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Essentials

e Current ligands of platelet glycoprotein receptors have undefined valency and batch
variation.

e Trivalent nanobodies activate GPVI, CLEC-2 and PEAR1 at low nanomolar concentrations.

e Atetravalent nanobody activates FcyRIIA with wide variation in potency between donors.

e  Multivalent nanobodies are standardised ligands for use as research tools and in clinical
assays.

Abstract
Background

Clustering of the glycoprotein receptors GPVI, CLEC-2, FcyRIIA and PEAR1 leads to powerful
activation of platelets through phosphorylation of tyrosine in their cytosolic tails and initiation of
downstream signalling cascades. GPVI, CLEC-2 and FcyRIIA signal through YxxL motifs that activate
Syk. PEAR1 signals through a YxxM motif that activates phosphoinositide 3-kinase (PI3K). Current
ligands for these receptors have an undefined valency and show significant batch variation and, for
some, uncertain specificity.

Objectives

We have raised nanobodies against each of these receptors and multimerised them to identify the
minimum number of epitopes to achieve robust activation of human platelets.

Methods

Divalent and trivalent nanobodies were generated using a flexible glycine-serine linker. Tetravalent
nanobodies utilise a mouse Fc domain (IgG2a, which does not bind to FcyRIIA) to dimerise the
divalent nanobody. Ligand affinity measurements were determined by surface plasmon resonance.
Platelet aggregation, ATP secretion and protein phosphorylation were analysed using standardised
methods.

Results

Multimerisation of the nanobodies led to a stepwise increase in affinity with divalent and higher-
order nanobody oligomers having sub-nanomolar affinity. The trivalent nanobodies to GPVI, CLEC-2
and PEAR1 stimulated powerful and robust platelet aggregation, secretion and protein
phosphorylation at low nanomolar concentrations. A tetravalent nanobody was required to activate
FcyRIIA with the concentration-response relationship showing a greater variability and reduced
sensitivity compared to the other nanobody-based ligands, despite a sub-nanomolar binding affinity.

Conclusions

The multivalent nanobodies represent a series of standardised, potent agonists for platelet
glycoprotein receptors. They have applications as research tools and in clinical assays.

Key words: cell signalling, ligands, platelets, Src kinases, tyrosine kinase linked receptors
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Introduction

The three platelets immune receptors: glycoprotein receptor VI (GPVI), C-type lectin-like receptor 2
(CLEC-2) and low affinity immunoglobulin y Fc region receptor Il-a (FcyRIIA), and the related platelet
endothelial aggregation receptor 1 (PEAR1), regulate many of the non-haemostatic functions of
platelets including inflammation and host defence. They are implicated in a variety of thrombotic
disorders in both the arterial and venous systems making them targets for a new class of antiplatelet
therapies. Targeting these receptors is predicted to have a minimal effect on bleeding compared to
current cyclooxygenase and P2Y1; receptor antagonists [1-4].

The tyrosine kinase-linked receptors GPVI and FcyRIIA signal via an immunoreceptor tyrosine-based
activation motif (ITAM) which consists of two YxxL motifs. The binding of the tandem SH2 domains in
Syk to the conserved phosphorylated tyrosine residues within the ITAM initiates downstream
signalling. FcyRIIA has one ITAM in its cytoplasmic tail, while in GPVI the ITAM is present in each
chain of the associated Fc receptor y-chain (FcRy) homodimer. In contrast, CLEC-2 signals via a single
YxxL known as a hemITAM, with Syk crosslinking YxxLs on two receptor chains. The activation of Syk
by all three receptors leads to the activation of PLCy2 [3, 5-7].

PEARL1 is a receptor for sulphated polysaccharides, including fucoidans and heparin, and the
extracellular matrix protein SVEP1 [8-10]. PEAR1 has a single YxxM that is phosphorylated by Src
kinases, and which binds the tandem SH2 domains of the regulatory subunit of phosphoinositide 3-
kinase (PI3K). This generates a signalling cascade that leads to activation of the serine-threonine
kinase Akt [11, 12]. Several of the more common variants associated with cardiovascular disease
increase PEAR1 expression [1].

All four glycoprotein receptors are ‘activated’ by multivalent ligands which drive a critical density of
intracellular motifs in the inner leaflet of the membrane for phosphorylation by constitutively active
kinases. Currently, we have a rudimentary understanding of the relationship between cluster size
and signal generation, and how this relates to platelet activation. This includes not only the number
of ligand epitopes required to induce platelet activation but also the contribution of receptor
dimerisation and crosslinking of cytosolic tails to receptor clustering [12-14].

One contributing factor to this limited understanding is the absence of activating ligands of known
valency to all four platelet glycoprotein receptors, with the current ligands having uncertain
stoichiometries and significant batch variation [15-17]. In addition, some of these bind to other
receptors as exemplified by the binding of collagen to integrin a.231 [18-22]. While synthetic
collagen-related peptides based on a repeated glycine-proline-hydroxyproline (GPO) tri-peptide core
backbone are specific to GPVI, they are a mixture of dimers, trimers and higher-order oligomers [23,
24]. The widely used ligand for CLEC-2, rhodocytin, is a snake venom toxin predominantly thought to
be an (o). tetramer but which has been shown to be polydispersed in solution and to form high-
order multimers [25-27]. The endogenous ligand for CLEC-2, podoplanin, is a single transmembrane-
spanning protein that is unable to cluster CLEC-2 unless expressed on a surface [28]. The low affinity
Fc receptor, FcyRIIA, is activated by immune complexes or crosslinked antibodies, and PEAR1 by
heavily sulphated ligands. In both cases, there is heterogeneity and batch variation in ligand
composition [29-31].



Recently, we have shown that human platelets can be activated by crosslinked, tetravalent
nanobodies to GPVI and CLEC-2 [13, 14]. In contrast, divalent nanobodies to both receptors are
unable to induce activation and block the response to the tetravalent ligands suggesting they
function as antagonists [13, 14]. In the present study we have generated crosslinked, trivalent
nanobodies to GPVI and CLEC-2 and extended this approach to PEAR1 and FcyRIIA, to determine the
minimal ligand valency required to cause platelet activation via these receptors. We show that
trivalent nanobodies stimulate potent and robust activation of GPVI, CLEC-2 and PEARL1 in all donors.
In contrast, a tetravalent nanobody is required to activate FcyRIIA while the trivalent nanobody
(based on the same nanobody subunit) is an antagonist to the tetravalent ligand. The novel
nanobody-based ligands represent a new class of agent to study mechanisms of receptor activation
and for development of validated clinical assays to study platelet dysfunction, and to aid
development of novel antiplatelet drugs.

Materials and Methods
Ethical approvals

Blood sample collection from consenting, healthy volunteers was granted by the University of
Birmingham Internal Ethical Review (ERN_11-0175-AP5) in accordance with the Declaration of
Helsinki.

Materials

Prostacyclin (#18220) was purchased from Caymen Chemicals. Thrombin from bovine plasma
(#T4648), indomethacin (#17378) and ticagrelor (#SML2482) were purchased from Merck. Collagen-
related peptide (CRP) was purchased from CambCol Laboratories. PRT-060318 (#SYN-1204) was
purchased from Caltag Medsystems. Dasatinib (#D-3307) was purchased from LC laboratories. TGX
221 (#5832) was purchased from Tocris Bioscience. AYP1 Fab was made in house from the
monoclonal antibody, AYP1, as previously described [14].

Generation of nanobodies

Nanobodies targeted against the extracellular domain of platelet receptors GPVI, CLEC-2, FcyRIIA
and PEAR1 were generated in collaboration with VIB Nanobody Core (Belgium). The recombinant
human proteins used as antigens were as follows: GPVI D1D2-Fc (residues 21-183, IgG1 Fc region),
CLEC-2 ECD (residues 55-229, N-terminal hisec-tag), PEAR1 EGF-like repeats 12-13 (residues 567-651,
C-terminal hise-tag) and FcyRIIA Ig-domains (residues 37-217, C-terminal hise-tag). Further details can
be found in the supplementary methods. Screening revealed GPVI/CLEC-2/FcyRIIA/PEAR1 positive
colonies of which 54/46/83/24 represented unique nanobody sequences belonging to 33/12/13/2
different CDR3 groups, respectively. The library of clones was provided by VIB as E. coli TG1
harbouring phagemid pMECS-GG containing nanobody genes.



Generation of multivalent nanobodies

The divalent nanobody constructs were created using a short flexible (GGGS); linker between two
copies of the original nanobody protein sequence, as previously described for GPVI and CLEC-2, and
were expressed in bacteria [13, 14, 32]. The trivalent nanobodies were made using the same
crosslinking method and were expressed in mammalian cells, as described below. The tetravalent
nanobodies were generated by addition of a mouse Fc domain (IgG2a) at the C-terminus of the
respective divalent nanobody. The divalent, trivalent and tetravalent nanobodies were named as
shown in Table 1. Generation of the plasmid DNA was outsourced to VIB Nanobody Core.

Expression and purification of nanobodies from mammalian HEK293T cells

Tri- and tetravalent nanobody DNA received in the pSS1 vector contains an N-terminal BCL1 signal
sequence that targets the nanobody for secretion from the cells, allowing their extraction from the
cell culture media. Mammalian HEK293T cells were cultured at 37°C and 5% CO, in complete DMEM
(Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine serum, 1% penicillin, 1%
streptomycin and 1% glutamine). Tri- and tetravalent nanobody DNA was transiently transfected at
60% cell confluency using polyethylenimine (PEI Max MW 40,000, Polysciences) according to the
manufacturer’s instructions. Nanobodies were expressed as secreted protein into the culture media,
collected after 7 days, and subsequently purified using affinity chromatography using either nickel
NTA beads for the trivalent nanobodies or a MabSelect SuRe column (Cytiva) for the Fc-tetravalent
nanobodies. Tag cleavage was achieved as described for the divalent nanobodies (13, 14). Further
purification by size exclusion chromatography on a HiLoad 26/600 Superdex 75 pg column (Cytiva)
was used, if necessary, to obtain pure nanobodies. The concentration of purified nanobody was
determined using a NanoDrop spectrophotometer (ND-1000, Geneflow) measuring absorbance at
280 nm according to the manufacturer’s protocol. Purified nanobodies were stored at -80°C.

Surface plasmon resonance (SPR)

SPR experiments were performed using a Biacore T200 instrument (GE Healthcare). For all
experiments, the recombinant human receptor GPVI, CLEC-2, FcyRIIA or PEAR1 (see above nanobody
generation section for specific residues) was immobilised directly onto a CM5 chip using amine-
coupling to the carboxylmethylated dextran-coated surface. Reference surfaces were blocked using
1 M ethanolamine pH 8. Each concentration of nanobody was run as follows; 120 second injection,
300-900 second dissociation, 30 second regeneration with 10 mM glycine pH 1.5 followed by a 300
second stabilisation period. All sensorgrams shown are double reference subtracted and at least two
replicates were injected per cycle as well as experimental replicates of n = 3. Experiments were
performed at 25 °C with a flow rate of 30 uL/min in HBS-EP running buffer (0.01 M HEPES pH 7.4,
0.15 M NaCl, 3 mM EDTA, 0.005% v/v surfactant P20). Multi-cycle kinetic assays were used with at
least five concentration points between 0.1x and 10x the predicted Kp. Kinetic analysis was
performed using the Biacore T200 Evaluation software using a global fitting to a 1:1 binding model
and presented as mean * standard error of mean (SEM).



Preparation of human platelets

Blood was collected in trisodium citrate (3.8% w/v 1:9 blood) by venepuncture and platelet-rich
plasma (PRP) was obtained by centrifugation at 200 x g, 20 minutes. For washed platelets, the
anticoagulant ACD (1:9) was added to blood prior to centrifugation then platelets were isolated from
the PRP by a second centrifugation at 1000 x g, 10 minutes in the presence of prostacyclin (2.8 uM)
followed by resuspension in modified Tyrode’s buffer (129 mM NacCl, 0.34 mM Na;HPO4, 2.9 mM KCl,
12 mM NaHCOs;, 20 mM HEPES, 1 mM MgCl,, 5 mM glucose, pH 7.3) to the desired concentration.
Platelet count was determined using a Beckman Coulter counter. For aggregation measurements
platelets were used at 2x108 cells/mL and for protein phosphorylation measurements platelets were
used at 4x108 cells/mL.

Light transmission aggregometry (LTA) and luminescence measurement of ATP secretion

Aggregation was monitored by LTA using Chrono-Log aggregometers (model 700, 490 4+4 and
460VS; Chrono-Log Corporation, UK) at 37 °C with constant stirring at 1200 rpm. Platelets were pre-
treated for 3 minutes with inhibitors prior to addition of agonist. Aggregation was recorded over 10
minutes post addition of agonist/nanobody. Secretion of ATP was measured on a Chrono-log Lumi-
dual model 460VS aggregometer at 37°C with constant stirring at 1200 rpm using luciferin-luciferase
Chrono-lume reagent (7.5% v/v; Chrono-log Corporation, UK). Secretion was recorded for 10
minutes post addition of agonist then calibration of ATP secretion was achieved by addition of ATP
standard (2 nM).

Platelet lysis and measurement of protein phosphorylation

Whole cell lysates were prepared as previously described [8]. Primary antibodies used and their
working concentrations were as follows; anti-phosphotyrosine 4G10 (1:1,000), phospho-PLCy2 Tyr
1217 (1:250), phospho-Syk Tyr 525/526 (1:500), phospho-AKT Ser473 (1:1000) and GAPDH antibody
(1:1000). Secondary antibodies used and their working concentrations were as follows; anti-mouse
IgG HRP (1:10,000) and anti-rabbit IgG HRP (1:10,000). A more detailed description can be found in
the supplementary material.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (version 9.4.1). Aggregation data is
presented as mean * standard deviation (SD). Data was tested for normality by Shapiro-Wilk test and
statistical significance was calculated using a one-way ANOVA, or Kruskal-Wallis where appropriate,
with Dunnett’s post-hoc test for multiple comparisons. P values of <0.05 were considered significant.



Results

Multivalent nanobodies against GPVI, CLEC-2, PEAR1 and FcyRIIA can be produced at high yield and
purity

The nanobodies to GPVI, CLEC-2 and PEAR1 were raised and characterised as described previously
[8, 14, 32]. 83 nanobodies from 13 structural classes (based on their CDR3 domains) were raised
against the two IgG domains in FcyRIIA and screened against the recombinant protein used for their
generation. The most potent nanobodies to each receptor were selected for dimerisation using a
standard 15 amino acid length glycine-serine (GGGGS); linker. The following nanobodies were
selected: Nb2 (GPVI); Nb4 (renamed LUAS; CLEC-2); Nb138 (PEAR1) and Nb17 (FcyRIIA). This
approach was extended to create the trivalent variants. Tetravalent nanobodies were generated by
crosslinking of two divalent nanobodies using a mouse IgG2a hinge and Fc region, noting that mouse
IgG2a does not bind to human FcyRIIA [33]. The divalent nanobodies were expressed from bacteria
at 0.5-2 mg yield per L of growth (E. coli WK6). The tri- and tetravalent nanobodies were expressed
in mammalian HEK293T cells with 5-10 mg protein per L of culture media. The schematic
representation and domain architecture for the multivalent nanobodies is depicted in Figure 1A. The
nomenclature of the multimerised nanobodies is shown in Table 1. Representative SDS-PAGE
showing purity of the trivalent (GPVI, CLEC-2 and PEAR1) and tetravalent (FcyRIIA) nanobody
variants is shown in Figure 1B. The presence of doublet bands for the Fc-linked tetravalent
constructs on SDS-PAGE may reflect either the flexible nature of the glycine-serine linkers or
differential glycosylation of the Fc domains, as the proteins elute as single peaks during size
exclusion chromatography (not shown). A similar level of purity was achieved with the other
nanobody variants (shown in Supplementary Figures S2-S5).

SPR reveals sub-nanomolar receptor-nanobody binding affinities

To determine the binding affinities of the newly generated multivalent nanobodies to their
respective receptors we performed SPR experiments. The divalent, trivalent and tetravalent
nanobodies for GPVI, CLEC-2, PEAR1 and FcyRIIA gave sub-nanomolar binding affinities.
Representative sensorgrams for Nb17 variants are displayed in Figure 2 and calculated Kp values are
presented in Table 2; the sensorgrams for the other nanobody variants are presented in
supplementary Figure S1. The affinities of the monovalent nanobodies ranged from sub-nanomolar
to over 100 nanomolar, while multimerisation lead to a stepwise increase in affinity due to the
added effect of avidity (Table 2). This was particularly marked for the monovalent nanobodies to
CLEC-2 and PEAR1 with dimerisation increasing the Kp values by two orders of magnitude
(supplementary Figure S1; Table 2). The increase in affinity upon multimerisation is evidence that
the nanobodies are able to bind to multiple copies of their immobilised receptors.

Tri- and tetravalent Nb2 variants stimulate platelet activation via GPVI

We have previously reported that the divalent nanobody-based ligand to GPVI, Nb2-2, is a potent
antagonist of collagen-induced aggregation of human platelets [13]. In contrast, the trivalent variant
of Nb2, Nb2-3, stimulated rapid and sustained aggregation of washed platelets with an ECso value of



0.98 nM (n=10, 95% Cl 0.51-1.21; Figure 3Ai-ii). Dose response curves were similar between donors
with the greatest variation in response observed at a submaximal concentration of 1 nM. A similar
dose response relationship was observed for the tetravalent nanobody, Nb2-2-Fc, with a slightly
lower ECso of 0.75 nM (n=10, 95% CI 0.67-0.86) and a more robust response at 1 nM (supplementary
Figure S2). The small increase in potency and reproducibility in response at 1 nM is likely to be due
to the additional epitope and a greater level of receptor clustering. The trivalent and tetravalent
nanobodies also stimulated aggregation in PRP with similar dose response relationships to those in
washed platelets (Figure 3Aiii; and not shown).

We next investigated the ability of the trivalent nanobody to stimulate secretion of ATP. Nb2-3
stimulated rapid and robust secretion of ATP in washed platelets and in PRP with a similar maximal
response to that induced by classical agonists such as thrombin and CRP (Figure 3Bi-iii). The dose
response curves were similar, and slightly to the right of those for aggregation as seen with classical
platelet agonists (supplementary Figure S2).

The Src and Syk inhibitors, dasatinib and PRT-060318, blocked aggregation to a maximally-effective
concentration of Nb2-3 (10 nM; Figure 3Ci-ii) consistent with activation of GPVI. Aggregation to Nb2-
3 (10 nM) was partially reduced in the presence of the P2Y;; and cyclooxygenase inhibitors,
ticagrelor and indomethacin, respectively, and almost blocked by their combination demonstrating
an important feedback role for the two secondary agonists ADP and thromboxane A; (TxA;) (Figure
3Ci-ii). The divalent nanobody to GPVI, Nb2-2, blocked aggregation to Nb2-3 (Figure 3Cii) as a direct
binding interface inhibitor. Nb2-3 stimulated a marked increase in tyrosine phosphorylation in whole
cell lysates which included the signalling proteins Syk and PLCy2 (Figure 3Ciii). The increase in
phosphorylation in whole cell lysates was blocked by dasatinib and reduced by PRT-060318 (Figure
3Ciii), as expected and previously shown for GPVI ligands. The increase in tyrosine phosphorylation
occurred within 30 seconds and was sustained for 10 minutes (supplementary Figure S2).

These results demonstrate that trivalent and tetravalent nanobodies stimulate potent platelet
activation through GPVI and that this is reproducible across donors.

Tri- and tetravalent LUAS variants stimulate platelet activation via CLEC-2

We have previously reported that the divalent nanobody-based ligand to CLEC-2, LUAS-2, is a
powerful antagonist against rhodocytin-induced aggregation of human platelets [14]. In contrast, the
trivalent nanobody, LUAS-3, stimulated and sustained aggregation of washed platelets with a similar
rapid onset of aggregation and pattern of response to that of Nb2-3 against GPVI (Figure 4Ai-ii). The
ECso value for aggregation was 1.79 nM (n=10, 95% Cl 0.47-2.82; Figure 4Aii). The dose response
curves were similar between donors with the greatest variation in response at 1 nM (Figure 4ii). The
tetravalent nanobody to CLEC-2, LUAS-2-Fc, also induced rapid and sustained aggregation with a
slightly lower ECso of 0.53 nM (n=10, 95% ClI 0.47-0.72; supplementary Figure S3) consistent with the
higher affinity as measured by SPR (Table 2). LUAS-3 also stimulated aggregation in PRP with a
similar dose response relationship to that in washed platelets (Figure 4Aiii). LUAS-3 stimulated rapid
and reproducible secretion of ATP in washed platelets and PRP with the dose response curves lying
slightly to the right of that for aggregation (Figure 4Bi-iii).



As with the trivalent nanobody to GPVI, aggregation induced by LUAS-3 was blocked in the presence
of dasatinib and PRT-060318, reduced in the presence of ticagrelor and indomethacin and abrogated
in their combined presence (Figure 4Ci-ii). Aggregation was also blocked by the Fab of the CLEC-2
monoclonal antibody AYP1 (Figure 4Ci-ii). LUAS-3 stimulated a marked increase in tyrosine
phosphorylation including the signalling proteins Syk and PLCy2; the increase in phosphorylation in
whole cell lysates was blocked in the presence of dasatinib and reduced in the presence of PRT-
060318 (Figure 4Cii). LUAS-3 stimulated an increase in tyrosine phosphorylation at 30 seconds and
this was sustained for 10 minutes (supplementary Figure S3).

These results demonstrate that, as with the tri- and tetravalent nanobodies to GPVI, the tri- and
tetravalent nanobody-based ligands to CLEC-2 stimulate potent platelet activation which is
reproducible between donors.

Di-, tri- and tetravalent Nb138 variants stimulate platelet activation via PEAR1

We have previously reported that sulphated ligands to PEAR1 induces powerful activation of human
platelets which can be blocked by a PEAR1 nanobody, Nb138, raised against the EGF-like repeats 12-
13 in the receptor [8]. We have crosslinked Nb138 to generate divalent, trivalent and tetravalent
variants and show that these have a stepwise increase in affinity for PEAR1 as determined by SPR
(Table 2).

The divalent form of Nb138, Nb138-2, stimulated platelet aggregation but with a wide variation in
potency between donors (supplementary Figure S4) with the majority of donors only responding to
concentrations of 30 nM and above. In contrast, the trivalent Nb, Nb138-3, stimulated rapid and
reproducible platelet aggregation in all donors with an ECsg value of 0.65 nM (n=10, 95% CI 0.23-
1.44; Figure 5Ai-ii). The tetravalent variant, Nb138-2-Fc, also stimulated powerful and reproducible
platelet activation (supplementary Figure S4). Nb138-3 stimulated aggregation in PRP with a similar
dose response curve to washed platelets (Figure 5Aiii). The PEAR1 nanobodies caused little to no
secretion (results not shown), in concordance with recently published data on heparin-induced
PEAR1 activation [8].

In contrast to GPVI and CLEC-2, PEAR1 signals through a Src-PI3K-Akt-dependent pathway, with the
Src kinase phosphorylating a conserved YxxM sequence in the cytosolic tail of PEAR1 leading to
binding of the regulatory unit of PI3K [34]. Activation is independent of the tyrosine kinase Syk. In
line with these results aggregation induced by Nb138-3 was blocked by the Src and PI3K inhibitors,
dasatinib and TGX 221 respectively, but was unaltered in the presence of the Syk inhibitor, PRT-
060318 (Figure 5Bi-ii). Aggregation was also reduced in the presence of ticagrelor and indomethacin,
or in their combined presence, demonstrating the contribution of the two feedback agonists (Figure
5Bi-ii). As expected, Nb138-3 stimulated phosphorylation of Akt, measured using a phospho-Akt
Ser473-specific antibody. An increase in phosphorylation was observed at 90 seconds and was
sustained for 10 minutes (Figure 5Ci). Phosphorylation of Akt was blocked by dasatinib and TGX 221
(Figure 5Cii).

These results confirm that Nb138-3 mediates potent platelet activation directly through PEAR1.
While a divalent ligand is able to induce activation, a consistent response in all donors was only
observed in response to the trivalent ligand.



Tetravalent Nb17-2-Fc induces platelet activation via FcyRIIA

Nb17 was selected as one of the most potent nanobodies raised against the recombinant IgG
domains of FcyRIIA (Table 2) and crosslinked using the flexible (GGGGS)s linker to generate divalent
and trivalent variants. The divalent variant, Nb17-2, was unable to induce platelet aggregation, and
the trivalent ligand, Nb17-3, induced aggregation in one of ten donor platelets at a high nanomolar
concentration (supplementary Figure S5). In contrast, the tetravalent ligand, Nb17-2-Fc, stimulated
aggregation in all donors with an ECspvalue of 11.7 nM (n=10, 95% Cl 8.6-17.2; Figure 6Ai-ii),
although in five donors, a concentration of 30 nM, and in one donor a concentration of 100 nM was
required to induce aggregation. Nb17-2-Fc stimulated aggregation in PRP with a similar dose
response relationship to that in washed platelets for each donor (Figure 6Aiii). Nb17-2-Fc also
stimulated the secretion of ATP in washed platelets and in PRP, again with similar dose response
curves for each donor (Figure 6Bi-iii).

As with the trivalent nanobody ligands to GPVI and CLEC-2, the stimulation of aggregation by Nb17-
2-Fc was completely inhibited by the Src and Syk inhibitors, dasatinib and PRT-060318 (Figure 6Ci-ii).
Aggregation was reduced in the presence of ticagrelor and indomethacin, and blocked by their
combination, showing that aggregation is reinforced by the two feedback agonists (Figure 6Ci-ii).
Aggregation was also blocked by the trivalent ligand, Nb17-3 (Figure 6Ci-ii) confirming that activation
was mediated through direct FcyRIIA binding. In line with this, Nb17-2-Fc (30 nM) stimulated a
marked increase in tyrosine phosphorylation in whole cell lysates including the signalling proteins
Syk and PLCy2 (Figure 6Ciii). The increase in phosphorylation in whole cell lysates was blocked in the
presence of dasatinib and reduced in the presence of PRT-060318 (Figure 6Ciii). The increase in
phosphorylation was observed at 30 seconds and sustained up to 10 minutes (supplementary Figure
S5).

These results demonstrate that in contrast to the crosslinked nanobodies for GPVI, CLEC-2 and
PEAR1, a minimum of four binding epitopes is required to stimulate platelet activation through
FcyRIIA.

Discussion

This study reports the development and characterisation of multivalent nanobody-based ligands for
the platelet glycoprotein receptors GPVI, CLEC-2, FcyRIIA and PEARL. The di-, tri and tetravalent
nanobodies have sub-nanomolar affinities for all four receptors as shown by SPR, with the affinity
increasing in accordance with the valency. While the affinities of the parent monovalent nanobodies
varied by two orders of magnitude, with those to CLEC-2 and PEAR1 in the high nanomolar range,
the multivalent nanobodies had similar, sub-nanomolar affinities emphasising the contribution of
avidity to the overall affinity.

As expected, the monovalent nanobodies to all four receptors had no effect on platelet activation as
they are unable to cluster their corresponding receptors and function as competitive antagonists to
ligands that bind at the same site, including activating multivalent nanobodies [8, 13, 14, 35]. The
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divalent nanobodies to GPVI, CLEC-2 and FcyRIIA are similarly unable to induce activation and
function as competitive antagonists [8, 13, 14, 32]. The, F(ab’), fragments of the monoclonal
antibodies to CLEC-2 (AYP1) and FcyRIIA (IV.3), and the whole monoclonal antibody to GPVI (JAQ1)
are also antagonists in human platelets [14, 36, 37]. These results demonstrate that the dimerisation
of the three ITAM receptors is unable to generate a signal of sufficient strength to drive aggregation,
and that divalent ligands are more potent relative to their monovalent counterparts due to their
greater affinity.

The divalent ligands to the three ITAM receptors are also distinct to the monovalent ligands as they
are able to induce receptor dimerisation and in some cases larger clusters, if the receptors are
already dimers. For this reason, we have proposed that the divalent ligands should be described as
partial agonists [14]. Indeed, we have shown that a divalent nanobody to CLEC-2, LUAS-2, and a
F(ab’), fragment of the monoclonal antibody AYP1 are able to stimulate aggregation in mouse
platelets, which express a 10-fold higher level of CLEC-2 relative to human platelets, and activate a
NFAT reporter assays in high- but not low-expressing DT40 cells, whereas, the multivalent snake
toxin is an agonist in all cases [14, 38]. This illustrates that the level of receptor expression as a key
variable that influences the response to divalent and multivalent ligands. This is a powerful
argument against using divalent nanobodies as candidate therapeutic as the levels of receptors vary
between donors.

In contrast to the results with divalent ligands to the three ITAM receptors, the divalent nanobody to
PEAR1, Nb138-2, stimulated aggregation at mid- to high-nanomolar concentrations showing a wide
variation in dose-response relationships between donors. PEAR1 signals through a Src-PI3K-Akt
pathway unlike the other three receptors which signal through Syk. This alone however is unlikely to
account for the difference between the receptors as other factors also influence the strength of the
intracellular signal, including the level of receptor expression as discussed above. The copy numbers
of the four receptors in human platelets are within three-fold: GPVI 3730 + 453 [39], CLEC-2 2000-
3700 [35, 40], FcyRIIA 1000-1500 [40, 41], and PEAR1 1800 [40] but of these, PEAR1 is the only
receptor that is also expressed on intracellular membranes suggesting that the level on the cell
surface may be significantly lower than the other receptors [1]. Other factors that influence the
strength of the intracellular signal include the degree of receptor dimerisation in the resting cell and
the action of the feedback agonists, ADP and TxA,. We have recently provided the first quantitative
measurements on the level of dimerisation of GPVI and CLEC-2 in transfected cell lines using
fluorescence correlation spectroscopy and single molecule photobleaching studies of tagged
receptors [14, 42]. Both proteins are predominantly monomeric with the degree of dimerisation
increasing on expression, in line with the law of mass action [14, 42]. However, we cannot use these
techniques on platelets due to their anucleate nature. FcyRIIA has also been proposed to form a non-
covalent dimer on the cell surface that resembles V(L)V(H) dimers in a crystal [43, 44], but the
degree of dimerisation in platelets is not known. There is no information on the dimerisation of
PEARL1 in platelets. It is also difficult to make a comparison of the role of the two secondary agonists,
ADP and TxA;, as this is dependent on the concentration of the ligand.

The trivalent nanobodies to GPVI, CLEC-2 and PEAR1 stimulated rapid and sustained platelet
activation at low nanomolar concentrations in all donors, with similar dose response curves in both
washed platelets and in PRP showing that they are freely available in plasma. These results show
that a valency of three is sufficient to induce activation of all three receptors. As such, the trivalent
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ligands represent the first ligands of known stoichiometry for GPVI, CLEC-2 and PEAR1 that produce
robust activation of human platelets for application in clinical assays and to further probe the
mechanisms underlying receptor activation. Previously, Sasaski et al. (2018) proposed that clustering
of at least four CLEC-2 receptors was required to elicit activation of human platelets based on results
with recombinant forms of the snake venom rhodocytin [26]. A direct comparison to the nanobody-
based ligands however is hampered by structural restraints that may prevent engagement of all four
epitopes in the recombinant snake venom toxin engaging more than three receptors. All three
epitopes in the trivalent nanobody, LUAS-3, can bind to recombinant CLEC-2 as shown by the
increase in affinity measured by SPR.

In contrast, in the case of FcyRIIA, a tetravalent nanobody ligand was required to stimulate
activation, but with a lower ECso value relative to the trivalent ligands and a wider variation in the
dose response curves between donors, despite having a similar affinity as measured by SPR. These
observations demonstrate that a higher valency is required for the activation of platelets by FcyRIIA,
although whether this is due to the need to induce a greater level of clustering of the low affinity
immune receptor is not known. A marked variation in the sensitivity of activation of platelets by
FcyRIIA is also seen in response to serum from patients with heparin-induced thrombocytopenia
(HIT) or vaccine immune-induced thrombocytopenia and thrombosis (VITT) [45-47]. In both cases,
the sera induce activation through the formation of immune complexes formed against platelet
factor 4.

The requirement for a minimal ligand valency of 4 to activate FcyRIIA is consistent with the
observation that monoclonal antibodies to the low affinity immune receptor, which can be
considered as trivalent ligands, are unable to activate platelets [37]. On the other hand, monoclonal
antibodies to a wide range of platelet proteins have been shown to induce activation of washed
platelets through FcyRIIA, indicating that the low affinity immune receptor can be activated by
heterologous trimeric ligands. This includes monoclonal antibodies to CLEC-2 [14] and GPVI [48]
which are predicted to drive a critical density of YxxL sequences in the membrane for activation of
Syk. What is more puzzling however is why monoclonal antibodies to other receptors that do not
have recognised similar motifs, such as the tetraspanin CD9, or are weak of activators of platelets,
for example GPlb, are also able to stimulate aggregation [49-51]. One potential explanation is that
these proteins may exist in the membrane as higher-order multimers leading to the clustering of
FcyRIIA. The ability of the monoclonal antibodies to induce activation of human platelets is also
influenced by the IgG subtype and single nucleotide variants in FcyRIIA [33].

To summarise, we have developed a series of ligands based on crosslinking of nanobodies that can
be used to activate the platelet glycoprotein receptors GPVI, CLEC-2, PEAR1 and FcyRIIA. These
ligands have advantages over other agonists for these receptors including known valency, high
specificity and potency. Therefore, these multivalent nanobodies can be used as research tools to
further explore mechanisms of receptor activation and in assays for comparison between
laboratories or for development of clinically-validated diagnostics to probe platelet function.
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Table 1. Nomenclature for multivalent nanobodies against GPVI, CLEC-2, PEAR1 and FcyRIIA.

Name Receptor Valency

Nb2 GPVI Monovalent

Nb2-2 GPVI Divalent

Nb2-3 GPVI Trivalent

Nb2-2-Fc GPVI Tetravalent (m IgG2a Fc)
LUAS CLEC-2 Monovalent

LUAS-2 CLEC-2 Divalent

LUAS-3 CLEC-2 Trivalent

LUAS-2-Fc CLEC-2 Tetravalent (m IgG2a Fc)
Nb138 PEAR1 Monovalent

Nb138-2 PEAR1 Divalent

Nb138-3 PEAR1 Trivalent

Nb138-2-Fc PEAR1 Tetravalent (m IgG2a Fc)
Nb17 FcyRIIA Monovalent

Nb17-2 FcyRIIA Divalent

Nb17-3 FcyRIIA Trivalent

Nb17-2-Fc FcyRIIA Tetravalent (m IgG2a Fc)



Table 2. Binding affinity values for nanobody-receptor interactions calculated by surface plasmon

resonance.
Nanobody Receptor Ko (nM)
Nb2 GPVI 0.58 £0.06
Nb2-2 GPVI 0.1 +0.003
Nb2-3 GPVI 0.091 +0.040
Nb2-2-Fc GPVI 0.024 +0.0029
LUAS CLEC-2 137 7
LUAS-2 CLEC-2 0.67 £0.09
LUAS-3 CLEC-2 0.53 £0.30
LUAS-2-Fc CLEC-2 0.25 +£0.098
Nb138 PEAR1 14.2+2.4
Nb138-2 PEAR1 0.59 +0.036
Nb138-3 PEAR1 0.089 +0.063
Nb138-2-Fc PEAR1 0.19 £0.036
Nb17 FcyRIIA 4.6 +0.0069
Nb17-2 FcyRIA 0.33 £0.027
Nb17-3 FcyRIIA 0.31 +£0.011
Nb17-2-Fc FcyRIIA 0.054 £0.012

Tabulated Kp calculations for all nanobody variants against the GPVI, CLEC-2, PEAR1 and FcyRIIA
receptors, as determined by surface plasmon resonance (SPR). Values are mean of 3 independent

SPR experiments with standard error of mean (SEM) shown for each value. Nb2 was raised against a

dimeric form of GPVI (D1-D2-Fc), we have previously published the binding affinity determined for

the dimeric construct as 0.7 nM [32] and shown that the conformation of GPVI D1-D2 is independent

of GPVI dimerisation [52].
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