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Background: The diversity of platelet functions implies multiple activation states arising in response to different
stimuli. Distinguishing between these states has been challenging.

Methods: We used fluorescently labelled carbohydrate binding proteins lectins to investigate agonist-induced
changes in platelet surface glycosylation.

Results: Each of the seven agonists we used caused a unique set of changes in platelet surface glycosylation,
eliciting a unique functional state. Some of these changes could be correlated with the expression of granule-
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Plajiwelets specific markers CD62P and CD63, but lectins proved much more sensitive to differences between agonists
Lectins than antibodies against those markers. This sensitivity appears to arise from the relation between the surface

glycosylation changes and the signalling pathways through which various agonists act. In this context it is inter-
esting that the effects of calcium ionophore were significantly different from those of other agonists. We also
found that that P-selectin (CD62P) contains haptens for lectins VFA and PTII, because these lectins compete
with the anti-CD62P antibody binding and vice a versa.

Conclusions: We report for the first time that changes in platelet surface glycosylation are agonist-specific and can
be distinguished using lectin-binding assays. Lectin fingerprinting represents a new research and diagnostic tool
for studying platelet activation.

General significance: The observation of agonist-specific platelet surface glycosylation changes is interesting in the
context of the diversity of platelet function, because surface glycans mediate contact interactions between plate-
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lets and other cells and serve as binding sites for some of the agonists (galectins).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Platelets are known for their critical role in haemostasis and throm-
bosis [1-4]. Thrombotic complications such as heart attacks and strokes
are major causes of death in the developed world [4-7]. Recent findings
further implicate platelets in numerous other physiological and patho-
logical processes [8-14]. These include wound healing [9], angiogenesis
and de novo blood vessel synthesis [ 10], tumour growth and cancer me-
tastasis [11,12], as well as adaptive and innate immune responses [13,
14]. Their role in atherosclerosis is intimately related to their role in
inflammation [6]. Advances in the understanding of platelet regulation
already have a tremendous impact on the treatment of cardiovascular
disorders that heavily relies on antiplatelet therapy [4,15,16]. They
have the potential to similarly transform the treatment of cancers,
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infections and their complications (e.g., sepsis) [17,18], recalcitrant
wounds, and integration of implants.

Platelet activation can be triggered by numerous agonists: ADP,
thrombin, thromboxane A2 (TXA2), tissue factor, collagen, collagen-
bound von Willebrand factor, etc. Some are produced by the activated
platelets themselves, some form as a part of the clotting cascade,
while others become exposed at the injury site [1-3]. Most act through
more than one receptor [3,19,20]. They elicit changes in platelet shape
and size, translocation of phospholipid phosphatidyl serine (PS),
which catalyses clot formation, to their surface, conformational change
of the integrin GPIIb/Illa, which is involved in aggregation and adhesion,
and exocytosis of intracellular granules, releasing their content and
bringing glycoproteins such as CD62P (P-selectin, a-granule marker)
and CD63 (dense granule marker) to the platelet surface. Despite
these similarities, differences in platelet aggregation and secretion in re-
sponse to different agonists have been observed [21,22]. Together with
the realization that upon activation, platelets secrete over 200 different
molecules, some of which have contradictory functions [1,10,23,24],
these observations stimulated the search for functional themes in the
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regulation of platelet activation. Indeed, dense and a-granule secretion
is regulated via different signalling pathways [25-28]. However, reports
of differential packaging and selective secretion of a-granule content
that appeared in the literature [23,24,29] have been challenged
[30-32]. There currently is no clear picture of how different platelet
functional states arise.

Instead of focusing on the traditional surface or soluble markers of
platelet activation, we decided to examine platelet surface glycosyla-
tion. Platelets, like all cells, are covered with a coat of carbohydrates,
originating mostly from cell surface glycoproteins [33]. The chemical
nature of this coat changes as platelets age. These changes serve as a
signal for platelet clearance by macrophages and hepatocytes [18,34,
35]. Changes upon stimulation with thrombin have also been reported
[36], as have differences between platelets from healthy individuals
and those from uremic or diabetic patients [37,38]. Platelet surface car-
bohydrates also serve as receptors for galectins—members of the re-
cently discovered class of platelet agonists [39]. There are also reports
of platelet activation by plant lectins [40]. In other cells, changes in sur-
face glycosylation have clear functional implications, such as cells turn-
ing malignant [41].

We hypothesized that platelet activation would not only result in
changes in the surface glycosylation, but that these changes will differ
depending on the agonist used to stimulate platelets. To detect these
changes, we used fluorescently labelled lectins that specifically bind to
certain carbohydrate sequences [42]. To avoid interference from the in-
teractions between glycosylated plasma proteins and lectins, as well as
between plasma proteins and platelets, we used purified platelets. In
this way, our observations can be directly related to the events that
occur in platelets upon activation, such as granule secretion. We there-
fore picked granule-specific markers CD62P and CD63 to monitor plate-
let activation. We demonstrate that each agonist leads to a unique
lectin-binding “fingerprint”. The differences between them correlate
with the differences between the signalling pathways used by the ago-
nists. We consider our results to be highly significant for future research
into platelet activation as well as for the development of new diagnostic
tests.

2. Methods
2.1. Materials

FITC-conjugated lectins from Amaranthus caudatus (ACA), Bauhinia
purpurea alba (BPL), Dolicos biflorus (DBL), Aleuria aurantia (AAL),
Datura stramonium (DSL), Sambucus nigra (SNA), Canavalia ensiformis
(Con A), Lens culinaris (LCA), Maclura pomifera (MPL), and Pisum
sativum (PSA) were purchased from Vector Laboratories (Palex
Medicals SA, Barcelons, Spain). Lectins from Psophocarpus tetragonolobus
(PTIN), Vicia faba (VFA) and Maackia amurensis (MAA) were purchased
from EY Laboratories (Hycultec GmbH, Germany). Their haptens are
listed in Table 1.

Table 1
List of plant lectins with their corresponding haptens used in this study.
*Experiments with these lectins were performed in the presence of 1 mM calcium.

Antibodies used in this study (PerCPCy5.5-conjugated anti-CD41a,
APC or PE-conjugated anti-CD62P, PE-conjugated anti-CD63, and FITC-
conjugated PAC1) were purchased from Becton-Dickinson (Madrid,
Spain).

Acid-citrate-dextrose (ACD), Phorbol 12-myristate 13-acetate
(PMA), Calcium Ionophore (CaloP) and Adenosine 5’-diphosphate
sodium salt (ADP) were purchased from Sigma (Madrid, Spain).
Protease-activated receptor 1 (PAR)-specific agonist peptide (TFLLR-
NH2), Protease-activated receptor 4 (PAR4)-specific agonist peptide
(AY-NH2) and thromboxane A2 (TXA2)-receptor agonist (U46619)
were purchased from Tocris Biosciences (Oxford, United Kingdom).
BAPTA was purchased from Invitrogen (Madrid, Spain). All other
chemicals were purchased from Sigma (Madrid, Spain).

2.2. Blood collection

Blood collection was organized by the Biobanco Vasco para la
Investigacién (Basque Biobank for Research, Galdakao, Spain) and per-
formed with informed consent according to the appropriate legal and
ethical guidelines. Donors were healthy volunteers not exposed to
medication (such as aspirin) or alcohol in the two weeks prior to
blood extraction. Blood was collected by venipuncture with a 21
gauge needle into sodium citrate anticoagulant (two 5 ml glass
Vacutainer® tubes, Becton Dickenson, Madrid, Spain) and stored at
37 °C. First 2 ml of the extracted blood was discarded to avoid platelet
activation by residual thrombin.

2.3. Platelet isolation and purification

Platelets were isolated ~ 12 h after blood collection. During that time,
blood was stored at room temperature without agitation. This proce-
dure was imposed upon us by the Basque Biobank for Research and
the administration of CIC biomaGUNE. Platelets were purified by centri-
fugation using the protocol described in our previous publication [26].
They were resuspended in the buffer containing 145 mM NacCl, 5 mM
Glucose, 1 mM MgCl2, 10 mM HEPES, 5 mM KCl, and pH 7.4. The level
of platelet activation and their response to agonists were tested imme-
diately after purification by examining expression levels of the classical
activation markers by flow cytometry. The % of the purified platelets ex-
pressing activation markers CD62P, CD63, PS, and GPIIb/Illa was in the
range of ~0-8%. Upon stimulation with TRAP or PMA, the % of platelets
expressing these markers increased to 80-90% for CD62P, CD63 and
GPIIbyIlla, while PS expression fluctuated between 5 and 61%. Purified
platelets were used immediately.

We compared platelet activation and response to agonists in plate-
lets isolated from blood immediately after collection and in platelets iso-
lated from blood stored at room temperature for 24 h and found them to
behave in the same way as far as marker expression and response to ag-
onists were concerned (Figure S1 in the Supplementary data and our
previous work, ref. [26]). This observation is consistent with literature

Lectin (source) Abbr. Hapten specificity Ref.
Amaranthus caudatus ACA* Galp1-3GalNAca-Ser/Thr (T-antigen), Siac2-3Galp1-3GalNAca-Ser/Thr (cryptic T-antigen) [66,67]
Bauhinia purpurea alba BPL GalP1-3GalNAc, Galp1-3/4GlcNAc, not to terminal a-GalNAc [68,69]
Dolicos biflorus DBL* GalNAca-Ser/Thr (Tn) and GalNAca1-3GalNAc [70-72]
Aleuria aurantia AAL* Fucose (Fuca1-6,2,3,4GIcNAc)-both core and peripheral fucose [73-75]
Maackia amurensis MAA Siac2-3Galp1 [76-78]
Sambucus nigra SNA Siaa 2-6GalP31-4Glc(NAc) [55,73,77,78]
Pisum sativum PSA* Fucat1-6GIcNAc (core fucose), aMan, aGlc, GIcNAca [75,79]
Psophocarpus tetragonolobus PTII D-GalNAca-(1-3)DGal(31-3/4)Glc, (o-GalNAc, D-GalNAca-(1-3)DGal), preference for o over 3 [80,81]

Vicia faba VFA Mano [79]
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reports where platelet activation in platelets prepared from freshly
drawn and stored blood was compared [43].

2.4. Lectin binding studies

Freshly isolated platelets were either treated with one of the ago-
nists (listed in Table 2 along with the concentrations used ), 50 uM
BAPTA-AM, or left untreated. They were then incubated with FITC la-
belled lectins (20 pg/ml, listed in Table 1) for 30 min at 37° C and
analysed by FACS. Platelet concentration was kept at ~50 x 10° platelets
per pl in all samples (final concentration after the addition of the lectin
solution). Measurements were repeated at least three times with blood
from different donors.

The effect of lectins on CD62P expression by platelets was deter-
mined by staining the FITC-lectin treated platelets with APC-anti-
CD62P antibody for 30 min at 37 °C, followed by analysis with flow
cytometry.

3. Results
3.1. Lectin fingerprinting of platelet agonists

Lectins are proteins that bind with high affinity to sugar moieties
containing specific oligosaccharide structures [42]. They are ubiquitous-
ly expressed in plants, animals, and microorganisms and have been
commonly used as tools for studying protein glycosylation and for pro-
filing cell surface carbohydrates [42]. In this study, we used nine fluores-
cently labelled plant lectins to profile changes in platelet surface
glycosylation upon treatment with various agonists. The lectins we
used, together with their haptens, are listed in Table 1. Agonists includ-
ed thrombin, PAR1 and PAR4 receptor agonist peptides (TFLLRN and
AY-NH,) that mimic thrombin's action, ADP, TXA2, calcium ionophore
(CaloP), and phorbol 12-myristate 13-acetate (PMA). They are listed
in Table 2 along with the concentrations that were used in the
experiments.

Prior to the lectin binding experiments, platelet activation state and
response to agonists were evaluated by flow cytometry as described in
Materials and Methods and in our previous publication [26]. Platelets
were used in lectin-binding experiments only if their basal activation
levels were below 8% while levels of expression upon treatment with
agonists were above 80%, where the values refer to the percentage of
platelets expressing the activation markers.

The extent of lectin binding to the resting and the agonist-treated
platelets was determined by flow cytometry (Fig. 1). Depending on
the agonist and the lectin, mean fluorescence intensity (MFI) of the
platelets was found to remain unchanged, increase, or decrease, relative
Responses to different agonists could be distinguished: treating plate-
lets with thrombin did not lead to a change in the ACA binding, while
treating them with its analogue PAR1 agonist led to an increase in the
level of ACA binding, and with calcium ionophore—to a decrease

Table 2

List of agonists used in this study and their concentrations.

Agonists used and their concentrations, selected based on the literature studies indicated.
Higher-than-usual ADP concentration was probably due to blood storage prior to the ex-
periments (see Materials and Methods). Concentrations of other agonists are well within
the accepted ranges. *Experiments with these agonists were performed in the presence of
1 mM extracellular calcium.

Agonist Concentration Ref.
PAR1 peptide 100 pM [82]
PAR4 peptide 150 M [22]
Thrombin 10 U/ml [83,84]
ADP* 100 uM [50,85]
TXA2 10 uM [83]
PMA 10 UM [83]
CaloP* 5 uM [58,59]

(Fig. 1A, n = 4). The raw flow cytometry data for other lectins is pre-
sented in Figure S2 in the Supplementary data. The conditions for the
lectin binding experiments were selected by examining the dependence
of the MFI on the incubation time (Fig. 2A) and lectin concentration
(Fig. 2B).

For each lectin and agonist, measurements such as those shown in
Fig. 1A were repeated with blood from three to five different donors.
In order to account for the donor-to-donor variability, the MFI of the
agonist-treated platelets was divided by that of the resting platelets
from the same donor, giving fold-changes in lectin binding. The average
values of the fold-changes, obtained from three to five experiments per-
formed with blood from different donors, are plotted in Fig. 1B, along
with the standard deviations that represent donor-to-donor variations.
Statistically significant differences (p* < 0.05, n = 3-5) in the extent of
lectin binding to different agonist-treated platelets relative to resting
platelets were observed across the donor pool. (We also show, in
Figure S3 in the Supplementary data, that the variation in the extent
of lectin binding to platelets isolated from different donors was reassur-
ingly small).

These data are more conveniently represented as a heat-map, where
statistically significant increases or decreases in lectin binding are repre-
sented with different colours (Fig. 3A). Examining Fig. 3A reveals that
each agonist affects lectin binding in a unique fashion, resulting in a
“fingerprint”. It is noteworthy that lectins are far more sensitive to dif-
ferences between agonists than the classical activation markers CD62P
and CD63 (Fig. 3B).

Further insight can be gained by examining how the changes in lec-
tin binding relate to CD62P and CD63 expression levels. In particular,
there is a correlation between changes in the binding of PSA and ACA
and the level of expression of CD62P (Fig. 3C; plots for the other lectins
are shown in Figure S4 in the Supplementary data), for all agonists ex-
cept CaloP. A similar correlation could be discerned in the case of MAA
(Figure S4 in the Supplementary data). CaloP exerted significantly dif-
ferent effects than physiological agonists (Fig. 3C). PMA, on the other
hand, exerted effects that were rather similar to those of the physiolog-
ical agonists. No correlation between changes in the binding of other
lectins (AAL, BPL, DBL, SNA, VFA, and PTII) and the level of CD62P ex-
pression could be discerned.

With respect to CD63, there was an abrupt change in the level of its
expression between ADP-treated platelets and platelets treated with all
other agonist except CaloP (Fig. 3D), and a corresponding change in the
binding of DBL and BPL (Fig. 3A). Treatment with CaloP once again led to
discordant behaviour.

It is important to keep in mind that the heatmap shown in Fig. 3A in-
corporates information about how reproducible the measurements
with a particular agonist and lectin were across the donor pool. This is
because the colouring of the heatmap depends on the statistical signifi-
cance of the fold-changes, which, in turn, depends on the variability.
For example, there is no statistically significant change in the binding
of PTII to PMA-treated platelets relative to the resting platelets (Fig. 3A).
Examination of the relevant plot in Figure S4A in Supplementary data
shows that this is due to the poor reproducibility of the measurements
done with this lectin with PMA-treated platelets.

3.2. Platelet activation by lectins and competition between lectin and
antibody binding

Some of the plant lectins can activate platelets [39,40]. We therefore
examined the expression of a common platelet activation marker,
CD62P, upon treatment of platelets with the lectins. The results of
these experiments are shown in Fig. 4. Platelets treated with the PAR1
agonist were used as a positive control, as they always express CD62P.
Platelets treated with BAPTA-AM, a membrane-permeable calcium che-
lator that prevents platelet activation upon agonist stimulation, were
used as a negative control, because they do not express CD62P even
upon agonist stimulation. Fig. 4 shows that treating platelets with DBL
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Fig. 1. Profiling platelet surface glycosylation changes with lectins. (A) A schematic representation of the flow cytometry experiments. Resting platelets (i) or platelets treated with differ-
ent agonists (thrombin (ii), PAR1 (iii) and calcium ionophore (iv)) were incubated with FITC-labelled lectins (in this example, ACA). Mean fluorescence intensity (MFI) of the agonist-
treated platelets was compared with that of the resting platelets. The plots show representative results of individual experiments. The data for other lectins and agonists is presented
in Figure S2 in the Supplementary data. Platelet membrane is shown in grey. Green spheres refer to GPIIb-Illa integrin in the inactive conformation on the resting platelets. Green ellipses
designate the active conformation of this protein. Granules (o, purple, and dense, brown), with their respective markers (glycoproteins CD62P, red, and CD63, turquoise) are shown inside
the resting platelet. They undergo exocytosis upon activation, and the two markers appear on the platelet membrane. Purple arrowheads represent phosphatidyl serine (PS)—a phospho-
lipid that catalyses clot formation. It is asymmetrically distributed (facing inwards) in the membranes of resting platelets, but undergoes a re-orientation upon activation with some of the
agonists. Orange circles in the platelet membrane represent glycoproteins with the carbohydrate moieties of these glycoproteins projecting outside the membrane. Yellow coloured circles:
Galactose (Gal); blue squares: N-acetylglucosamine (GIcNAc). (B) Quantification of the flow cytometry results, such as the ones shown in (A). The results are represented as fold changes of
MFI of the agonist-treated platelets over the resting platelets; means of three to five independent experiments 4 SD are shown. Each of these independent experiments was performed
with blood from a different donor; SD's represent donor-to-donor variation. Note, that although the histograms in (A) are plotted with the fluorescence intensity on the log scale, it was the
absolute values of the MFI that were divided to obtain the fold changes. Statistical significance was evaluated using a 1-way ANOVA test with *p < 0.05 vs. resting platelets (RP), n = 3-5.
These results show that the pattern of lectin binding to platelets depends on the agonist used to activate them.

or BPL did not lead to positive staining with the anti-CD62P antibody, lectins interfered with the detection of CD62P expression in the

while treating platelets with ACA or PSA lectins led to some staining.
None of these four lectins interfered with the ability of the antibody
to bind to CD62P in platelets treated with the PAR1 agonist, since the
levels of antibody binding were similar with and without the lectins.
We conclude that DBL and BPL do not activate platelets, while
ACA and PSA activated platelets to a limited extent. SNA and AAL

PAR1 agonist-treated platelets (see the green and dashed purple
peaks in Fig. 4). Because no binding of anti-CD62P antibody could
be detected when PAR1-activated platelets were treated with lectins
from this group, it is not possible to ascertain whether these
lectins activated platelets or not, but we view this possibility as
unlikely because of the results obtained with the lectins from the third
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Fig. 2. Time and dose response of lectin binding to platelets. (A) Resting platelets were incubated with 20 pg of lectin (ACA, BPL and DBL) for 30 and 60 min and their mean fluorescence
intensity (MFI) was determined with flow cytometry. Lectin abbreviation (Table 1) is indicated on each histogram. These results show that binding of lectins to platelets is the same after
30 min (grey) and 60 min (purple). These are representative plots for two independent experiments. (B) Resting platelets and PAR-1 treated platelets were incubated with 10 pug and 20 pg
of lectins (ACA, BPL and DBL) for 30 min and their mean fluorescence intensity (MFI) was determined using flow cytometry. Purple colour refers to the resting platelets (RP), while green
colour refers to the PAR1 treated platelets. Solid lines—10 pg lectin; dashed—20 pg. The results show that binding levels of lectins to platelets increase with increasing concentration for
both resting and PAR1 treated platelets, but the fold-changes (MFI[treated platelets] / MFI[resting platelets]) are independent of the lectin concentration in this concentration range.

These are representative plots for 2 independent experiments.

group. This group consisted of VFA, PTII, and MAA, which induced
CDG62P expression in platelets and interfered with the binding of anti-
CDG62P antibody to the PAR1-agonist treated platelets. These lectins ac-
tivate platelets, and in fact, they are not very efficient in distinguishing
between agonists (c.f. Fig. 3A).

To better understand the nature of interference between the lectins
and the anti-CD62P antibody, we checked whether the reverse was
true: whether antibody binding to CD62P affected lectin binding. This
was done by comparing lectin binding to platelets previously incubated
with the anti-CD62P antibody with that to platelets that were not
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incubated with it. The results are shown in Fig. 5. The binding of AAL and
SNA was not affected by the anti-CD62P antibody binding (Fig. 5A, B),
while the binding of VFA and PTII was. We conclude that CD62P carries

A
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glycans containing the haptens for VFA and PTII (Table 1), but not AAL
or SNA. Therefore the interference between the binding of AAL, SNA,
and the anti-CD62P antibody to the platelets must have a different ori-
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Fig. 4. Platelet activation by lectins. Platelets (resting, treated with BAPTA, or with PAR1 agonist) were incubated with one of the nine lectins and then stained with the APC-anti-CD62P antibody
as shown in the legend. Surface expression of CD62P marker was evaluated by flow cytometry. Dashed purple and solid green peaks indicate positive controls (PAR1 + lectin + CD62P). If these
two peaks overlap, platelet activation can be judged from the solid purple peak (lectin + CD62P). If these two peaks do not overlap, lectin binding interferes with the binding of the anti-CD62P
antibody, and level of platelet activation cannot be ascertained. In the case of VFA, PTIl and MAA lectins, there is a further shift in the solid purple and solid green peaks relative to the isotype,
indicating both interference between the lectin and the antibody binding and platelet activation by the lectin. These are representative plots of three independent experiments.

gin. These lectins may cause glycoproteins to reorganize in the mem-
brane, hindering the ability of the antibody to bind to CD62P.

4. Discussion

The main finding of our work is that changes in platelet surface gly-
cosylation are agonist-specific. To the best of our knowledge, this is the
first such observation in platelets, although there are well-documented
examples of agonist-specific aggregation and secretion patterns [21,22],
and reports of activation-related platelet surface glycosylation changes
(e.g., in chilled platelets [34,35,44]).

Stimuli-specific glycosylation changes have been reported in other
cells: stimulation of B-cells with different agonists—interleukin (IL)-21
and all-trans retinoic acid (ATRA, a natural metabolite of vitamin A)—
leads to different glycosylation patterns of the Fc region of the IgG1
antibodies produced by these cells [45]: IL-21 treatment lead to an in-
crease in their galactosylation and sialylation, while ATRA treatment

led to a decrease. Increased galactosylation and sialylation was linked
to anti-inflammatory activity of the IgG and vice versa [45]. Similarly,
specific patterns of carbohydrates were observed on endothelial cells
from different organs, providing “zip-codes” for organ-specific leuko-
cyte traffic [46]. Altogether, these observations in diverse systems sug-
gest that nature uses the substantial combinatorial complexity of
carbohydrates to encode subtle differences between otherwise similar
cells or molecules. They also provide a starting point for the design of
therapeutics targeted to specific platelet activation states.

In the following, we relate surface glycosylation changes to other
platelet responses, such as granule exocytosis. In washed, unstirred
platelets, ADP does not cause TXA2 production or granule exocytosis,
because these effects are aggregation-dependent [47-50]. Indeed, we
see in Fig. 3B and D that in contrast to platelets treated with other ago-
nists, including TXA2 [51], ADP treated platelets do not express CD63.
The corresponding difference in the binding of DBL and BPL between
ADP-treated platelets and platelets treated with all other agonists

Fig. 3. Agonist-specific changes in the platelet surface lectin and antibody binding profiles. (A) A three-colour heat map depicting a significant increase (green), a significant decrease (red),
or no change (white), in the binding of the respective lectin to platelets treated with the respective agonist as compared with that to the resting platelets. Statistical significance (p* < 0.05,
n = 3-5) was evaluated using a 1-way ANOVA test run on the lectin binding fold changes (MFI(agonist-treated platelets + lectin) / MFI(resting platelets + lectin)) relative to 1
[MFI(resting platelets + lectin) / MFI(resting platelets + lectin)], obtained from three to five separate experiments for each agonist/lectin pair performed with blood from different do-
nors. (B) The expression of two common platelet activation markers, CD62P and CD63, in response to agonist treatment, evaluated by measuring the level of binding of respective anti-
bodies. Maximum antibody binding for each marker (PAR1 for CD62P and thrombin for CD63) was taken as 100%. Average results of three to five experiments are shown. Marker
expression levels depend on the agonist. Agonist concentrations used in these experiments are shown in Table 2. They were picked to induce the maximum response for each agonist.
In (A) and (B), the agonists are placed, left to right, in the order of decreasing CD62P expression (from PAR1 to ADP). (C) Fold-changes in lectin binding are plotted as a function of
CD62P expression level for ACA and PSA lectins. Lines are linear regression fits with correlation coefficients of 0.94 and 0.97, respectively. (D) Fold-changes in lectin binding are plotted
as a function of CD63 for DBL and BPL lectins. Solid symbols in (C) and (D) refer to physiological agonists, while open symbols refer to PMA and CaloP. Agonists are indicated in the
plots. Their order in the two subfigures reflects the level of expression of each marker.
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Fig. 5. Interference between lectin and antibody binding to CD62P. Resting or PAR1 agonist-treated platelets were treated with FITC-labelled AAL (A), SNA (B), VFA (C), or PTII (D) and the
APC-anti-CD62P antibody. Antibody treatment either followed (dark blue) or preceded (green) lectin treatment. Note, how in the case of AAL and SNA, the lectins affect antibody binding
(evident from the difference between the solid blue and the solid green curves in panels Aii and Bii), but not vice-a-versa (evident from the overlap between the solid green and solid blue
curves in panels Aiv and Biv). In the case of VFA and PTII, the antibody binding also affects the lectin binding. These are representative plots for three independent experiments.

except CaloP (Fig. 3A) is significant because DBL and BPL haptens con-
tain terminal 3-galactose and GalNac residues, respectively (Table 1),
which are responsible for the clearance of activated or damaged plate-
lets by the hepatocyte Ashwell-Morell receptors [52].

The observation of CD62P expression in ADP- and TXA2-treated
platelets is surprising. Its level is smaller than that in platelets treated
with other agonists (Fig. 3B, D). Unfortunately previous studies

examining the response of washed, unstirred platelets to ADP focused
on ATP release from dense granules [47-50], and therefore they do
not shed light on the origin of CD62P expressed in ADP-treated, washed,
unstirred platelets. Independently of its origin, CD62P expression in
TXA2- and ADP-treated platelets is similar, indicating that there is no
difference in a-granule exocytosis between platelets treated with
these two agonists. Therefore, differences in glycosylation between
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ADP- and TXA2-treated platelets correlate with dense granule exocyto-
sis, which appears to mark platelets for clearance.

Other agonists induce aggregation-independent exocytosis of both
sets of granules and therefore significant levels of expression of both
CD62P and CD63 (Fig. 3B, C, D). PAR1 agonist induced the highest
level of CD62P expression (Fig. 3B) as well as most significant changes
in lectin binding (Fig. 3A): an increase in the binding of ACA, AAL, PSA,
VFA and MAA and a decrease in the binding of SNA. Since PAR1 treat-
ment leads to ADP release and TXA2 production, the increase in PSA
binding to PAR1-treated platelets counteracts its decrease caused by
ADP and TXA2. Other examples of such agonist interactions include dif-
ferences in the binding of AAL between ADP, TXA2, PAR1, and PAR4
treated platelets.

PAR4 agonist led to the second-highest level of CD62P expression
(Fig. 3B, C) and correspondingly less pronounced effects on the lectin
binding than the PAR1 agonist (Fig. 3A): an increase in the binding of
ACA and AAL, but no change in the binding of PSA. Since treating plate-
lets with ADP or TXA2 leads to a decrease in the binding of PSA, this
means that PAR4 caused a smaller increase than PART1. This is confirmed
by the plot shown in Fig. 3C. The same explanation applies to the bind-
ing of VFA and MAA: where there was an increase in binding upon PAR1
treatment, there is no change upon PAR4 treatment. The binding of SNA
shows no difference between PAR4-treated platelets and resting plate-
lets, whereas a decrease in its binding was observed upon treatment
with PAR1 agonist, PMA, and TXA2.

The level of CD62P expression (Fig. 3B, C) and the extent of lectin
binding changes (Fig. 3A, B) both suggest that PAR4 agonist is weaker
than PAR1 agonist. There is indeed support in the literature for such a
conclusion [53]. However, the relationship between PAR1 and PAR4 ac-
tivation pathways is more complex [54]. The response induced via PAR1
is rapid but transient, while the response induced via PAR4 is delayed
but sustained; they are characterized by different kinetics of intracellu-
lar calcium changes [54]. The differences in glycosylation we observe
may, therefore, reflect different stages of platelet activation: earlier
with PAR1 and later with PAR4. Some evidence for this possibility is pro-
vided by the effect of thrombin.

We found it curious that the changes in lectin binding induced by
thrombin were strikingly different from those induced by PAR1 and
PAR4 despite the fact that these two agonists activate the two corre-
sponding thrombin receptors [19,55]. These changes were, however,
consistent with the levels of CD63 and CD62P expressed in thrombin-
treated platelets (Fig. 3B, C, D). The effects of thrombin that are not me-
diated by PAR1 or PAR4 receptors [56,57] may offer partial explanation
for this puzzling behaviour. Another possibility is that we are observing
different stages in a sequence of events triggered by PAR1, PAR4, and
thrombin. This is tentatively supported by the observation that persis-
tent stimulation by thrombin is required to sustain PAR4-mediated
effects [54].

PMA, for the most part, behaved as a weaker version of PAR1 and
PAR4, but stronger than thrombin—an effect that correlates with the
level of CD62P expression it induces (Fig. 3C, and Figure S4 in the
Supplementary data). Some differences could be noted (e.g., a decrease
in the SNA binding, Fig. 3A).

The effects of CaloP on platelet surface glycosylation were strikingly
different from those of all other agonists and were not correlated to the
levels of CD62P or CD63 expression. It is the only agonist that led to a de-
crease in the ACA and MAA binding, and that affected the binding of DBL
but not BPL (Fig. 3A). This places CaloP in a category of its own. This is
consistent with its very different mechanism of action: CaloP does not
act through the common receptor pathways but short-circuits them
by directly increasing calcium intracellular level. It also affects the plate-
let membrane structure, although at the concentration we used in our
study (5 uM, Table 2), it is not expected to damage platelets [58,59].

In summary, agonist-induced changes in lectin binding could be
grouped into four distinct classes. Changes in the first class correlated
with the exocytosis of dense granules in response to all agonists except

CaloP. This class includes DBL and BPL lectins, the changes in the binding
of which allow ADP to be differentiated from all other agonists. Another
set of changes correlated with CD62P expression, and therefore o-
granule exocytosis, in platelets treated with all agonists except CaloP.
This set includes ACA, PSA and MAA. The third class of changes did not
correlate with the expression of either of the two markers. This set in-
cludes PTII, a decrease in the binding of which was observed for all ago-
nists except PMA; changes in the binding of AAL and SNA that varied
between agonists; and changes in the binding of VFA that were specific
to PAR1. The fourth class of changes was characteristic of treatment
with CaloP.

This classification allows us to formulate hypotheses regarding the
mechanisms underlying agonist-induced platelet surface glycosylation
changes. Possible mechanisms are schematically shown in Figure S5 in
the Supplementary data. The simplest one involves transfer of the gran-
ule membrane glycoproteins to the platelet surface. It can be invoked to
explain the two classes of glycosylation changes that correlate with
granule exocytosis. However, transfer of granule membrane glycopro-
teins to the platelet surface cannot explain why CaloP effects are differ-
ent from those of the other agonists even though the levels of CD62P
and CD63 expression evoked by this agonist are similar to those evoked
by other agonists. Similarly, specific agonist effects on the binding of
several of the lectins cannot be explained through transfer of granule
material to the platelet surface. Other mechanisms underlying changes
in platelet surface glycosylation must be at play. They include enzymatic
modification of platelet surface glycans by glycosyltransferases [60] ac-
tivated as a part of specific signalling cascades, glycoprotein internaliza-
tion, and changes in the platelet membrane lateral organization that
cause glycoprotein clustering [35] or cluster dissociation. In the end,
the only aspect that makes each of the agonists unique is the set of
signalling pathways they activate. Therefore, we conclude that lectin
binding changes that we observe are specific to the particular set of sig-
nalling pathways activated by each of the agonists. This explains both
the partial overlap between the changes in platelet surface glycosylation
induced by different agonists (because the signalling pathways them-
selves overlap to a certain extent) and the unique effects of each of
the agonists on the binding of some of the lectins. Therefore, lectin bind-
ing assays can provide a valuable tool for differentiating between plate-
let responses that are controlled by different signalling pathways, while
agonist-specific platelet functional states may represent the missing
mechanistic link between agonist concentration gradients thought to
be present at the wound site [30,61] and differences between platelets
located in different parts of the clot [62,63].

Finally, a comment needs to be made concerning how the aging of
the blood prior to platelet isolation might affect our results. Because of
the restrictions imposed on us by the Basque Biobank for Research
and the administration of CIC biomaGUNE, we could only receive the
blood and begin platelet isolation ~ 12 h after collection. As we have re-
ported already [26], we found no differences in the basal levels of the
classical activation markers, or their levels upon treatment with TRAP
or PMA, between platelets prepared from fresh blood and blood that
was stored at room temperature without agitation for 24 h (see
Figure S1 in the Supplementary data and the Materials and Methods
section). This observation might appear surprising in view of numerous
reports of platelet activation and degradation upon storage of platelet
concentrates [64,65). However, it is quite consistent with the results
of studies where platelets were isolated from fresh blood and from
blood 24 h after phlebotomy [43,65]. Therefore we consider it unlikely
that our main observation—that changes in platelet surface glycosyla-
tion are agonist-specific—is affected by the fact that the blood we used
to prepare platelets was 12 h old. However, we cannot exclude the
possibility that platelet membranes have undergone some changes
during that time, possibly affecting the lectin binding patterns present-
ed in Fig. 3. As a matter of fact, it would be interesting to investigate the
ability of lectins to follow storage-related changes in platelet surface
glycosylation.
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SUPPLEMENTARY FIGURES

Figure S1: Effect of blood storage time on the basal level of activation of purified platelets

and their response to agonists.
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Platelets, isolated from blood within 2 hrs after collection are seen to have similar levels

of activation markers as platelets isolated from blood 24 hrs after collection. They also

respond to agonists in a similar way. These observations are consistent with literature

reports where activation in platelets prepared from freshly drawn and stored blood was

compared.[1] Results from three experiments using blood from different donors are

plotted. PMA was used to investigate GPIIb/IIla expression, while TRAP was used with

other markers.
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Figure S2. Flow cytometry characterization of lectin binding to resting and agonist-treated

platelets

Resting and agonist-treated platelets were incubated with various lectins and their mean
fluorescence intensity (MFI) was determined using flow cytometry. The MFI represents
the level of lectin binding. See Figure 1 in the main text for additional information.
Lectin and agonist abbreviations are indicated on each of the histograms. Further
information about the lectins can be found in Table 1 in the main text of the article. The
histograms are also color-coded by the agonist: purple for resting platelets, green for
PARI treated platelets, pink for PAR4 treated platelets, fluorescent blue for thrombin
treated platelets, royal blue for ADP treated platelets, yellow for thromboxane treated
platelets, red for PMA-treated platelets and mustard for calcium ionophore treated
platelets. The results show that binding levels of some of the lectins to platelets change
upon treatment of platelets to the agonists as compared to resting platelets (purple), while

for other lectins no changes are observed.
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Figure S3 Donor-to-donor variations in Lectin Binding to the Resting Platelets

Resting platelets from different donors were incubated with 20 pg of lectins (ACA, AAL, PSA,
PTII, BPL, DBL, MALII, VFA and SNA) for 30 mins and their mean fluorescence intensity
(MFI) was determined using flow cytometry. For each lectin, the results from 3 different donors
are shown. The pattern of lectin binding is consistent between donors, and the donor-to-donor

variations are rather small.
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Figure S4A: Correlations between changes in lectin binding and expression of the a-granule

marker CD62P in platelets treated with different agonists.
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Fold-changes in lectin binding [MFI(agonist-treated platelets + lectin)/MFI(resting
platelets + lectin)] are plotted here vs. the level of expression of the a-granule marker
CD62P in platelets treated with different agonists. Lectin abbreviations are
indicated in each plot. Solid symbols: physiological agonists (ADP, Thromboxane A2,
Thrombin, PAR4 and PAR1, listed in the order of increasing level of CD62P
expression). Open symbols: PMA and Calcium ionophore, CaloP. Note the difference
between CaloP-treated platelets and platelets treated with other agonists in the case
of MALII, PTII, SNA, VFA, and DBL. Note also the rather large error bars in the case
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of PMA-treated platelets for, e.g., PTI], lectin. In this case, although the effect of PMA
treatment on the lectin binding is similar to that of the other agonists, it is not
statistically significant because of poor reproducibility of this set of measurements.
The dashed line in the MALII plot is a linear regression fit with a correlation
coefficient of 0.95.
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Figure S4B: Correlations between changes in lectin binding and expression of the

dense granule marker CD63 in platelets treated with different agonists.
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Fold-changes in lectin binding [MFI(agonist-treated platelets + lectin)/MFI(resting
platelets + lectin)] are plotted here vs. the level of expression of the dense granule marker
CD63 in platelets treated with different agonists. Lectin abbreviations are indicated in
each plot. Solid symbols: physiological agonists (ADP, PAR4, PAR1, Thromboxane A2,
Thrombin, listed in the order of increasing level of CD63 expression). Open symbols:
PMA and Calcium ionophore, CaloP.
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Figure S5: Molecular mechanisms of platelet surface glycosylation changes.
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(A) Resting (bottom) and activated (top) platelets. Platelet membrane is shown in grey. Purple

arrowheads represent phosphatidyl serine (PS), the phospholipid that is asymmetrically distributed
(facing inwards) in the membranes of resting platelets but undergoes a re-orientation upon
activation with some of the agonists. Physiological role of PS is to catalyse thrombin formation.
Green spheres refer to GPIIb-IIla integrin in the inactive conformation on the resting platelets.
Green ellipses designate the active conformation of this protein. Granules (o, purple, and dense,
brown), with their respective markers (CD62P, red, and CD63, turquoise) are shown inside the
resting platelet. They undergo exocytosis upon activation, and the two markers appear on the cell
membrane. As we discuss in the main text (see Figure 3B), these activation-related events are
similar for all agonists and are therefore omitted from (B) below for clarity. It should be
understood, however, that on all agonist-treated platelets these changes occur concurrently with

the glycosylation pattern changes shown in (B).

(B) Seven possible changes in the platelet surface glycosylation patterns upon treatment with agonists are

shown in this figure. In each diagram, the resting platelet is below and the agonist-treated platelet is

14
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above. Variously coloured circles in the platelet membrane represent glycoproteins. Structures

projecting outside the membrane represent the carbohydrate moieties of these glycoproteins. Yellow

coloured circles: Galactose (Gal); blue squares: N-acetylglucosamine (GIcNAc); brown rhombi: N-

acetylneuraminic acid (sialic acid).

Increase in lectin binding can be due to an actual increase in the number of haptens (i) as new
glycoproteins are brought to the platelet surface or due to clustering of existing haptens (ii) that
leads to an increase in the avidity for the corresponding lectin. The most prominent example of the
latter mechanism is clustering of the GPIba receptor carrying the BGIcNAc hapten. The clustering
leads to the rapid clearance of chilled platelets through the lectin domain-containing o3, integrin
receptors on the macrophages of the reticuloendothelial system.[2]

Decrease in lectin binding can similarly be due to dissociation of clusters (iii) or actual loss of
haptens (iv) through endocytosis or shedding of microparticles. For example, platelets internalize
GPIb upon stimulation with most of the agonists (thrombin, PAR1 and PAR4 peptide agonists,
ADP, PMA and TXAZ2).[3] This process is reversible for some of the agonists (thrombin, PAR1
and PAR4 receptor agonists, and ADP) but not for others (PMA and TXA2).[4] Moreover, the
kinetics (extent and rate) of the return of the GPIb to the platelet surface varies depending on the
concentration and type of agonist.[4] On the other hand, platelets shed CD62P-expressing
microparticles, leading, over time, to a decrease in the expression of this glycoprotein on the
platelet surface.[5]

Modifications of the existing carbohydrates by glycosyltransferases[6] may lead to an increase in
the number of some haptens at the expense of other haptens (v). As shown in panel (v), the
removal of galactose residues from the Gal-GlcNAc haptens results in a decrease in the number of
Gal-GlcNAc haptens, and a corresponding increase in the number of GIcNAc haptens, expressed
on the cell surface. An example of this mechanism is the exposure of galactose residues on platelet
surfaces due to desialylation, leading to platelet clearance through the hepatocyte Ashwell-Morell
receptors (asialoglycoprotein receptors, ASGPR),[7] and vice-a-versa.[8] Note that this process
leads to an increase in the amount of existing haptens on the platelet surface, not to the appearance
of new haptens.

Essentially new haptens may also appear on the platelet surface, either through the action of
glycosyltransferases (vi) or on the newly-expressed glycoproteins (vii). While we do not observe
any evidence of this mechanism in our study, others have reported such events in T and B cells

upon activation.[9]
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In this table, we highlight the functional relevance of certain cell surface carbohydrates that also serve as haptens for various lectins and/or indicate

correlations between lectin binding and functionality.

Hapten and receptor Lectins used for Effect and comments Ref.
characterization
Protect red blood cells and platelets from clearance by the macrophages of
the reticuloendothelial system (RES); protect platelets from clearance by | [7, 10, 11]
through the lectin asialoglycoprotein receptors on hepatocytes (ASGPR,
Terminal sialic acid residues Ashwell-Morell receptors) and resident liver macrophages (Kupffer cells).
on cell surface glycans
MAA Loss of terminal sialic acid residues serves as an “eat me” signal on [12]
SNA apoptotic lymphocytes.
Terminal B-GlcNAc on the Platelet clearance by hepatic macrophages of the RES through binding to
platelet GPIba receptor N- . . . [13, 14]
the o3, integrin upon clustering of the GPIba.
glycan.
Terminal f—Galactose Platelet and VWF clearance through the hepatocyte Ashwell-Morell
exposed due to receptors (ASGPR). [7, 11, 14,
desialylation: Increased binding of VWF to GPIb causes platelet activation and also 15]
e On the platelet GPIba accelerates their clearance.
receptor N-glycan. RCA and ECA
¢ Onplasma VWF. Sialic acid is also involved in the VWF-GPIb-IX-V interactions. [7]
Binding site for the SSL5 toxin from Staphylococcus aureus. Cause of [16]

Terminal sialic acid (e.g., on

thromboembolitic complications of S. Aureus infection such as
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sLeX, sLacNAc of the
GPIbo)

disseminated intravascular coagulation, or DIC.

Increased sialylation of
platelets surface glycans

Diminishes platelet responsiveness to activation (for example in response
to TRAP)-reduced CD62P expression.

[6]

LcH, ConA, WGA,
RCA

Identification of platelet surface glycoproteins on polyacrylamide gels.
LcH and ConA: bind GPIb, GPIIb, GPIlla and GPIV (IlIb)

WGA : GPIb

RCA: no targets found.

[17]

Changes in glycosylation of
Fc region of IgG1 secreted
by B-cells activated by
different stimuli

IL-21 treatment of B-cells lead to an increase in their galactosylation and
sialylation of the Fc region of secreted IgG1, while ATRA treatment led to
a decrease.

Increases galactosylation and sialylation of IgG1 has been associated with
an anti-inflammatory activity whereas a decrease in galactosylation and
sialylation results in a pro-inflammatory activity of IgG1.

[18]

Defucosylation (removal of
the terminal a-L-Fucose)

Reduces tumor cell adhesiveness to a wide variety of ECM components,
endothelial cells, and selectin matrixes. Impaired interactions with external
milieu.

[19]

Modification of sLex or
sulfo sLex glycans

Endothelial cells from different vascular beds of different inflamed organs
exhibit specific patterns of carbohydrates, providing ‘“zip-codes” for
organ-specific leukocyte traffic

[20]

An array of 94
lectins

Lectin array was used to profile and distinguish between cell surface
glycosylation of 24 human cell lines.

The same lectin array was used to distinguish between B cells (resting and
activated), thymocytes, and T cells (resting, PMA/lonomycin- and
allogeneically activated).

Lectins with more complex haptens provide better selectivity.

(9]

ConA, LCA, SNA,
PHA-L

Lectin binding was used to differentiate between endothelial cells from
different vascular beds based (inflamed organs) on their glycosylation
patterns. This correlated with monocyte adhesiveness to these cells.

ConA, PHA-L,
HPA, SBA, MAA,
SNA, WGA

Differences in carbohydrate expression patterns were observed on different
human breast cancer cell lines. These correlated with metastatic potential
and target-tissue preference.

a(2,6)-linked sialic acid

Carbohydrate expression profiles on osteolytic and non-osteolytic breast

17
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N-B1-6GIcNAc SNA cancer cell lines are different.
GalPp1,3GalNAc ECA, PHA Increased expression of a(2,6)-linked sialic acid, N-B1-6GlcNAc,
PNA sialylated Lewis-A antigen (sLe A) and decreased expression of
Galp1,3GalNAc (T antigen), on osteolytic cell line.
These differences affect binding to bone marrow endothelial cells and
ECM, ultimately leading to differences in the invasive potential (ability to
metastasise to bone).
Unsialylated Galectin-3, elevated in the sera of patients with certain types of cancers,
(Galp1,3GalNAca-) mediates adhesion between cancer cells and endothelial cells promoting
disaccharide (oncofetal Galectin-3 metastasis, by binding to TF on cancer cells. [24]
Thomsen-Friedenreich
antigen, or TF).
Galp1,4-GlcNAc Galectin-1 Binding of .galgctin-l to platelets via the o35 integrin (GPIIbIlIa) triggers 25, 26]
platelet activation.
HIV-1 infection of T cells
results in altered
glycosylation patterns of
C]s)ii?ica:((:ii(;?r?fr.elzf\)sss dOf SEI\(IZI?A’,PSNF[:, 1}4/192’ These oligosaccharides are recognized by endogenous galectin-1. The [27]

expression of core 2 O0-
glycans and
polylactosamine
sequences.

GNA and GS-1-B4

normal function of galectin-1 is to induce activated lymphocyte cell death.
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