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uring infection neuraminidase desialylates platelets and induces
their rapid clearance from circulation. The underlying molecular
basis, particularly the role of platelet glycoprotein (GP)Ibα therein,
is not clear. Utilizing genetically altered mice, we report that the extracellular domain of GPIbα, but neither von Willebrand factor nor ADAM17 (a
disintegrin and metalloprotease 17), is required for platelet clearance
induced by intravenous injection of neuraminidase. Lectin binding to
platelet following neuraminidase injection over time revealed that the
extent of desialylation of O-glycans correlates with the decrease of platelet
count in mice. Injection of α2,3-neuraminidase reduces platelet counts in
wild-type but not in transgenic mice expressing only a chimeric GPIbα that
misses most of its extracellular domain. Neuraminidase treatment induces
unfolding of the O-glycosylated mechanosensory domain in GPIbα as
monitored by single-molecule force spectroscopy, increases the exposure of
the ADAM17 shedding cleavage site in the mechanosensory domain on the
platelet surface, and induces ligand-independent GPIb-IX signaling in
human and murine platelets. These results suggest that desialylation of
O-glycans of GPIbα induces unfolding of the mechanosensory domain,
subsequent GPIb-IX signaling including amplified desialylation of
N-glycans, and eventually rapid platelet clearance. This new molecular
mechanism of GPIbα-facilitated clearance could potentially resolve many
puzzling and seemingly contradicting observations associated with clearance of desialylated or hyposialylated platelet.

Introduction
More than 100 billion platelets are cleared every day from a human body through
a highly efficient and tightly regulated process. Exogenous agents could commandeer the process and accelerate platelet clearance, leading to thrombocytopenia and
hemorrhage. One such agent is neuraminidase, which hydrolyzes the glycosidic
linkages of sialic acids to the host glycoprotein and as a consequence exposes the
penultimate galactoses. Injection of neuraminidase causes thrombocytopenia in
mice or rats within a few hours, followed by a gradual rise in the platelet count back
to the normal level in 4-5 days due to continuous thrombopoiesis in the body.1,2
Certain bacterial infection involves the release of bacterial neuraminidase in the
blood and thrombocytopenia, often before the onset of septic shock.3,4 Moreover,
there is accumulating evidence to support the involvement of endogenous neuraminidase in platelet clearance. For example, cold storage of murine platelets
induces presentation of lysosomal neuraminidases on the plasma membrane, accelerating their clearance upon infusion into a recipient mouse.5,6 Many antibodies targeting the N-terminal ligand-binding domain (LBD) of platelet glycoprotein
(GP)Ibα induce platelet signaling and surface presentation of lysosomal neuraminidase 1 (Neu1), leading to thrombocytopenia.7-9 Binding of plasma von
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Willebrand factor (VWF) to GPIbα on the platelet produces similar signaling events including desialylation.10-12
Therefore, it appears that neuraminidase is critically
involved in platelet clearance.
It has been suggested that after platelet desialylation the
exposed galactose residues on the platelet are recognized
by the Ashwell-Morell receptor (AMR), also known as the
asialoglycoprotein receptor, on the surface of liver
macrophages and hepatocytes, thereby inducing internalization of the desialylated platelet by these cells and its
clearance from the circulation. In support of this model,
injection of neuraminidase does not reduce platelet counts
in mice lacking AMR and fast clearance of desialylated
platelets is significantly reduced in mice lacking AMR.3,5,13
Consistently, genetic ablation of certain sialyltransferases
such as ST3Gal-IV in mice results in constitutive exposure
of galactoses on the platelet, accelerated platelet clearance,
and a significantly lower platelet count.14 Upon transfusion, St3gal4-/- or desialylated platelets are cleared at a
faster rate than wild-type (WT), unless the recipient mice
were pretreated with asialofetuin, a competitive inhibitor
of AMR.5,15
While the involvement of the AMR in mediating clearance of desialylated platelets has been established, the
underlying molecular mechanism remains controversial,
as several studies reported seemingly contradictory or
confusing observations. AMR is a multi-subunit receptor
complex that contains several lectin domains for binding
of galactose or galactosamine.16-18 It exhibits a much higher
binding affinity and ligand preference for tetra- or triantennary galactoses than di- or mono-antennary
ones.17,19,20 In other words, AMR binds primarily exposed
galactose residue on N-glycans instead of O-glycans
because only the former supports a tetra- or tri-antennary
sugar structure. It was observed that proteolytic removal
of the N-terminal ligand-binding domain (LBD) of GPIbα
enhanced survival of transfused St3gal4-/- platelets or coldstored WT platelets.5,15 Since the LBD of human GPIbα
contains 2 N-glycans,21-23 desialylated N-glycans on the
LBD were suggested as the ligands for AMR.5,15 However,
these experiments were performed on murine platelets,
yet murine GPIbα does not contain any N-glycosylation
sites (i.e., Asn-X-Ser/Thr) and therefore should have no Nglycans for AMR binding (Online Supplementary Figure S1).
The involvement of the LBD in clearance of cold-stored
platelets was later attributed to its cold-induced interaction
with
VWF
that
does
not
require
N-glycans.11,24 Nonetheless, injection of neuraminidase
causes thrombocytopenia in GPIbα-/- mice as in WT ones,
but neuraminidase-treated GPIbα-/- platelets are cleared at
a slower pace than similarly treated WT ones.3 How
GPIbα is involved in neuraminidase-induced platelet
clearance remains unresolved.
As a major subunit of the GPIb-IX receptor complex,
GPIbα is specifically expressed in the platelet.25 It was
recently reported that the juxtamembrane portion of
GPIbα contains a structured domain that responds to tensile force.26,27 Mechanical unfolding of this mechanosensory domain (MSD), as a result of VWF or antibody binding
under shear, induces GPIb-IX signaling in the platelet that
leads to its clearance.9-11 The MSD in both human and
murine GPIbα contains several O-glycosylation sites
(Online Supplementary Figure S1).10 Here we report that
neuraminidase-mediated desialylation of O-glycans in
GPIbα induces MSD unfolding and subsequently platelet
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signaling. Unlike the model of AMR recognizing
GPIbα N-glycans, our new mechanism does not require
the presence of N-glycans in GPIbα. The novel involvement of GPIbα O-glycans provides a platelet-specific element and explains its facilitating role in mediating clearance of desialylated platelets.

Methods
Human subjects
Citrated whole blood was drawn from healthy volunteers
according to a protocol approved by Emory University
Institutional Review Board (IRB# 00006228), in which all volunteers gave written informed consent. The collected whole blood
was used to prepare platelet-rich plasma (PRP) and plasma.
Experiments involving fresh human platelets were performed in
accordance with approved IRB protocols.

Materials and mice
Neuraminidase from Arthrobacter ureafaciens was purchased
from Sigma-Aldrich (St. Louis, MO, USA), and α2,3-neuraminidase cloned from Streptococcus pneumoniae was from New
England Biolabs (Ipswich, MA, USA). C57BL/6J and VWF-/- mice
were purchased from Jackson Laboratories (stock ns. 000664 and
003795, respectively). Transgenic hTg, GPIbα-/-, and IL4R-IbαTg
mice have been described previously.28,29 St3gal1fl/fl mice carrying
LoxP sites on exon 2 (stock n. 006897) were backcrossed in to the
C57BL/6J background and paired with Pf4-Cre mice to delete
St3gal1 in the megakaryocyte lineage (St3Gal1MK-/-). Similarly,
Adam17fl/fl mice (stock n. 009597) were paired with Pf4-Cre mice
to delete Adam17 in the megakaryocyte lineage (Adam17MK-/-).
Six- to 8-week-old mice of both sexes were used in all experiments. All experiments involving mice were performed in accordance with the protocols approved by the Institutional Animal
Care and Use Committee of Emory University, Blood Center of
Wisconsin, and University of North Carolina.

Intravenous injection and blood count

Each mouse was injected intravenously with 100 mL saline or
0.5 mU/g bacterial neuraminidase, 0.6 U/g α2,3-neuraminidase in
100 mL saline. Before injection and at indicated time after, approximately 60 mL of whole blood was taken via the facial vein using
heparinized micro-hematocrit capillary tube (Fisher Scientific,
Pittsburgh, PA, USA) and mixed 9:1 (v/v) with 3.8% sodium citrate in a tube. Blood cell counts were determined on a Sysmex XP300 automated hematology analyzer. Platelet counts of
Adam17MK-/- mice were obtained by flow cytometry as
described.30

In vitro neuraminidase treatment
Citrated human or murine whole blood was collected as
described above. 10 mU α2,3,6,8-neuraminidase or equal activity
of α2,3-neuraminidase was added to 60 mL citrated PRP, which
were mixed and incubated at 37˚C for 15, 60 and 180 minutes
(min) before being analyzed for glycans.

Laser optical tweezer measurement
Single-molecule force measurement of GPIb-IX was performed
as described.26,27 Recombinant biotinylated GPIb-IX, and WM23
coupled to one end of the DNA handle, were prepared as
described.27 Before the pulling on desialylated GPIb-IX, 1 U of
α2,3-neuraminidase was added to streptavidin beads with immobilized GPIb-IX and incubated at room temperature for 30 min.
Data were analyzed as described.26
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Statistical analysis
Data are expressed as mean±standard deviation. An unpaired
two-tailed t-test analysis was performed for statistical analyses.
P<0.05 was considered statistically significant. All analyses were
performed using Prism software.

Results
Neuraminidase induces platelet clearance via
a GPIbα-dependent but von Willebrand
factor-independent and ADAM17-independent
mechanism
Neuraminidase from A. ureafaciens, with broad substrate
Platelets

Erythrocytes

B

Relative cell count (%)

A

specificity (i.e., α2,3,6,8-neuraminidase), was injected
intravenously into WT C57BL/6 mice, followed by periodic blood draw for 4 days and counting of platelets and
erythrocytes therein. Compared to those prior to neuraminidase injection (t=0), counts of platelets, but not erythrocytes, became markedly lowered upon neuraminidase
injection, reaching a minimum at 24 hours (h) after injection (Figure 1A and B). This result indicates that neuraminidase injection induces platelet clearance, consistent
with earlier reports.3
Neuraminidase can desialylate VWF in the plasma and
induce its clearance through AMR.13 Desialylated VWF
binds the platelet spontaneously.31 Thus, it is possible that
desialylated VWF may bind GPIbα and induce platelet

D

ECL binding (MFI/103)

C

F

SNA binding (MFI)

E

H

RNA binding (MFI/103)

G
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Figure 1. Effects of infused bacterial α2,3,6,8-neuraminidase on
platelets and erythrocytes in
mice. A. ureafaciens neuraminidase (0.5 mU/g of body
weight) was injected intravenously
into wild-type (WT) (), VWF-/(), or IL4R-IbαTg (▲) mice.
Injection of saline into wild-type
mice () was performed for comparison. Blood were collected from
each mouse via facial vein immediately before (t=0) or days after
the injection. Counts of (A)
platelets and (B) erythrocytes were
performed on a cell counter and
normalized with the count before
the injection being 100%
(mean±standard deviation [SD],
n=4). (C, E, G) Platelets and (D, F,
H) erythrocytes in the collected
whole blood were labeled with cellspecific antibodies and noted
lectins (mean±SD, n=3). Each cell
was identified through the bound
antibody and concurrently the
bound lectin detected by flow
cytometry. The mean fluorescence
intensity (MFI) was calculated for
the entire cell population and plotted over the course of days after
neuraminidase
injection.
Comparison to the saline result
was performed by unpaired twotailed Student’s t-test. *P<0.05;
**P<0.01; ***P<0.001.
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signaling and platelet clearance.10,11 To ascertain the
involvement of VWF and GPIbα, neuraminidase injection
and blood cell count were performed on VWF-/- and IL4RIbαTg mice. In IL4R-IbαTg platelets most of the GPIbα
extracellular domain is replaced with that of the α-subunit of interleukin-4 receptor.10,29 Injection of α2,3,6,8neuraminidase significantly reduced the platelet count in
VWF-/- mice to the same extent as it did the WT, but did
not change platelet count in IL4R-IbαTg mice (Figure 1A).
Neuraminidase injection did not affect the erythrocyte
count in either strain (Figure 1B). Overall, these results
suggest that GPIbα, but not VWF, is required for efficient
clearance of desialylated platelets. GPIbα is proteolyzed,
or shed, by ADAM17 from the platelet surface.32,33
Inhibition of GPIbα shedding by targeting ADAM17 or
GPIbα can impede platelet clearance.34-36 Neuraminidase
treatment of platelets induces ADAM17-mediated shedding of GPIbα.6 Thus, it is possible that desialylation accelerates platelet clearance by inducing GPIbα shedding. To
ascertain the involvement of GPIbα shedding, neuraminidase injection and blood cell count were performed
on Adam17MK-/- mice, which do not express ADAM17 in
their platelets. Injection of α2,3,6,8-neuraminidase
induced the same extent of thrombocytopenia in
Adam17MK-/- mice as in WT (Online Supplementary Figure
S2), which indicates that GPIbα shedding is not required
for efficient clearance of desialylated platelets.

Desialylation of O-glycans of GPIbα causes platelet
clearance
To characterize the effects of neuraminidase, platelets

A

and erythrocytes were collected from each blood draw
before and following neuraminidase injection and their
glycan contents were assessed through binding of
Erythrina cristagalli lectin (ECL), Sambucus nigra agglutinin
(SNA), and Arachis hypogaea agglutinin (peanut agglutinin,
PNA) (Figure 1C-H). ECL binds to the unsialylated terminal galactose mono saccharide with the highest affinity for
galactosyl(b-1,4) N-acetylglucosamine found in both Nand O-glycans.37,38 SNA specifically binds α2,6-linked sialic acid, which occurs primarily in N-glycans, whereas
PNA binds specifically unsialylated core 1 and core 2
O-glycans.39,40 For all three lectins, although actual binding
levels were different for platelets from three mouse strains
at some time points, the trend was similar through all
strains. ECL binding increased significantly to a maximum
at 24 h after neuraminidase injection, but returned to the
pre-injection level at 48 h and remained essentially unaltered thereafter (Figure 1C). SNA binding changed slightly
at 24 h, decreased significantly to a minimum at 48 h, and
increased again at 72 h (Figure 1E). Like ECL binding, PNA
binding increased significantly to a maximum at 24 h;
unlike ECL binding, it decreased gradually thereafter to
the pre-injection level (Figure 1G). For erythrocytes from
all three strains, the ECL and PNA binding levels increased
significantly at 24 h, as expected, while SNA binding
decreased (Figure 1D, F, H), verifying that neuraminidase
desialylated erythrocytes as well.3 However, the changes
in lectin binding levels in erythrocytes thereafter were not
similar to those in platelets. Overall, the changes of ECL
and SNA binding over time do not correlate with those of
platelet count, but that of PNA binding does inversely.

Relative PLT counts (%)

B

C
Relative RBC counts (%)

D

Time after injection (d)
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Figure 2. Efficacy of α2,3neuraminidase injection in
mediating platelet clearance
in mice. (A, C) α2,3-neuraminidase (0.6 U/g of body
weight) was injected intravenously into wild-type (WT)
(), GPIbα-/- (), or IL4RIbαTg (▲) mice. According to
the information sheet supplied by the manufacturer,
the activity of 1U α2,3-neuraminidase is equivalent of 1
mU A. ureafaciens neuraminidase. For comparison,
saline was concurrently
injected into the same
strains (corresponding open
symbols). (B, D) α2,3-neuraminidase was injected
intravenously into St3gal1MK-/(◆) and its littermate WT ()
mice. Blood was collected
from each mouse via facial
vein immediately before (t=0)
or days following the injection. Counts of (A,B) platelets
and (C,D) erythrocytes were
performed on a CBC counter
and normalized with the
count before the injection
being 100% (mean±standard
deviation, n=4-7).
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These results suggest that desialylation of O-glycans may
be involved in platelet clearance.
In O-glycans, most sialic acids are typically added via an
α2,3 linkage by ST3Gal-I.41,42 The GPIbα extracellular
domain is heavily decorated with O-glycans.25 To test
whether desialylation of O-glycans of GPIbα induces
platelet clearance, a recombinant α2,3-neuraminidase
was injected into WT, GPIbα-/- and IL4R-IbαTg mice at a
dose equivalent to that of the bacterial neuraminidase.
Daily blood counts following the injection showed that,
compared to the injection of saline, injection of α2,3-neuraminidase significantly decreased platelet counts in wildtype but not IL4R-IbαTg mice (Figure 2A). The extent of
decrease in WT was markedly larger than that in GPIbα-/(Figure 2A). In St3gal1MK-/- mice, lack of ST3Gal-I results in
hypo-sialylation of O-glycans in platelets. The extent of
platelet count decrease in WT mice induced by α2,3-neuraminidase injection was markedly greater than that in
St3gal1MK-/- mice (Figure 2B). For comparison, counts of
erythrocytes in all strains were not significantly altered by
the injection of α2,3-neuraminidase (Figure 2C and D).
Overall, these results indicate that desialylation of O-glycans in GPIbα induces platelet clearance.
T-antigen (Galb1–3GalNAcα1-Ser/Thr) is the most
common O-glycan core structure and is synthesized by a
single enzyme termed core 1 b3galactosyltransferase.43
The T-antigen is generally masked by further monosaccharide addition, in particular, sialylation. Thus, desialylation of O-glycans in GPIbα may induce presentation of T224

Murine platelets

Figure 3. Changes in lectin bindings to platelets following treatment of α2,3,6,8- or α2,3-neuraminidase in vitro. Citrated (A, C)
human or (B, D) wild-type (WT)
murine platelets were collected
and treated with (A, B) 10 mU/ml
α2,3,6,8-neuraminidase or (C, D)
α2,3-neuraminidase at the equivalent activity level at 37˚C for 15,
60, and 180 minutes (min) before
being analyzed for lectin binding.
The glycan content was detected
by
flow
cytometry
using
Fluorescein isothiocyanate (FITC)conjugated
PNA (), FITCECL(), FITC-SNA() and biotinconjugated MAL-ΙΙ combined with
FITC-streptavidin (). The mean
fluorescence intensity was quantified for the entire cell population
and normalized to untreated sample (0 min). Data are shown as
mean ± standard deviation, n=4.
Results at 60 min are compared
to those of untreated sample by
unpaired t-test.
*P<0.05;
**P<0.01.

antigens on the platelet surface and subsequent platelet
opsonization by anti-T-antigen antibodies. To test this
possibility, IgG binding was measured following in vitro
treatment of α2,3-neuraminidase of citrated human or
murine platelet-rich plasma (PRP). Online Supplementary
Figure S3 shows that no significant binding of plasma IgG
to human or murine platelets was observed following neuraminidase treatment, thus ruling out the possibility that
desialylation of O-glycans induces platelet clearance
through its opsonization by anti-T-antigen antibodies.

Desialylation induces unfolding of mechanosensory
domain of GPIbα in vitro
To further characterize the effects of neuraminidase
treatment in vitro, citrated PRP was collected from healthy
human donors and WT mice, followed by treatment with
bacterial neuraminidase or α2,3-neuraminidase for a time
period of up to 3 h. Mice receiving neuraminidase at the
equivalent dose (unit per mL of blood) exhibited 50%
decrease in platelet count at 2 h, and reached <10%
platelet count in 8 h (Online Supplementary Figure S4).
Before and after the treatment, platelets were probed by
flow cytometry for binding of PNA, ECL, SNA and MALII. At 1-3 h of treatment, both neuraminidases induced significant increases in PNA and ECL binding (Figure 3).
Binding of MAL-II, which has high affinity for α2,3-sialic
acids, was also significantly reduced, confirming desialylation of O-glycans. However, binding of SNA showed
mixed trends, likely reflecting a species difference
haematologica | 2021; 106(1)
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A

B

Figure 4. Desialylation of O-glycans induces unfolding of the mechanosensory domain (MSD)
in recombinant GPIb-IX. (A) Overlaid consecutive force-distance traces of pulling MSD under
a speed of 200 nm/s without (left) and with (right) prior treatment of α2,3-neuraminidase. (B)
Averaged MSD unfolding force without (n=49) or with (n=15) treatment of α2,3-neuraminidase. Error bars are standard error of the mean. *P<0.05 by unpaired t-test.

between human and mouse.
GPIbα has been implicated in accelerating platelet clearance in several circumstances.44 Several recent reports have
linked the step of unfolding of the MSD in GPIbα to the
transduction of platelet signaling by GPIb-IX to the induction of platelet clearance.9-11 Located between the sialomucin region and the transmembrane domain of GPIbα,
the MSD contains many Ser and Thr residues (Online
Supplementary Figure S1). Deletion of approximately 30
residues of MSD reduced the molecular weight of GPIbα
by more than 10 kDa,26 indicating that MSD is glycosylated. Recent characterization of a recombinant, unglycosylated form of MSD suggests that it is less stable and more
flexible than the native, glycosylated MSD in the GPIb-IX
complex.26,27 Thus, we reasoned that desialylation of
O-glycans may destabilize the MSD and cause its unfolding.
To directly monitor the effect of desialylation on MSD
unfolding, single-molecule force spectroscopy was performed. We first verified that purified GPIb-IX complex
could be efficiently desialylated by in vitro treatment of
α2,3-neuraminidase (Online Supplementary Figure S5).
Next, recombinant biotinylated GPIb-IX was immobilized
on a streptavidin bead held by a fixed micropipette, and
the Fab fragment of MAb WM23 was coupled to a DNA
handle-attached bead that was controlled by an optical
laser trap.26 The strong tethered bond between WM23 and
its epitope in the sialomucin region of GPIbα enabled mulhaematologica | 2021; 106(1)

tiple cycles of stretching and relaxation without the
detachment of WM23 from GPIb-IX.26,27 The event of
MSD unfolding was observed in 84% of recorded forceextension pulling traces (Figure 4A). In comparison, after
treating the immobilized GPIb–IX beads with α2,3-neuraminidase, MSD unfolding was observed in only 24% of
pulling traces, indicating that MSD had become unfolded
prior to force pulling as observed previously for GPIb-IX
mutants that contain already unfolded MSD.26 In addition,
analysis of the force-extension traces that contained the
unfolding event revealed a significant decrease of the
unfolding force upon neuraminidase treatment (Figure
4B). Since neither GPIbb nor GPIX are significantly O-glycosylated,45 these results suggest that desialylation of
GPIbα O-glycans in the GPIb-IX complex induces MSD
unfolding.

Neuraminidase induces mechanosensory domain
unfolding and GPIb-IX signaling in platelets
The GPIbα MSD contains the ADAM17 shedding cleavage site therein (Online Supplementary Figure S1). Increased
binding of MAb 5G6, which binds the ADAM17 shedding
cleavage site in a conformation-insensitive manner,46,47 has
been utilized to detect the exposure of this cleavage site in
GPIbα, and by extension unfolding of the MSD, on the
platelet surface.9-11 Here it was used to probe MSD unfolding on neuraminidase-treated platelets. Since 5G6 recognizes only human but not murine GPIbα,46 transgenic
225
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mice expressing only human GPIbα (hTg)28 were used.
Injection of neuraminidase induced platelet clearance in
hTg mice, although the extent of platelet reduction in hTg
mice is less than that in the WT (Online Supplementary
Figure S6).
Citrated human and murine hTg platelets were treated
with α2,3,6,8- or α2,3-neuraminidase in the presence of
EDTA for 30 min at 37˚C, after which binding of monoclonal antibodies SZ2 and 5G6 was measured by flow
cytometry (Figure 5A-D). Ethylenediamine tetraacetic acid
(EDTA) was added to block shedding of GPIbα during
desialylation and to keep constant the GPIbα level as
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shown by the unaltered binding of SZ2. In contrast, binding of 5G6 was significantly increased in platelets treated
by either neuraminidase, indicating that the shedding
cleavage site in the MSD becomes more accessible,9,10 supporting the notion that the MSD becomes unfolded in
both desialylated human and murine platelets.
Furthermore, expression of P-selectin and PS lipids on the
platelet surface, as well as intracellular calcium influx, all
of which are known indicators of GPIb-IX signaling, were
significantly increased in platelets after neuraminidase
treatment (Figure 5A-D).
Previous studies have demonstrated that GPIb-IX signal-

Figure 5. Desialylation induces
unfolding of the mechanosensory domain (MSD) and GPIb-IX
signaling in platelets. Citrated
washed (A,C) hTg or (B,D) human
platelets (1x106 cells, with 2mM
EDTA) were treated with or without α2,3,6,8-neuraminidase or
α2,3-neuraminidase at 37˚C for
30 minutes (min). Monoclonal
anti-GPIbα antibodies 5G6 and
SZ2, anti-P-selectin antibody,
GFP-LactC2, or Fura-2 were then
added for 30 min, and the samples were fixed and analyzed by
flow cytometry. The mean fluorescence intensity (MFI) was
measured for each cell population and normalized against that
of
untreated
platelets
(mean±standard deviation [SD],
n=4). *P<0.05; **P<0.01 by
unpaired t-test. (E-H) Confocal
fluorescence images of washed
(E) hTg and (G) human platelets
that had been treated with PBS
buffer (-Neu), α2,3,6,8-neuraminidase (+Neu), or neuraminidase plus 1.5 mg/mL antiGPIbb
antibody
RAM.1
(+Neu+RAM.1). White arrowheads mark some filopodia in
platelets. Scale bar, 10 µm. (F, H)
Quantification of filopodia in (F)
hTg and (H) human platelets
(mean±SD, n=11-12). Images of
filopodia from 11-12 view fields
(~80-110 platelets per view field)
in two independent experiments
were visually examined, and
counted
for
comparison.10
**P<0.01; ***P<0.001 by
unpaired Student’s t-test.
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ing induces formation of filopodia in platelets and transfected mammalian cells.10,48-50 To test whether neuraminidase treatment induces GPIb-IX signaling in
platelets, fresh human or hTg platelets were collected,
treated with neuraminidase as described above, fixed and
stained with phalloidin. Microscopic images of platelets
before and after treatment revealed that approximately
40% of desialylated platelets but <10% of sialylated ones
exhibited filopodia (Figure 5E and F). The increased filopodia formation was inhibited by anti-GPIbb antibody
RAM.110,49 (Figure 5E and F), confirming the role of
GPIb-IX in mediating filopodia formation in desialylated
platelets. Consistently, St3gal1MK-/- platelets, with hyposialylated O-glycans, display more filopodia than their littermate WT ones (Online Supplementary Figure S7). Overall,
these results demonstrate that desialylation induces MSD
unfolding and GPIb-IX signaling in both human and
murine platelets.

Discussion
This study provides a new molecular mechanism of
neuraminidase-induced platelet clearance. Earlier studies
have identified GPIbα as critical in facilitating clearance of
desialylated mouse platelets.3,5 It was suggested that the
N-glycans on the LBD of GPIbα are critically involved.13
However, mouse GPIbα does not contain any N-glycosylation sites (Online Supplementary Figure S1). Utilizing
genetically modified mice, we report here that GPIbα, but
neither VWF nor ADAM17, is required for the efficient
clearance of desialylated platelets (Figure 1 and Online
Supplementary Figure S2). Following injection of neuraminidase, only the extent of O-glycan desialylation is
inversely correlated with the platelet count in mice (Figure
1), leading to the additional discovery that specific desialylation of O-glycans in GPIbα induces platelet clearance

(Figure 2). At the molecular level, desialylation of
O-glycans in GPIbα significantly lowers the force threshold to unfold the MSD in GPIb-IX and exposes the shedding cleavage site therein (Figures 4 and 5). Moreover,
desialylation of O-glycans activates GPIb-IX signaling in
both human and murine platelets (Figure 5 and Online
Supplementary Figure S5). Overall, these results suggest that
desialylation of O-glycans, instead of N-glycans, in GPIbα
induces MSD unfolding and GPIb-IX signaling, and subsequently platelet clearance. Understanding the mechanism
of neuraminidase-mediated platelet clearance and the
roles of involved factors (Figure 6) in the process may help
design and develop effective therapeutics to treat related
thrombocytopenic conditions.
It has been reported previously that binding of VWF or
most anti-LBD antibodies causes unfolding of the MSD,
which activates GPIb-IX and induces platelet signaling.9-11
GPIb-IX signaling induced by anti-LBD antibodies results
in surface presentation of Neu1 and desialylation of the
platelet.7 Consistently, GPIb-IX signaling induced by VWF
binding also leads to desialylation of the platelet.10,11
Therefore, we postulate that desialylation of GPIbα Oglycans induces GPIb-IX signaling and leads to surface
expression of Neu1. Since Neu1 can remove sialic acids
from both N- and O-glycans,51 it should induce exposure
of b-galactose on N-glycans of platelet glycoproteins other
than GPIbα, which may be recognized by AMR and possibly other receptors (Figure 6). In this model, desialylation
of GPIbα O-glycans results in amplified desialylation of
N-glycans of other glycoproteins, which reconciles the
requirement of GPIbα for rapid platelet clearance after
neuraminidase treatment, the preferred recognition of
galactoses on N-glycans by AMR, and the lack of N-glycans in mouse GPIbα. The involvement of Neu1 or other
lysosomal neuraminidases in this process should be verified by further studies in the future.
In this study, we show for the first time that desialyla-

Figure 6. A model for the desialylation-mediated GPIb-IX signaling and platelet clearance. In this model, exogenous neuraminidase removes sialic acids from O-glycans in GPIbα, thereby inducing unfolding of the mechanosensory (MSD), exposure of the Trigger sequence therein, GPIb-IX signaling into the platelet, surface expression of Neu1, and exposure of b-galactoses (b-Gal) on N-glycans of many glycoproteins, which are recognized by the Ashwell-Morell receptor and other receptors for
clearance. Unfolding of the MSD also increases the accessibility of the ADAM17 shedding cleavage site in the MSD, facilitates shedding of GPIbα, which results in
the exposure of the Trigger sequence.
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tion of GPIbα O-glycans destabilizes MSD and increases
exposure of the ADAM17 shedding cleavage site therein,
which explains an earlier observation that neuraminidase
treatment induces ADAM17-mediated shedding of
GPIbα.6,52 Shedding of GPIbα has been linked to accelerated platelet clearance.34-36 However, ADAM17, and by
extension shedding of GPIbα, is not required for the neuraminidase-induced
platelet
clearance6
(Online
Supplementary Figure S2). The reason for this has not been
reported. Our results suggest that desialylation of
GPIbα O-glycans induces MSD unfolding, the exposure of
the juxtamembrane Trigger sequence therein, and consequently GPIb-IX signaling across the membrane (Figure 6).
Since the ADAM17 shedding cleavage site32 is located Nterminal to the Trigger sequence (Online Supplementary
Figure S1), shedding of GPIbα would also lead to the
exposure of the Trigger sequence and induce platelet clearance. Although inactive ADAM17 may prevent shedding
of GPIbα, it should not block desialylation of GPIbα, MSD
unfolding and the subsequent exposure of the Trigger
sequence. Upon MSD unfolding, sequences in the MSD in
addition to the ADAM17 shedding cleavage site may also
become more exposed and prone to more proteolysis.
Consistent with this notion, GPIbα is fragmented and its
expression significantly reduced in murine platelets that
lack the Cosmc protein, functional T-synthase and intact
core 1 O-glycans.53 In other words, proper sialylation of Oglycans may protect platelets from clearance54 by stabilizing GPIbα.
GPIbα-/- and IL4R-IbαTg mice respond differently to neuraminidase injection. Due to the defect in thrombopoiesis,
GPIbα-/- mice are severely thrombocytopenic, with less than
10% of the normal platelet count.28,55 Nevertheless, injection
of α2,3,6,8-neuraminidase caused a significant reduction in
platelet count in GPIbα-/- mice, suggesting that it can desialylate N-glycans on glycoproteins other than GPIbα that are
subsequently recognized by AMR.3 In comparison, due to
accelerated platelet clearance, IL4R-IbαTg mice are mildly
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