounds all reduce platelet aggregation induced by the
GPVI specific agonists CRP-XL and/or convulxin suggesting
that they are likely to be interacting at GPVI.20 However, only
honokiol and losartan have evidence of directly interacting
with the GPVI dimer (Table 1).21,24

It has been suggested that caffeic acid phenethyl ester
(CAPE) and S007-867 could also be GPVI modulators.27

However, CAPE was also found to inhibit aggretin-induced
platelet aggregation, suggesting that this also interacts with
integrin α2β1, another collagen adhesion receptor, so is
unlikely to be specific for GPVI.28 Likewise S007-867 was
determined to inhibit collagen-induced platelet aggregation,
but this activity was markedly diminished with CRP-XL and
abolished with convulxin (GPVI specific agonists), suggesting
the compound likely targets another part of the collagen-
mediated pathway.29 As such, CAPE and S007-867 were

omitted from this study. The fragment hinokitkiol, likewise to
honokiol has been reported to preferentially inhibit convulxin-
induced aggregation compared to aggretin.21,30 These frag-
ments are structurally similar, but honokiol has evidence for
binding to GPVI by SPR and so was preferentially included in
the study.
Herein, we have compared the known modulators in several

orthogonal functional assays. We initially employed the
commonly used LT human washed platelet functional assay.
In addition, we assessed compound activity on platelet
function in whole blood using multiplate electrical impedance
aggregometry (MEA) and used flow cytometry (FC) to
quantify changes to GPVI-mediated platelet activation. Unlike
previous reports, we tested the various compounds in the same
donor’s blood. Moreover, we investigated donor variability by
repeating the experiment in triplicate with different donors.
Importantly, we have used microscale thermophoresis (MST)
and saturation-transfer difference (STD) NMR to verify which
molecules bind to GPVI. These data were used to select
binding pose predictions, which may help to guide the design
of future analogues. We conclude by summarizing the
functional and binding data collected from our controlled
experiments, which could aid future drug discovery efforts.
Most of the known GPVI modulators were purchased with

acceptable purity levels (>95% by HPLC) from commercial
suppliers (Supporting Information (SI) Figure S1). Novel
compound 5, however, was synthesized following the
previously published method by Bhunia et al. with minor
adapatations.25 In summary, the ester 6 (SI, Figure S2) was
converted to the primary amide 7 and was then coupled with
4-methoxyphenylsulfonyl chloride to furnish 5 in an acceptable
yield (Scheme 1).
Unusually, the racemic mixture of compound 5 was

previously found to be the most active platelet inhibitor.25

This was later rationalized by a cooperative or combination
effect of the enantiomers interacting with GPVI at two distinct
binding sites, which was suggested using molecular modeling
studies.31 Herein, the S enantiomer was selectively chosen for
the comparative study, as based on these molecular modeling
predictions the S enantiomer interacted at the same site as

Table 1. Summary of the Published Functional and Binding Data for Known Structurally Distinct GPVI Small-molecule
Modulators21-26
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losartan.24,31 Furthermore, compound 5 was previously
determined to be the most potent enantiomer.
LT aggregometry was the commonly utilized technique (by

the authors of the known modulators) to quantify potency
against human platelet aggregation induced with collagen20

and involves stimulating a mixture of washed human platelets
and inhibitor to aggregate with an agonist (collagen, CRP-XL,
or convulxin). A light source is directed at this mixture, and as
aggregation occurs light transmitted through the sample
increases, with inhibitors showing decreased LT relative to
DMSO controls. Unlike previous reports, herein the known
modulators were assessed using the same donor’s blood
(Figure 1), enabling comparisons between the compounds to
be made. This procedure was repeated with two additional
donors to assess donor variability.
By comparing the estimated IC50 values across the donors

(Figure 1), GLA was the most potent inhibitor, followed by
honokiol and then losartan. Contrastingly, cinanserin and
compound 5 reliably showed weaker inhibitory activity against
platelet aggregation when tested at a top concentration of 30
μM.
Upon atherosclerotic plaque rupture, GPVI tethers to

subendothelial collagen, initiating the release of calcium from
intracellular stores.6 The calcium concentration is further
enhanced by extracellular influxes via store-operated calcium

channels, following platelet activation by various agonists
(thromboxane A2 (TXA2), ADP and thrombin).32 This leads
to the degranulation of α granules and surface expression of P-
selectin, which can be assessed by FC by utilization of an anti-
CD62p antibody with a fluorescent conjugate (CD62p-
PE).33,34 By stimulating activation with the GPVI specific
agonist CRP-XL, the alteration in P-selectin expression can be
quantified by changes in the PE fluorescence levels, therefore
FC was utilized to assess alterations to GPVI-mediated platelet
activation with the known modulators (Figure 2).

Herein, GLA was determined to be the most potent
inhibitor followed by cinanserin (Figure 2). However,
compound 5, honokiol and losartan showed negligible
inhibition of GPVI-mediated platelet activation when tested
at 100 μM.

Scheme 1. Synthesis of Novel Compound 5a

aReagents and conditions: (a) 7 M NH3 in MeOH, 60 °C; (b) 4-
methoxyphenylsulfonyl chloride, dry acetone, TEA. Percent yields
have been reported.

Figure 1. Light transmission aggregometry results for the known GPVI modulators with CRP-XL (2 μg/mL). Three donor repeats were recorded:
(a) donor 1, (b) donor 2, and (c) donor 3 with n = 1 for each data point. Percentage aggregation was calculated relative to DMSO negative
controls (= 100% aggregation) diluted in the same manner as the modulators (n = 1). (d) Estimation of IC50 values derived from fitting the data
with a nonlinear regression curve that assumes a hill slope of −1.

Figure 2. Influence of the five known GPVI modulators (100 μM) on
GPVI-specific platelet activation determined by assessing changes to
surface expression of P-selectin. Compounds were incubated with
whole human blood at 37 °C for 5 min before incubating with CRP-
XL (3 μg/mL) for 20 min. Three donor repeats were recorded with n
= 3 for each data point.
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Although LT aggregometry is currently the most popular
primary functional assay used to quantify GPVI modulators in
the literature, it is a low throughput, high volume method.
Preparing washed human platelets for the assay is time-
consuming, limiting the number of experiments that can be
performed before the platelets are no longer viable. The wider
adoption of FC as the primary functional assay within the field
may therefore expediate the development of future modulators
because its throughput is higher. This is accounted for by the
reduction in sample preparation time, as whole blood can be
used in place of washed platelets. Moreover, prepared samples
are fixed in paraformaldehyde prior to analysis, eliminating the
time constraint of platelet viability. Finally, the LT
aggregometry assay only yields a single data point, whereas
in the FC assay 10 000 individual platelet events are recorded,
so this better assesses changes to the overall platelet
population.
To further assess the functional effects of the known

modulators on GPVI, their ability to disrupt platelet
aggregation in a whole blood sample was evaluated using
MEA (Figure 3).
In brief, a sample of human whole blood was incubated with

the compound of interest before the addition of collagen. The

mixture is in contact with two wire prongs, if aggregation
occurs the resistance (measured as area under curve (AUC)
from a plot of resistance over time) between the wires
increases, with inhibitors showing reduced resistance. As
collagen is a GPVI agonist, alterations to collagen-induced
aggregation can be used to assess changes to GPVI activity.
However, collagen is also a direct and indirect ligand for
numerous other platelet receptors including α2β1 integrin,36,37

hence the use of orthogonal functional and binding assays in
conjunction with MEA was essential to verify that the
compounds are likely to be interacting at the desired receptor.
All the known modulators showed minimal inhibitory activity
against collagen-induced aggregation in whole blood (Figure
3A). The lack of activity in the FC and MEA assays is likely
accounted for by the increase in complexity of the testing
system, leading to a reduction in effective drug concentration
from the influence of plasma protein binding, which was not
alleviated despite increasing the compound concentration (100
μM) relative to the LT aggregometry assay (≤30 μM).
Owing to decreased sample preparation time and higher

throughput capability compared to LT aggregometry, a platelet
receptor selectivity study was also performed using MEA. This
was achieved using alternative agonists to collagen. If the

Figure 3. Multiplate electrical impedance aggregometry results with the known GPVI modulators (100 μM) with various agonists: (a) collagen
(100 μg/mL), (b) ADP (6.5 μM), (c) TRAP6 (32 uM), and (d) arachidonic acid (AA) (0.5 mM). Percentage aggregation was calculated relative
to DMSO negative controls (= 100% aggregation) with n ≥ 3. Three donor repeats were recorded with n ≥ 3 for each data point.
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modulator was able to reduce aggregation stimulated by either
TRAP-6, arachidonic acid (AA) or ADP, this suggested that
the compound may also modulate the PAR1, TP, P2Y1, or
P2Y12 receptors, respectively, and hence are not GPVI-
selective. If the compound was membrane permeable, a
reduction in AA-induced aggregation may also suggest that
the compound inhibits COX1 or another intermediate enzyme
in this activation pathway. Most modulators were found to be
ineffective at inhibiting TRAP-6- and AA-induced aggregation
(Figure 3C and D), with GLA potentially showing some weak
inhibitory activity against both. However, honokiol signifi-
cantly reduced AA-induced aggregation compared to collagen-
induced aggregation when tested at 100 μM. Similarly, GLA
was determined a more potent inhibitor of ADP-induced
aggregation compared to collagen-induced (Figure 3B).
The potent inhibitory activity of GLA observed in both the

LT and FC assays, and honokiol in the LT assay could hence
be accounted for by off-target activity at the P2Y1/P2Y12 and
TP receptors (and/or COX1 and the intermediate enzymes
involved in this pathway), respectively. Despite using a GPVI
specific agonist (CRP-XL) in these assays to assess GPVI
activity, the platelet activation pathways are interconnected,

working harmoniously to assist thrombus formation.38−40 As
such, even when using CRP-XL, the other pathways beyond
GPVI are activated (albeit likely to a lesser extent), and so may
also be inhibited by the modulators, influencing assay readouts
models. Notably, honokiol is a CLEC-2 inhibitor41 because AA
is a secondary mediator of CLEC-2 the inhibition of AA-
induced aggregation may be linked to off-target activity at
CLEC-2, but requires further investigation.42 However, this
effect was not observed for losartan, which was also reported to
be a CLEC-2 modulator.41

While direct binding data does not confer information
pertaining to efficacy of platelet inhibition in biological terms,
it is critical to assess the binding properties of these small-
molecule modulators to the target to verify specificity.
Therefore, this comparative assessment study presents both
functional and binding data for a comprehensive comparison.
Here we assessed if the known modulators bound to the GPVI-
Fc dimer by the use of MST (Figure 4).35

Thermophoresis refers to the directed movement of
molecules in a temperature gradient and is commonly
stimulated by directing a laser beam at a fluorescently labeled
protein. The resulting movement of the protein either toward

Figure 4. Changes in thermophoresis (quantified by changes to FNorm (0/00)) associated with the known modulators interacting with the GPVI-Fc
dimer: (a) cinanserin, (b) losartan, (c) honokiol, (d) compound 5, and (e) GLA, with 20% MST and 40% LED power (n = 1). Experiment was
performed in triplicate, each with freshly labeled FITC−GPVI dimer.
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or away from the laser beam is referred to as negative and
positive thermophoresis, respectively, and is monitored via the
fluorescence of the protein. In this study, if a ligand binds to
FITC-labeled GPVI, the ability of the resulting complex to
move in response to the laser beam is altered, thus the
fluorescence detected should be substantially different from the

DMSO negative controls. Honokiol (Figure 4C) and
compound 5 (Figure 4D) both showed a dose-dependent
change in thermophoresis at higher compound concentrations,
suggesting that they may bind to GPVI. Conversely, the
interaction of GPVI with cinanserin, GLA, and losartan did not
lead to a change in thermophoresis. The binding of losartan to

Figure 5. 1H STD-NMR results for the known modulators (100 μM) with GPVI−Fc dimer (1 μM): (a) losartan, (b) honokiol, (c) compound 5,
(d) cinanserin, and (e) GLA. The top spectrum is a water suppressed 1H NMR, and below is the corresponding STD NMR difference spectrum.
Solvent and other minor impurities have been indicated with an asterisk.
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Figure 6. Predicted binding poses for: (a) losartan, (b) honokiol, (c) compound 5, (d) cinanserin-pose 1, and (e) cinanserin-pose 2. Generated
using induced fit docking with with SP, protonated ligands, and with water in the crystal structure (PDB 2GI7). Polar contacts have been
highlighted with yellow dashes.
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GPVI has been previously verified by protein-observed NMR
experiments, so attempts were made to optimize the MST
results with losartan, but these were unsuccessful (SI, Figure
S7).24

STD NMR was employed to validate the weak binders from
the MST assay and to determine which regions of the ligands
interact with GPVI (Figure 5). In the absence of a protein−
ligand crystal structure, designing future analogues can be
challenging. Understanding the ligand binding epitope for the
known modulators would therefore be invaluable to this
process.
The 1H STD-NMR applies specific NMR pulses that

saturate protons across the protein but not proteins associated
with the ligand of interest. This protein saturated signal can be
transferred to a bound ligand by spin diffusion, reducing the
signal intensity of the interacting protons in the corresponding
proton NMR spectrum. Binding is observed in a difference
spectrum produced by subtraction between two acquired STD
NMR 1H NMR spectra, differing only in whether protein
saturation is on or off. To validate that the STD was a result of
the protein−ligand interaction, the STD experiment was
repeated in the absence of the GPVI-Fc dimer (SI, Figure S3).
In agreement with previous protein-observed NMR data,

losartan’s Ha protons (Figure 5A), located on the 1,2-
substituted phenyl ring, were found to interact with GPVI.24

In addition, we found that the Hb and Hc protons, located on
the 1,4-substituted phenyl ring, and the terminal methyl group
also interacted with GPVI. In keeping with published SPR
data, and the MST data reported herein (Figure 4C), we then
demonstrated that honokiol can to interact with GPVI (Figure
5B), with nearly all proton signals being retained in the STD
NMR spectrum.21 Finally, in line with our MST results (Figure
4D), our STD-NMR result provided further evidence to
support that compound 5 can bind to GPVI (Figure 5C).
Interestingly, all aromatic protons of the aforementioned
compounds were involved in the binding process, perhaps
illustrating the importance of hydrophobic interactions to
small-molecule GPVI binding. Cinanserin had few sharp peaks
in the STD NMR, perhaps suggesting a weaker interaction
with GPVI, which could therefore account for the negative
result observed in the MST assay reported herein (Figure 4A).
In agreement with the MST results herein, GLA was also
determined to be a nonbinder in the STD NMR experiment
(Figure 5E).
Currently there are four published GPVI crystal structures

(PDBs 2GI7, 5OU8, 5OU9, and 7NMU), all of which lack a
cocrystallized small molecule. Hence, the location of the small-
molecule ligand binding site remains elusive, making modeling
studies challenging.20 However, suggestions for the small-

molecule binding site have been made using convincing
protein-observed NMR experiments with losartan.24 We used
this information to guide the generation of a predictive binding
model (SI, Figures S4−S6) to suggest how the other known
GPVI modulators are interacting with the protein (Figure 6).
GLA was not modeled into GPVI, as the MEA, MST, and STD
NMR data presented herein (Figures 3−5) suggested that it is
nonspecific for GPVI.
Poses were selected that agreed with the STD NMR results

presented herein (Figure 5). For example, it was deduced that
the biphenyl group and terminal methyl of the butyl chain
interacted with GPVI (Figure 5A), hence a pose was selected
that appeared to facilitate these interactions (Figure 6). This
selection criteria accounts for the difference between our
predicted pose for compound 5 and the previously published
one.25

All modeled compounds appeared to form hydrophobic
interactions with the Leu39 and the backbone amides of Gln48
and Lys41. Notably, this agreed with the previously reported
protein-observed NMR results for losartan.24 Similarly, all
modulators could hydrogen bond with Arg46 (Figure 6A−D).
In addition, losartan’s tetrazole can interact ionically with
Arg46. Losartan, compound 5, and cinanserin (Figure 6A,C,
and E) all form an edge-face π interaction with Tyr66,
however, honokiol did not (Figure 6B). This perhaps accounts
for the reduction in predicted potency (Glide GScore) for
honokiol compared to the other modulators. Compound 5 had
the best Glide GScore (Figure 6C), which can perhaps be
explained by the number of additional hydrogen bonds that it
can form with GPVI compared to the other modulators (amide
carbonyl to Ser44, and amide NH2 to the backbone amide of
Ser61). Ultimately, these molecular modeling theories may
guide the design of future compounds, but these theories first
require crystallographic confirmation.
Herein we have assessed the known GPVI modulators in a

series of controlled binding and functional assays including:
STD NMR, MST, MEA, FC, and LT aggregometry (Table 2).
Results have been colored on a red to green scale to indicate

negative and positive results, respectively, to allow for easy
comparisons between the compounds. For the binding assays,
a binary quantification has been provided to indicate which
compounds interact with the GPVI−Fc dimer. The functional
assay results for the three independent donors were averaged
to give the potency and selectivity results presented. In the MP
and FC functional assays, all compounds were tested at a final
concentration of 100 μM.
Despite GLA being a potent inhibitor of GPVI-mediated

aggregation and activation, it showed no evidence to bind to
GPVI. In fact, it was a more potent inhibitor of ADP-induced

Table 2. Summary of the Comparative Study
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aggregation, suggesting that it may preferentially modulate the
P2Y1 and P2Y12 receptors, or dense granule secretion.
Similarly, despite binding to GPVI, honokiol displayed a
greater preference for inhibiting AA-induced aggregation
compared to collagen-induced aggregation in the comparative
MEA assays (Figure 3), suggesting that honokiol more
selectively inhibits the TP platelet receptor, COX1, or the
intermediate enzymes involved in this pathway. Although
cinanserin was a reasonably potent inhibitor of GPVI-mediated
activation, relatively few protons were determined to be part of
the binding epitope by STD NMR, making its engagement
with GPVI questionable.
Conversely, losartan and compound 5 were both determined

to be clear binders by STD NMR, although MST did not
confirm this for losartan. Both compounds appeared to be
relatively selective inhibitors of CRP-XL-induced aggregation,
and we conclude that of the compounds investigated, losartan
and compound 5 are the most genuine small-molecule GPVI
antagonists. Notably, their inhibitory activity in the light
transmission aggregometry assay (Figure 1) appears modest
due to the low testing concentration (30 μM) used to compare
the modulators. When tested at 100 μM (above the estimated
IC50 values for both compounds), they were both potent
inhibitors of platelet aggregation (SI, Figure S8). On the basis
of the molecular modeling presented herein, interactions from
the ligand to Arg46, Gln48, Lys41, and Leu39 appear
important for effective modulation of GPVI, although this
hypothesis requires crystallographic confirmation. Future work
should focus on optimizing the potency and selectivity of
losartan and compound 5 for GPVI. In addition, it would be
interesting to investigate whether these compounds disrupt the
GPVI−fibrin(ogen) interaction, as this is another important
interaction supporting platelet activation and thrombus
consolidation.20
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