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Key Points

• We profiled platelet
glycans by sequential
mass spectrometry to
characterize functional
glycan epitopes and
diverse isomeric
structures.

• Sialylated structure
abundance on N- and
O-glycans decreases
after room temperature
storage.
oda_ad
Changes in surface glycan determinants, specifically sialic acid loss, determine platelet life

span. The gradual loss of stored platelet quality is a complex process that fundamentally

involves carbohydrate structures. Here, we applied lipophilic extraction and glycan release

protocols to sequentially profile N- and O-linked glycans in freshly isolated and 7-day room

temperature–stored platelet concentrates. Analytical methods including matrix assisted

laser desorption/ionization time-of-flight mass spectrometry, tandem mass spectrometry,

and liquid chromatography were used to obtain structural details of selected glycans and

terminal epitopes. The fresh platelet repertoire of surface structures revealed diverse

N-glycans, including high mannose structures, complex glycans with polylactosamine

repeats, and glycans presenting blood group epitopes. The O-glycan repertoire largely

comprised sialylated and fucosylated core-1 and core-2 structures. For both N- and O-linked

glycans, we observed a loss in sialylated epitopes with a reciprocal increase in neutral

structures as well as increased neuraminidase activity after platelet storage at room

temperature. The data indicate that loss of sialylated glycans is associated with diminished

platelet quality and untimely removal of platelets after storage.
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Introduction

Platelets participate in hemostatic, inflammatory, and host defense reactions.1 An adequate supply of
platelets is essential to repair both continuously occurring vascular damage and to initiate thrombus
formation after vascular injury. To ensure a steady platelet supply, humans produce and remove ~1011

platelets daily, and the production rate can rise sharply under destruction conditions. Platelet pro-
duction is tightly regulated to avoid spontaneous bleeding if counts are low as well as arterial occlusion
and organ damage if counts are high.

The precise mechanisms regulating platelet clearance and production are under intense investiga-
tion.2,3 Recent studies have highlighted the role of glycan modifications on platelet surface glycopro-
teins in mediating clearance.4,5 Platelets presenting reduced α2,3-linked sialic acid content owing to
Streptococcus pneumoniae infection or in mice lacking the sialyltransferase ST3GalIV are cleared by
the hepatic Ashwell-Morell receptor (AMR) and macrophage galactose lectin (MGL).6-9 Loss of sialic
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acid from platelets during their circulatory lifespan, termed in vivo
aging, have been shown to induce platelet clearance also through
the AMR and MGL.8,10,11

Platelet transfusion is a widely used therapy to treat patients with
thrombocytopenia. Because transfused cold-stored platelets are
cleared rapidly from circulation, platelets for transfusion remain
widely stored at room temperature (RT), which increases the risk of
bacterial growth.12,13 We have demonstrated that 2 distinct
pathways recognize asialylated- and agalactosylated glycans on
platelet receptor GPIbα to remove refrigerated platelets in recipi-
ent’s livers. First, hepatic asialoglycoprotein receptor AMR recog-
nizes desialylated GPIbα.10 Second, αMβ2integrins (Mac-1) on
hepatic resident macrophages (Kupffer cells) selectively recognize
irreversibly clustered β-N-acetylglucosamine (β-GlcNAc)–
terminated glycans on GPIbα.14,15 Studies of glycan changes,
particularly sialic acid loss during RT platelet storage, are debated,
having shown contrasting results of both preservation and loss of
epitope.16

Given the abundance of glycans on platelets, their role as ligand for
lectin receptors, and debated RT storage–associated glycan
changes, we performed a comprehensive analysis of the human
platelet glycome on the day of isolation and 7 days after RT storage
as platelet concentrates. It is noteworthy that platelet concentrates
are not regularly used by blood banks. Glycoprotein glycans, spe-
cifically N- and O-linked glycans, were extracted for mass spec-
trometry analysis.17-19 Analytical methods such as matrix assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), tandem mass spectrometry (MS/MS or MSn),
and liquid chromatography (LC) were used in various combinations
to confirm detailed glycan linkage and identity (Figure 1). When
needed, synthetic standards were used as a comparison for the
confirmation of observed structures.20,21 We observed an increase
Glycolipids
1) proteolysis
2) N-glycan release

2:1 chloroform:methanol
4:8:3 chloroform:methanol:water

extraction (combine)

O-glycans

N-glycans
Glycolipids

LC-MS/MS
(profiling)

N-glycans

O-glycans

PGC
SPE

Reduce
PM

PM

Reductive beta-elimination

c

PM: permethylation, PGC: porous graphitized carbon, SP

Figure 1. Outline of the workflow used to charact
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in asialylated O-glycans and an increased abundance of neutral
N-glycans after RT storage. In addition, we observed an increase in
platelet surface neuraminidase activity in each donor following
storage conditions. This finding suggests that glycan topology on
platelets is, indeed, affected by storage and the reduced sialylation
observed is induced by an increase in sialidase activity.
Materials and methds

Platelet collection and storage

Platelet concentrates from 3 nonpooled individual donors were
purchased and stored at RT under standard blood banking con-
ditions (22◦C, shaking) for 7 days.23 Platelet concentrates were
prepared from single donor whole blood units and purchased from
Research Blood Components (Watertown, MA). The blood was
drawn, maintained, and processed at RT before shipment. Ship-
ment occurred on the day of collection. The final platelet concen-
trates contained 6 ± 0.7 × 109 in ~60 mL plasma with acid citrate
dextose anticoagulant. Aliquots (3 mL of platelet rich plasma) were
removed from the units under sterile conditions upon receival (day
0) and after storage for 7 days (day 7) and processed for assays
and mass spectrometry. The platelet concentrates were procured
using the company’s institutional review board, which allows only
the release of deidentified material and did not include blood group
information.

Platelet counts and preparation

Platelets were prepared from 3 platelet concentrates in unison by
separating platelets from plasma by centrifugation at 900g for
5 minutes in the presence of 1 μg/mL prostaglandin E1 (PGE1).
Platelets were washed by centrifugation in buffer A (140 mM NaCl,
5 mM KCl, 12 mM trisodium citrate, 10 mM glucose, and 12.5 mM
MSn
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Table 1. Blood counts, platelet surface parameters, and recorded pH at day 0 and after 7 days of storage.

Day 0 (PC) Day 0 (isolated) Day 7 (PC) Day 7 (isolated)

Platelet count # (× 109/L) 1507.6 ± 373 1516 ± 284 1403.3 ± 377 1441 ± 317

Platelet count (× 109/L) 1710.7 ± 66 1577.3 ± 94 1580.0 ± 17 1480.0 ± 17

MPV # (fL) 10.5 ± 0.9 10.3 ± 0.9 10.3 ± 0.95 9.8 ± 0.65

WBC # (× 106/L) 2.1 ± 1.5 n.d. 1.7 ± 1.5 n.d.

RBC # (× 109/L) 1.4 ± 0.26 n.d. 1.4 ± 0.75 n.d.

CD42b (MFI) 63.3 ± 12 51.9 ± 20 61.6 ± 20 57.8 ± 10

CD61 (MFI) 58.3 ± 14 48.7 ± 18 63.1 ± 18 53.8 ± 18

P-Selectin (%) 5.7 ± 1.1 5.0 ± 1.7 7.6± 1.7 7.0 ± 2.8

NEU1 (MFI) 51.9 ± 6.4 50.8 ± 16 111.8 ± 27*** 111.0 ± 14.3***

Annexin V (%) 2.2 ± 1.4 1.29 ± 2.1 5.6 ± 2.6* 6.6 ± 2.2*

RCA I (MFI) 401.4 ± 176 382.3 ± 166 714.1 ± 264** 638.7 ± 269**

ECL (MFI) 88.1 ± 21 88.4 ± 18 137.7 ± 43** 131.1 ± 28**

Con A (MFI) 47.9 ± 4.4 47.4 ± 4 149.6 ± 27*** 150.7 ± 25***

pH 7.4 ± 0.03 n.d. 7.3 ± 0.05 n.d.

Platelet count indicated by #, WBC and RBC count were measured using an automated hemoanalyzer (Sysmex). Platelet count was also measured using flow cytometry using reference
beads. Platelet surface receptors CD42b (GPIbα) and CD61, the α-granule marker P-selectin, and NEU1 were measured by flow cytometry using specific mAB. PS exposure was measured by
flow cytometry using annexin V. Surface terminal galactose was measured using RCA I and ECL lectins. % indicated positive events compared with control. Data are presented as mean ±
standard deviation from 7 donor platelet concentrates. The degree of significance is indicated *P < .05, ** P < .01, ***P < .001.
MPV, mean platelet volume; n.d., no data; PC, platelet concentrates; RBC, red blood cell; WBC, white blood cell.

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/7/16/4278/2072886/blooda_adv-2022-007084-m

ain.pdf by guest on 30 Septem
ber 2023
sucrose, pH 6.0, supplemented with 1 μg/mL PGE1) for
10 minutes at RT and were suspended at 2 × 108 platelets/mL in
buffer B (140 mM NaCl, 3 mM KCl, 0.5 mM MgCl2, 5 mM
NaHCO3, 10 mM glucose, 10 mM HEPES, pH 7.4).

Complete blood counts were determined by Sysmex XP-300
automated hematologic analyzer (Sysmex Corp). Isolated platelet
counts were determined by Sysmex XP-300 automated hemato-
logic analyzer and by flow cytometry using 5.5 μm diameter
SPHERO rainbow beads as reference (Spherotech).13,24 Platelets
were allowed to recover for 30 minutes at 37◦C before analysis by
flow cytometry and using automated hematologic analyzer.

To eliminate glucose contamination for mass spectrometry, plate-
lets were additionally washed once by centrifugation with phos-
phate saline buffer (PBS, 1 μg/mL PGE1) for mass spectrometric
analysis. We did not detect white blood cells or red blood cells
after platelet isolation and 30 minutes recovery using a hemoana-
lyzer (Sysmex) (Table 1). For mass spectrometry, platelets were
centrifuged at 900g for 5 minutes in the presence of 1 μg/mL
PGE1 and platelet pellets collected after centrifugation were
placed in liquid nitrogen immediately after 30 minutes recovery and
stored at −80◦C before preparation for mass spectrometry. On day
7, samples were collected and platelet pellets were prepared. The
platelet pellets were transported on dry ice from the Harvard
Medical School to the University of New Hampshire campus by the
investigator. Total platelet pellets were prepared subsequently for
mass spectrometry analysis as described below. Mass spectra
shown here are exemplified using platelets from 3 single donors.
Spectra were qualitatively comparable between individuals.

Antibodies

Anti-P-selectin-R-phycoerythrin (PE; CD62P, clone: AK4, indicates
α-granule release) and PE isotype control antibody (Mouse IgG1κ)
were obtained from Becton Dickinson (Franklin Lakes, NJ).
4280 ROSENBALM et al
Phycoerythrin-labeled annexin V (binds phosphatidylserine) and
anti–human CD61 (integrin β3) (RUU-PL7F12-FITC) were
obtained from BD Biosciences. Anti-Neu1 IgG antibody and iso-
type control were obtained from Santa Cruz Biotechnology.

Flow cytometric analysis

Platelets were isolated, as described above, and stored at 37◦C for
15 minutes, before fixation in BD Cytofix (22◦C, 20 min). Fixed
platelets (1 × 106 cells/mL) were incubated for 1 hour with rabbit
anti-Neu1 IgG antibody at RT and then washed with PBS in trip-
licate. The washed platelets were incubated for 30 minutes at RT
with the appropriate antispecies secondary antibody Alexa Fluor
488 from Molecular Probes at a dilution of 1:500 followed by 3
washes in PBS. Other labeling of fixed, isolated platelets (1 × 106

cells/mL) was performed for 30 minutes at RT with fluorescently
conjugated monoclonal antibodies (anti-CD61-FITC, anti-P-
selectin-PE, anti-CD42b-FITC) and appropriate IgG controls.7,24,25

For phosphatidylserine (PS) exposure, 1 × 107 nonfixed platelets
were stained with phycoerythrin-labeled annexin V in 140mM NaCl,
10mM HEPES, and 2.5mM CaCl2.

24 Platelets were analyzed on a
FACSCalibur flow cytometer (BD Biosciences). Data were pre-
sented as either mean fluorescence intensity or the percentage of
positive cells stained for P-selectin and annexin V. Mean fluores-
cence intensity is shown for fresh platelets before storage.

Measurement of platelet glycan exposure using

lectins

Fresh platelets or platelets stored in plasma for 7 days at 22◦C
were collected by centrifugation at 830g for 5 minutes and sus-
pended in buffer B at 1 × 107/mL. Surface β-galactose were
analyzed with 5 μg/mL FITC-conjugated Erythrina cristagalli lectin
(ECL) (Vector Laboratories) or 1 μg/mL FITC-conjugated Ricinus
communis agglutinin I (RCA I) or Concanavalin A (ConA) (Vector
22 AUGUST 2023 • VOLUME 7, NUMBER 16
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Laboratories). Samples were incubated at RT for 20 minutes and
analyzed by flow cytometry.

Sialidase activity

Platelets were assayed for sialidase activity with the use of 2′-(4-
methylumbelliferyl)-α-D-N-acetylneuraminic acid (4-MU-NeuAc;
BioSynth International). The 200 μL reactions were completed at
37◦C and initiated by adding 125μM 4-MU-NeuAc. Platelets (6 ×
107) were used for each point, permeabilized with 2 μL of 10× BD
Perm/wash buffer (BD Biosciences) for total activity measurements
and with 2 μL 10× BD Wash Buffer to measure surface activity.
Aliquots of 60 μL of each reaction mixture were sampled,
quenched with 180 μL of 1M Na2CO3, and diluted with 60 μL of
reaction buffer. Background fluorescence was measured by incu-
bating 60 μL of platelets and substrate in separate reactions and
sequentially adding them to 180 μL of 1M Na2CO3. The reaction
was recorded for 3 hours in triplicate.13

Mass spectrometry

Glycoconjugates were obtained from total platelet pellets using a
sequential release protocol and then purified and analyzed as
outlined (Figure 1). Total cell lysates were dried first by centrifugal
evaporation and then sonicated in 3 mL of 2:1 chloroform:methanol
for 3 hours at 40◦C to extract glycosphingolipids (GSLs). A second
GSL extraction step incorporated sonication with 4:8:3 chlor-
oform:methanol:water (3 mL). The 2 GSL extracts were combined,
redried, and then dissolved in chloroform and cleaned up by silica
solid-phase extraction (SPE). Two SPE fractions were eluted using
the following: (1) 9:1 acetone:methanol (neutral GSLs), and (2)
methanol (acidic GSLs). The remaining protein pellets were then
dried and washed 3 times with 80% aqueous acetone to remove
any contaminating hexose polymers. To generate peptides and
glycopeptides, the protein pellets were treated with 100 μg each of
trypsin (Sigma T0303) and chymotrypsin (Sigma C4129) in 50 mM
ammonium bicarbonate at 37◦C for 18 hours. The samples were
then placed in a heating block at 100◦C for 10 minutes to remove
enzyme activity, and after cooling and a pH adjustment, the N-
glycans were released with N-glycanase (ProZyme, Haywood, CA)
at 37◦C for 18 hours. The N-glycans were isolated by passage
through a C18 SPE cartridge. Peptides, including O-linked glyco-
peptides, were then eluted from the SPE cartridge, as described
elsewhere.26 In the subsequent steps, the O-glycans were
released using classical reductive β-elimination and cleaned up by
a combination of ion exchange (Dowex AG50)27 and C18 SPE.
The N-glycans were reduced with borane-ammonia complex
(10 mg/mL in ammonium hydroxide)28 and further cleaned up by
graphitized carbon SPE. Each glycoconjugate fraction (GSL, N-
linked, O-linked) was then permethylated and profiled by MALDI-
TOF-MS. For structural confirmation, selected glycans and glycan
epitopes were disassembled by offline nanospray ion trap
sequential mass spectrometry (NSI-IT-MSn). O-glycans, obscured
by background peaks at low mass, were additionally profiled using
reverse phase (RP) LC-MS/(MS)29 to overcome low mass back-
ground ions and improve quantitative interpretation. Each LC peak
was then isolated for additional offline nanospray MSn. Selected
sialo- and fucosyl-moieties on N- and O-linked glycans were further
identified by MSn library spectral-matching, including comparison
to synthetic standards. We did not include extended GSL char-
acterization for this study.
22 AUGUST 2023 • VOLUME 7, NUMBER 16
Statistical analysis

All data are mean ± standard error of the mean, unless otherwise
indicated, because our experiments include imbalanced groups,
whereby the precision of the mean effect depends directly on the
sample size. We analyzed all numeric data for statistical signifi-
cance with 1-way analysis of variance with Bonferroni correction
for multiple comparisons with Prism software (GraphPad). We
considered P values < .05 as statistically significant. Degrees of
statistical significance are presented as ***P < .001, **P < .01, and
*P < .05.

Results

Platelets have remarkable structural N-glycan

diversity

In addition to abundant high-mannose N-glycans, particularly Man5,
platelets display diverse sialylated di-, tri-, and tetra-antennary
complex N-glycans, including polylactosamine-bearing structures
and antennal fucosylation (Figure 2, Table 2, supplemental
Table 5).30 MALDI-TOF was performed initially, followed by off-
line nanospray MS/MS to provide additional structural character-
ization information to global glycan compositions observed. For
example, MSn analysis of the sialylated di-lactosamine arm from
compositional annotation was demonstrated (supplemental
Figure 1). Likewise, the N-glycan composition with 1 core fucose
and 1 antennary fucose yields in MS/MS (m/z 1217.9) the B-ion m/
z 660; and subsequent MS3 of the ion m/z 660 and then MS4 of
the fucosylated disaccharide fragment m/z 433 provide library-
matching spectra indicating this structure contains an antennary
H2 epitope (Fucα1-2Galβ1-4GlcNAc)31 (supplemental Figure 2).
We did not observe significant abundance of sialylated Lewis X
(sLex) epitope presented by platelet N-glycans. After RT storage,
we observed a decreased ratio in complex N-glycans with a
concomitant increase in high mannose glycans (Figure 2). The high
mass region (m/z 4000-7000) demonstrated reduced complex
glycan signal after storage conditions, although the abundance
changes in structures were minor in comparison with freshly iso-
lated platelets (Figure 2). ConA lectin binds preferentially to ter-
minal high mannose moieties. The increase in high mannose
structures was corroborated by 2-fold increased ConA lectin
binding to 7-day stored platelets compared with fresh controls
(Table 1). Loss of sialic acid was corroborated by increased
binding of terminal galactose binding lectins RCA I and ECL,
increased sialidase activity and NEU1 surface presence, as
detailed below (Table 1; supplemental Tables 1-4, Figure 4).

RT stored platelets lose sialylated O-glycans

Recent data show that appropriate O-linked glycosylation is inti-
mately involved in human platelet biogenesis and function,32

prompting us to undertake further characterization of the platelet
O-glycome. The O-linked glycan pools from human platelets were
dominated by mono- and disialylated core-1 structures and asialo
core-1 (the Thomsen–Friedenreich or TF-antigen). We also noted
diverse fucosylated and sialylated core-2 type structures
(Figure 3).30 Each fresh vs 7-day stored platelet O-glycan pool was
profiled by high-performance LC and the representative O-glycan
peaks were isolated for further characterization by MSn disas-
sembly (Table 3). MSn analysis of isomeric monofucosylated core-2
THE HUMAN PLATELET GLYCOME 4281
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Table 2. N-linked glycans detected in human platelets. N-linked

glycans were analyzed by MALDI-TOF/MS

Proposed structures were shown as cartoon representations of glycans identified by MSn

analyses. The m/z value at which each glycan was detected is given as the sodiated ion of
permethylated glycan. Theor Mass, theoretical mass.
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O-glycans indicates that each displayed the H2 antigen on a
separate arm of the core-2 motif, as identified by spectrum-
matching (Figure 3; supplemental Figure 2). After the platelet
storage at RT for 7 days, we observed a decrease in disialylated O-
glycan with concomitant increase in neutral O-glycan structures in
3 different individuals. The changes observed regarding mono-
sialylated structures were less consistent and decreased only in 1
donor (Figure 3; supplemental Table 6). Thus, the data demon-
strate that O-glycans lose sialic acid moieties during storage. Loss
of sialic acid was corroborated by increased binding of terminal
galactose binding lectins RCA I and ECL (Table 1). However, these
increases in lectin binding do not discriminate between loss of
sialic acid on O- vs N-linked glycans.

RT storage increases platelet sialidase activity and

NEU1 surface expression

The loss of sialic acids on N- and O-glycans observed after RT
storage prompted us to measure sialidase activity and sialidase
(NEU1) surface exposure. RT storage upregulated intracellular
stores of NEU1 to the platelet surface, providing a feasible
mechanism for desialylation of surface glycans. Enzyme activity
assays showed that fresh platelets have low surface sialidase
activity toward 4-MU-NeuAc, which increased by 2- to 3-fold after
storage (Figure 4). This finding suggests that NEU1 is responsible,
at least in part, for the increased sialidase activity exposed by
storage. We measured different sialidase activities in fresh platelets
and after storage between individuals, with data showing a ~20%
to 50% upregulation of activity after 7 days depending on donor
(Figure 4), suggesting that interindividual sialidase activity exist and
contribute to loss of sialic acid during RT storage. We did not
measure a significant change in CD42b or CD61 surface expres-
sion between fresh and stored platelets, although CD42b (GPIbα)
expression decreased slightly after storage (Table 1). Approxi-
mately 5% of platelets had surface exposed P-selectin on day
0 which increased to 8% after 7-day RT storage. PS exposure was
increased from 2% to 6% in stored platelets as measured by
annexin V binding. Together, the data indicate that RT storage
increased the following: (1) α-degranulation as indicated by P-
selectin surface exposure, (2) NEU1 surface presence, and (3)
sialidase activity that likely promotes loss of sialic acid.
ptem
ber 2023
Discussion

Decades-long research demonstrates that desialylation of blood
components, including platelets, leads to their clearance from cir-
culation.33,34 The expression of neuraminidase Neu1 that removes
sialic acid from platelet glycoproteins, including GPIbα, causes
desialylation of platelets during cold storage (4◦C) followed by
rewarming.13 Addition of a neuraminidase inhibitor to mouse
platelets during refrigeration improves post-transfusion recovery
and survival of refrigerated platelets. These inhibitory effects are
similar to those on platelet desialylation and thrombocytopenia
induced by GPIbα antiligand binding domain antibodies.35-37

Although the data show that loss of sialic acid promotes GPIbα
22 AUGUST 2023 • VOLUME 7, NUMBER 16
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Figure 4. Sialidase activity associated with fresh and stored platelets from 3 individual donors. Total sialidase activity in platelets was measured in nonpermeabilized RT

platelets at day 0 and day 7 and in permeabilized RT platelets (n = 3). Total sialidase activity in platelets was measured in day-0 permeabilized RT platelets. The amount of

4-methylumbellyferone released in quenched reaction mixtures was measured in 96-well Microfluor-1 Black plates on a Spectra MAX GEMINI EM Microplate Spectrofluorometer

(molecular devices) with excitation, emission, and cutoff wavelengths of 355, 460, and 455 nm, respectively. Background fluorescence was subtracted from each data point.

Sialidase activity recorded at 3 hours is shown. The degree of significance is indicated as *P < .05, **P < .01.
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cleavage and negatively impacts platelet lifespan after refrigerated
platelet storage, the effect of neuraminidase inhibition on cold-
stored human platelets has yet to be explored.38-40

Studies on whether RT storage can lead to similar changes in
sialylation yielded mixed results. In an early study, Soslau et al
showed that human platelets lost 30% and 70% of sialic acid
during the first 3 and 7 days of incubation at RT, respectively.41

Cho et al also showed that platelet concentrates lose sialic acid
content upon storage.16 Conversely, Rijkers et al did not identify
changes in sialic acid levels or GPIbα and GPV loss after human
platelet storage at RT by flow cytometry analysis using lectins and
monoclonal antibodies, respectively.42 These contradictory data
may be attributed to different storage conditions, such as apheresis
platelets and single donor platelet concentrates with and without
platelet additive solutions. Methodologies applied to measure the
loss of sialic acid and differences in sialic acid content and
expression between mouse and human platelets can also
contribute to the differences in observed sialic acid loss. Our gly-
comic analysis measured changes in glycan topology using total
platelet lysates, whereas other studies measured terminal galac-
tose structures on platelet surface using lectins (ECA and RCA
I).43 It is possible that lectin binding fails to detect loss of sialic acid
on O-glycans, which are notoriously difficult to study owing to high
glycan density and accessibility for analysis. More detailed O-
glycan characterization is needed using proteases that allow better
accessibility to O-glycans, specific in mucin-rich regions.44 Thus,
the contribution of sialic acid loss and receptor proteolysis during
RT platelet storage has been demonstrated but remains debated. A
limitation of our study was the potential contamination of platelets
by plasma protein contaminants, possibly trapped in the open
canalicular system.

The abundance of asialo-N-glycans measured on day 0 platelets
differ between the 3 individuals analyzed. The changes noted
Figure 3. MALDI-TOF spectrum of N-glycans. (A) LC-MS/MS of O-glycans released fr

and each structure was confirmed by MSn (Table 3). (B) MSn disassembly of isomeric fucos

Fuc(α1,2) Gal, from the standard LNFP-I (lacto-N-fucopentaose I) in MSn. (C) Quantification

or disialylated) was performed by extracted ion chromatographs. Example structures are d
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between fresh vs 7-day stored platelets using MALDI-TOF showed
that the degree of sialic acid loss also varies between 3 individuals
(supplemental Tables 5 and 6). Sialidase activity showed interin-
dividual differences on day 0, when the lowest measured sialidase
activity coincides with a low abundance of asialo-N-glycans
(supplemental Tables 2 and 4). After day 7, the increase in siali-
dase activity coincidences with N-glycan sialic acid loss. The
sample variation suggests that although losses are generalizable,
interindividual differences exist in the extent of sialic acid loss and
sialidase activity (Figure 4). Although the analyzed sample size is
small (n = 7), the presented data point to interindividual differences
in platelet sialidase activity, NEU1 surface expression, and sialic
acid content between individuals in fresh and after RT storage,
which needs further investigation with an increased cohort of
donors. Of note, total permeablilized sialidase activity was com-
parable between day 0 and day 7 platelets (Figure 4). Hence, the
increase in sialidase activity on platelets points to surface exposure
of sialidases, perhaps caused by translocation of secretory lyso-
somal enzymes. Our data did not show marked differences in other
activation markers, such as P-selectin or PS exposure between the
individuals. It is tempting to speculate that an individual’s lysosomal
activity and sialidase activity affect the interindividual glycan
topology differences, thereby contributing to accelerated platelet
clearance after transfusion. As mass spectrometry advances in
automatization, more comprehensive studies will be possible,
specifically applying glycoproteomic analyses of platelets.

Our data show platelet branched N-glycans bear an elongated
disaccharide structure of LacNAc [(Galβ1-4GlcNAc)1-]x (m/z
6852.9, 6403.3, 5943.8, 5055.9, 4868.8, 4695.0) known as pol-
ylactosamine (polyLacNAc). PolyLacNAc is synthesized by the
alternative action of β1,4-galactosyltransferases (β4GalT1) and a
β1,3-N-acetylglucosaminyltransferase (β3GnT). Our recent work
indicates that absence of β4GalT1 in megakaryocytes impairs
om human platelets, showing extracted ion chromatogram. The peaks were collected,

ylated O-glycans isolated by high-performance LC (m/z 1518.9) with spectral match of

of released O-glycans, classified by sialylation status (neutral/asialo-, monosialylated,

epicted, with the conclusive list of structures quantified found in Table 3.
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Table 3. O-linked glycans detected in human platelets. O-glycans

were analyzed by MALDI-TOF/MS and the isobaric structures of

O-linked glycans were identified by LC-MS/MS

The m/z value at which each glycan was detected is given as the sodiated ion of
permethylated glycan. RT, retention time.
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mouse thrombopoiesis in vivo and in vitro indicating that lactos-
amine and polyLacNAc synthesis is an integral part.45 Here, poly-
LacNAc structure abundance is not significantly changed after
storage, whereas relative amounts of polyLacNAc in the total gly-
come is low (Figure 2). It is tempting to speculate that polyLacNAc
N-glycans are not affected by storage but are essential in throm-
bopoiesis. N-glycan analysis also revealed a low abundance of
sLex, a canonical selectin ligand. Mouse model knockouts of sLex
ligands, specifically the selectin family, do not display any throm-
bocytopenia or bleeding phenotype, thus the role and expression of
sLex epitopes needs further investigation.46 Lastly, the platelet
N-glycan repertoire also had large amounts of high mannose
structures on nonstored platelets (m/z 1597.2, 1801.5, 2005.3,
22 AUGUST 2023 • VOLUME 7, NUMBER 16
2210.6, 2414.3), typically associated with cell secretory systems.
High mannose surface expression correlated with ConA lectin
binding that increased after storage in all 7 individuals. In
mammalian cells, high mannose structures are precursors of
complex glycans and are located on the endoplasmic reticulum and
cis-Golgi compartments. A recent report suggests that the for-
mation of the demarcation membrane system (DMS), a significant
step during megakaryocyte development, depends on the secre-
tory pathway.47 These observations suggest that glycans associ-
ated with the secretory pathway may contribute to platelet
biogenesis.

In addition to N-glycans, we used LC-MSn method to detect a
quantifiable loss of sialylated O-glycans after storage of platelets at
RT (Figure 3). In agreement with previous studies of human serum,
our analysis shows that platelet glycans comprise largely core-1
and core-2 O-glycans.48 A recent study identified the O-glycan
landscape on platelet glycoproteins, in which GPIbα contained the
largest amount of sites.49 Platelet GPIbα is highly glycosylated,
accounting for as much as 60% of its molecular weight.50 It is
tempting to speculate that loss of O-glycan sialic acid occurs
predominantly on platelet GPIbα, perhaps leading to decreased
GPIbα surface expression after storage. More detailed O-glyco-
proteomic/glycomics and analysis of the proteolytic activity in
stored platelets will be required to determine this conclusively.
Blood group antigens were detected in both N- and O-glycans. In
red blood cells, blood group antigens are found primarily on 2
glycoproteins, band 3 and band 4.5, with a small portion found on
glycolipids.51 Whether the distribution of blood group antigens on
platelets is limited to a few glycoproteins requires extended gly-
coproteomic analysis.

A limitation of this study is the analysis of glycans after pelleting and
freezing of platelets. Platelet freezing causes a decrease in glyco-
protein expression, including GPIbα and GPIIb.52 A decrease in
peanut agglutinin (PNA) lectin binding following platelet cryopres-
ervation has been reported.53 PNA has a specificity for Galβ1-
3GalNAc (core-1 or the TF-antigen) moieties, but this binding is
inhibited upon sialylation. A decrease in PNA binding after platelet
cryopreservation could indicate an increase in sialylation or loss of
the TF-antigen; however, we did not perform lectin binding analysis
after platelet freezing for mass spectrometry. Our glycomic analysis
indicates that core-1 O-glycan abundance increased for 2 of the
donors analyzed. Thus, it is possible that freezing platelets for mass
spectrometry affects the glycan expression levels, but our study is
limited to lectin binding data to platelet before preparation for mass
spectrometry.

In summary, we provided a comprehensive analysis of the human
platelet N- and O-glycome. Platelet N-glycans feature high-
mannose structures, branched complex glycans, and polyLacNAc
extensions. Platelet O-glycans largely comprises core-1 and core-2
structures. We compared platelet glycome alterations upon 7 days
of RT storage and observed a decrease in sialylation in both N- and
O-glycans. The extent of this sialic acid loss differed between
individuals. We also observed differences in sialidase activity and
NEU1 expression between individuals, which coincide with the loss
of sialic acid.54 It is important to note that we used platelet con-
centrates and not the routinely used apheresis platelets in this
study.55,56 Thus, the data may not be completely representative of
glycan topology change in platelets procured by apheresis.
THE HUMAN PLATELET GLYCOME 4287
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However, the data here serve as a foundation to understanding the
diverse role of glycans in platelets during storage.
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