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Greece. vaccination for COVID-19 affects human platelet-rich plasma (hPRP) aggrega-
Email: antonop@hua.gr tion response, whether a recombinant Spike protein modulates PAF-induced
aggregation in hPRP and in washed rabbit platelets (WRP), and to investigate
the effect of recombinant Spike protein on the PAF production in the U-937
cell line. Our results showed that PRP from vaccinated individuals exhibited
ex vivo lower ECs, values in response to PAF, ADP, and collagen. Platelet incu-
bation with the Spike protein alone did not induce aggregation either in hPRP
or in WRP, but resulted in augmentation of in vitro PAF-induced aggregation
in hPRP from non-vaccinated individuals and in WRP. When PRP from vacci-
nated individuals was incubated with the Spike protein and PAF was subse-
quently added, elimination of the secondary wave of the biphasic aggregation
curve was recorded compared with the aggregation induced by PAF alone.
Collagen-induced in vitro aggregation was dose-dependently reduced when
platelets were pre-incubated with the Spike protein in all tested aggregation
experiments. Stimulation of U-937 by the Spike protein induced an increase in
intracellular PAF production accompanied by elevation of the activities of all
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1 | INTRODUCTION
The ongoing coronavirus pandemic (COVID-19) has
already infected more than two hundred and seventy-five
million people and caused more than five million three
hundred thousand deaths worldwide by December 2021,
according to the John Hopkins Coronavirus Research
Center.

Many publications report that COVID-19 presents as
a hypercoagulability state with a profound effect on plate-
let function characterized as a pre-thrombotic state.' A
recent review summarized the current state of knowledge
of COVID-19 and hemostasis.® Platelets have a key role
in hemostasis and thrombosis and it has been reported
that their aggregation is significantly increased in
response to ADP, thrombin, and collagen in COVID-19
patients.” Enhanced platelet aggregation was also
observed when the Spike protein was added to washed
human platelets before agonist-induced stimulation.®
However, there are conflicting results regarding the
action of the Spike protein in the absence of any other
agonist.*® Even though, it is documented that the SARS-
CoV-2 uses angiotensin-converting enzyme 2 (ACE2) as
its cellular receptor via the interaction of the Spike pro-
tein receptor-binding domain (RBD), there is still contro-
versy whether human platelets express ACE2.”* On the
other hand, human platelets express a spectrum of recep-
tors that can recognize viruses such as toll-like receptors
(TLR) and it has been documented that the Spike protein
binds TLR4 with high affinity leading to cell activation.™
The Spike protein also binds to CD147, a co-receptor
involved in SARS-CoV-2 infection of epithelial cells" as
well as the CD42b receptor, resulting in competitively
antagonizing von Willebrand Factor (VWF).” Apart from
platelet aggregation, SARS-CoV-2 and its Spike protein
stimulate secretion of biologically active substances
including platelet factor 4 (PF4), tumor necrosis factor-a
(TNF-a), interleukin 8 (IL-8), and interleukin 1 (IL-1p)
from platelets.®

Platelet-activating factor (PAF), chemically character-
ized as 1-O-alkyl-2-acetyl-sn-glycerol-3-phosphocholine, '
is a potent phospholipid mediator produced by various

three PAF biosynthetic enzymes. In conclusion, since the Spike protein
appears to modulate PAF production and activity, the use of compounds that
act as PAF inhibitors, could be considered at least in mild cases of patients
infected with SARS-CoV-2.

ADP, collagen, coronavirus, human platelet-rich plasma, monocytes, platelet-activating
factor, platelets, spike protein, thrombin, vaccines

cells including platelets under basal conditions or under
appropriate stimuli and exerts pleiotropic effects.”®> PAF
activates platelets resulting in their aggregation at con-
centrations as low as 107'2 M, in secretion of bioactive
molecules from their granules, such as serotonin, PF4,
thromboxane A2, and p-thromboglobulin, as well as PAF
itself resulting in further platelet activation.*'® PAF
exerts its autocrine and paracrine actions through bind-
ing to its receptor (PAF-R), a G-protein-coupled receptor
that is expressed in plasma and nuclear membranes of
many cell types.'*> Recent publications discussed PAF in
the context of COVID-19.'7!

PAF levels in cells, tissues, and biological fluids are
mainly controlled via its two biosynthetic pathways,
namely, the remodeling and the de novo pathway, as well
as the catabolic pathway."* In brief, the remodeling path-
way begins with the action of cytoplasmic phospholipase
A, (cPLA,) on the existing membrane ether-linked
choline-containing phospholipids resulting in the forma-
tion of lyso-PAF which is then acetylated by acetyl-CoA:
lyso-platelet-activating factor acetyltransferases (Lyso-
PAF AT) to generate PAF. Two isoforms of Lyso-PAF AT
are known; one of them is activated under inflammatory
conditions, whereas the other is calcium-independent
and does not seem to be implicated in inflammatory pro-
cesses.”” It should be noted that by the action of the
cPLA,, the most predominant polyunsaturated fatty acid,
arachidonic acid (AA), is released and consequently
enzymatically converted into a variety of eicosanoid
mediators. Indeed, a recent untargeted metabolomic and
lipidomic study showed the abundance of oleic acid and
AA, and the upregulation of lyso-phosphatidylcholines,
both indicating that phospholipase A, is activated in
COVID-19.* The de novo pathway is responsible for the
constitutive production of PAF with the crucial enzyme,
1-alkyl-2-acetyl-sn-glycerol ~ cholinephosphotransferase
(PAF-CPT), catalyzing the synthesis of PAF from 1-O-
alkyl-2-acetyl-glycerol by adding phosphocholine.”* PAF
catabolism is performed by an intracellular PAF-specific
acetylhydrolase (PAF-AH) and its plasma isoform
lipoprotein-associated phospholipase A, (LpPLA,).”> A
recent study reported elevated levels of LpPLA, in
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patients with COVID-19 and also that the gene expres-
sion of phospholipase A2 group VII (PLA2G7) was corre-
lated with the severity of COVID-19.%°

Therefore, the aim of the present work is to examine
the effect of the Spike protein on platelet aggregation, in
human platelet-rich plasma (hPRP) obtained from
healthy vaccinated and non-vaccinated volunteers, as
well as in washed rabbit platelets (WRP). We also investi-
gated the effect of the Spike protein on the production of
PAF in the U-937 promonocytic cell line.

2 | MATERIALS AND METHODS

2.1 | Materials

Bovine serum albumin Fraction V (FV-BSA), PAF, ADP,
and thrombin receptor activating peptide (TRAP) were
obtained from Sigma-Aldrich (St. Louis, MO) and colla-
gen was obtained from Chrono-Log (Havertown, PA).
Recombinant HEK293-derived SARS-CoV-2 Spike RBD
protein (10500-CV) was obtained from Bio-Techne/R&D
Systems (Minneapolis, MN) and was reconstituted in FV-
BSA. RPMI 1640 was purchased from Gibco BRL
(Thermo Fischer Scientific, Waltham, MA) and newborn
calf serum (NCS), glutamine, penicillin, Coomassie Bril-
liant Blue G-250, other common reagents and all solvents
were all obtained from Sigma (St. Louis, MO). Lyso-PAF,
free fatty acid low endotoxin bovine serum albumin
(FFA-BSA), acetyl-coenzyme A (Acetyl-CoA), cytidine 5'-
diphosphocholine (CDP-choline), were obtained from
Sigma (St. Louis, MO). 1-O-Hexadecyl-2-O-acetyl-sn-
glycerol (AAG) was purchased from Enzo Life Sciences
Ltd (Farmingdale, NY).

2.2 | Participants

Blood samples were obtained after overnight fasting from
six healthy female volunteers before vaccination, three
weeks and approximately five months after the second
dose of the mRNA technology vaccines (n = 2 with Mod-
erna and n = 4 with Pfizer/BioNTech). The experiments
were performed after the second dose of the vaccine to
achieve the full activation of the immune system. In addi-
tion, the short interval (3-4 weeks) between the two
doses of mRNA vaccination accompanied by the possible
use of medications such as painkillers with anti-
inflammatory action would affect the platelet activity.
Volunteers aged 35-55 years old had not taken any medi-
cations known to affect platelet function at least
2.5 weeks before blood collection. They also gave their
informed consent and the University Ethics Committee
approved the experimental protocol.
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2.3 | Exvivo and in vitro assessment of
hPRP aggregation

Blood was collected in trisodium citrate as anticoagulant,
and platelet-rich plasma (PRP) was obtained by centrifuga-
tion at 140 x g without brake for 16 min. The pellet was
recentrifuged at 1500 x g with brake for 15 min, to obtain
platelet-poor plasma (PPP). Platelet count of PRP was
adjusted to 500.000 per pL with the addition of PPP. The
aggregation, induced by various concentrations of PAF,
ADP, collagen, and TRAP, was determined in human PRP
by light transmission aggregometry in a Chrono-Log
(Havertown, PA) aggregometer (model 490-4D) with four
channels at 37°C with stirring at 1200 rpm. The height of
the aggregation curve of minimum-irreversible platelet
aggregation of human PRP induced by an agonist was
determined as the 100% aggregation. Consequently, the lin-
ear part of per cent aggregation (ranging from 20% to 80%)
versus different concentrations of the agonist was con-
structed and the concentration of a specific agonist needed
to induce 50% of platelet aggregation (ECsg or half maximal
effective concentration) was calculated from the aggrega-
tion curve. The ECs, values were expressed in nM for PAF,
pM for ADP and TRAP and in pg/ml for collagen.

To explore the effects of the Spike protein on agonists-
induced platelet aggregation, platelets were pre-incubated for
1-10 min in the presence of the Spike protein (2-20 pg/ml)
and various concentrations of platelet agonists were conse-
quently added. In some experiments, the Spike protein (2-
20 pg/ml) was added during agonist-induced aggregation or
before the secondary wave of agonist-induced biphasic plate-
let aggregation. The experiments with the Spike protein were
performed six times in hPRP obtained from three vaccinated
as well as from three non-vaccinated individuals.

2.4 | Invitro assessment of washed
rabbit platelets aggregation

Blood was collected from the main ear artery in polyethylene
tubes containing anticoagulant (blood/anticoagulant 9:1 v/v)
from white male California type rabbits, and platelets were
isolated and washed by a previously described method.*” The
washed platelets were adjusted to 1.25 x 10° platelets/ml of
Tyrode's buffer pH 7.2 and the aggregation, induced by vari-
ous agonists was performed as described in the hPRP aggre-
gation. The experiment was performed twice.

2.5 | Culture and activation of the U-937
cell line

U-937 cells were cultured and maintained as previously
described?® and were rested in serum-free medium (SFM)
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for 24 h before use. The final cell concentration for the
experiments was 1.25 x 10° cells/ml and cells were incu-
bated in the absence and presence of the Spike protein.
The Spike protein was reconstituted in sterile phosphate-
buffered saline (PBS) and was added in cell cultures in final
concentrations of 10 ng/ml and 100 ng/ml. After incubation
with the Spike protein for 30 min, 3 h or 24 h, both cells
and supernatant fluids were collected and centrifuged at
room temperature at 500 x g for 10 min. The supernatant
fluid was collected and treated with the Bligh-Dyer
method® to obtain the extracellular PAF (ePAF). The pellet
was washed with 1 ml PBS and centrifuged as above; the
supernatant was discarded and only the washed cells were
kept. The pellet was reconstituted in 1 ml Tris-HCI 50 mM
pH 7.4. Intracellular PAF (iPAF) was recovered by follow-
ing the Bligh-Dyer method in 360 pl of the cell suspension.
Another 30 pl were stored in —20°C for protein determina-
tion by the Bradford method.*® The rest of the cell suspen-
sion was homogenized by sonication. The homogenate was
centrifuged at 4°C at 500 x g for 10 min. The supernatant
fluids were kept at —80°C till the day of the enzyme activity
determination. Both ePAF and iPAF were stored at 4°C
until the HPLC analysis. The cytotoxicity of the Spike pro-
tein was tested in all concentrations using the
3-(4,5-dimethylthiazol-2-yl-)-5-diphenyltetrazoliumbromide
(MTT) assay according to the Mosmann method.* All
assays were performed in triplicate.

The U-937 human monocytes cell line was used in all cell
experiments (kindly donated by Dr. Z. Varghese, Royal Free
Hospital, Centre for Nephrology, University Collage Medical
School, London, United Kingdom). Centrifugations were per-
formed in a refrigerated Thermo Scientific SL16R centrifuge
(Thermo Fischer Scientific, Waltham, MA). Homogeniza-
tions were carried out with an ultrasonic homogenizer,
namely Sonoplus HD2070, carrying a MS73 sonication probe,
all provided from Bandelin (Berlin, Germany).

2.6 | Determination of PAF

The extracts obtained with the Bligh-Dyer method, ePAF
and iPAF, were subjected to HPLC separation according to
the method of Demopoulos et al.** Briefly, the elution sys-
tem was an isocratic solution of acetonitrile:methanol:
water 61:35:4 (v/v/v) and a polar lipids standard was used
to detect the time range where PAF is eluted. The purifica-
tion of PAF by HPLC was performed at room temperature
on an Agilent HPLC 1100 Series liquid chromatography
model (Santa Clara, CA) equipped with a cation exchange
column, namely, Partisii 10SCX 250 x 4.6 mm, from
HiChrom Ltd (Reading, UK), a 100 pl Rheodyne (7725i)
loop valve injector, a degasser G1322A, a quad gradient
pump G1311A and a HP UV spectrophotometer G1314A
as a detection system. The spectrophotometer was

connected to a personal computer and Agilent ChemSta-
tion Rev.A.10.02 was used to control the HPLC system.
PAF levels were finally determined by measuring the
aggregatory activity toward WRP. The quantification of
PAF was based on a standard curve constructed with the
use of known concentrations of synthetic PAF. The
results are expressed as fmol PAF/ug of total protein.

2.7 | Determination of PAF biosynthesis
enzymes activity

PAF biosynthetic enzyme activity was based on the quan-
tification of the produced PAF as described above except
that the final step of PAF determination was performed
with liquid chromatography-mass spectrometry (LC-MS)
as previously described.® Specifically, two isoforms of
Lyso-PAF AT were determined,* one of them is activated
under inflammatory conditions (Lyso-PAF ATC) and the
assay was performed in the presence of 2.8 mM CacCl,,
while the other one is calcium independent (Lyso-PAF
ATE), and the assay was performed in the presence of
1.4 mM EDTA. Also, the determination of PAF-CPT
activity was performed.** Protein determination was per-
formed by the Bradford method.*® All assays were per-
formed in duplicate. The enzyme activities were
expressed in pmol PAF /pg of total protein/min.
PAF-18:0-d4 (Cayman Chemical, Ann Arbor, MI) was
used as an internal standard. LC-MS was performed using
an Exactive™ Plus Orbitrap Mass Spectrometer with a
Hypersil GOLD™ column (5 pm, 150 x 4.6 mm), all
obtained from Thermo Fischer Scientific (Waltham, MA).

2.8 | Statistical methods

Normality of values was tested with the Shapiro-Wilk
criterion. Normally distributed continuous variables were
presented as means + SD. T-test was applied for the com-
parisons while the paired t-test was performed for testing
the vaccination effect in ECs, values. All statistical ana-
lyses were performed using STATA version 15 statistical
software (STATA Corp., Texas). The significance level
was set to 0.05 for all tests.

3 | RESULTS

3.1 | Vaccination using mRNA
technology enhances ex vivo hPRP
aggregation

The effect of the vaccination on hPRP aggregation was
agonist-dependent (Table 1). The results show that
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TABLE 1 ECs, values of hPRP aggregation before, three weeks and approximately five months after the second dose of the mRNA
technology vaccines
t, before Three weeks after the Five months after the
vaccination (N = 6) second dose (N = 6) second dose (N = 6) Pio_3w Pwo_5m
ECs, PAF (nM) 442 +14.8 73+13 54.7 +17.6 0.0001 0.11
ECso ADP (M) 4.0+ 0.5 2.8+ 03 3.8+ 0.4 0.0001 0.08
ECs, TRAP (M) 0.91 + 0.15 0.95 + 0.18 1.00 + 0.17 0.24 0.15
ECs, Collagen (pg/ml) 0.59 + 0.15 0.47 + 0.15 0.62 + 0.13 0.002 0.07

Note: Data are presented as means + SD. Comparison to baseline values was performed by paired t-test. Values in bold represent a statistically significant

p-value.

Abbreviations: ECs,, Half maximal effective concentration; PAF, Platelet-activating factor; TRAP, Thrombin receptor activating peptide.

3 weeks after the vaccination the ECsy, PAF values were
dramatically lower by 83% (7.3 +1.3 nM versus
44.2 + 14.8 nM before vaccination, p = 0.0001), the ECs,
ADP values were significantly decreased by 29%
(2.8 +£ 0.3 pM versus 4.0 + 0.5 pM, p = 0.0001) and the
ECs, Collagen values were also decreased by 20% (0.47
+ 0.15 pg/ml versus 0.59 + 0.15 pg/ml, p = 0.002). The
ECs5, values of all agonists returned to their initial values
after 5 months (Table 1). The hPRP aggregation induced
by TRAP was not affected by the vaccination.

3.2 | SARS-CoV-2 spike protein decreases
in vitro PAF- and collagen-induced
aggregation of hPRP from vaccinated
individuals

Incubation with the Spike protein (final concentrations,
2 and 20 pg/ml) for 10 min did not induce hPRP
aggregation.

When hPRP was pre-incubated for 1 min with the
Spike protein (2 pg/ml) and various concentrations of
PAF that induce biphasic aggregation (final concentra-
tions, 6-20 x 10~° M) were added, a dose-dependent
decrease of aggregation was observed ranging from
50%-90%. When the Spike protein (2 pg/ml) was added
just before the second phase of PAF-induced biphasic
aggregation, the secondary wave was completely elimi-
nated (Figure 1A). When the Spike protein was added
approximately 10 s after various concentrations of PAF
inducing reversible and biphasic aggregation, a dose-
dependent decrease of aggregation was observed rang-
ing from 39% to 65%. Interestingly, hPRP pre-incubation
for 10 min with the Spike protein (2 and 20 pg/ml) with-
out stirring, did not affect the PAF-induced biphasic
aggregation.

On the other hand, ADP-induced aggregation (final
concentrations, 3-6 x 10~® M) was not affected by the
Spike protein and only a slight increase by 15% was

observed when hPRP was pre-incubated for 1 min with
the Spike protein (2 and 20 pg/ml).

A slight reduction by 13% was observed in TRAP-
induced aggregation (final concentrations, 1-1.2 x 10~ ® M)
when hPRP was pre-incubated for 1 min with the Spike
protein (2 pg/ml) and also when the Spike protein was
added approximately 10 s after TRAP.

Lastly, hPRP pre-incubation for 1 min with the Spike
protein (2 pg/ml) resulted in 14% reduction of collagen-
induced aggregation (final concentrations, 0.4-0.8 pg/ml)
while higher concentration of the Spike protein
(20 pg/ml) was needed to obtain 45% reduction of
collagen-induced aggregation. The same effect was also
observed when hPRP pre-incubation was performed for
10 min without stirring with the Spike protein (2 and
20 pg/ml). A significant reduction by 65% was observed
in collagen-induced aggregation when the Spike protein
(2 pg/ml) was added approximately 30 s after collagen
(Figure 2A).

3.3 | SARS-CoV-2 spike protein enhances
in vitro PAF-induced aggregation of hPRP
from non-vaccinated individuals

Incubation with the Spike protein (final concentrations,
2 and 20 pg/ml) for 10 min did not induce hPRP
aggregation.

Biphasic aggregation induced by PAF (final concen-
trations, 2-8 x 10~® M) was not affected by the hPRP
pre-incubation for 1 min with the Spike protein (2 and
20 pg/ml). On the contrary, when the Spike protein
(2 pg/ml) was added, approximately 10 s after PAF or just
before the second phase of PAF-induced biphasic aggre-
gation, an increase by 29% and 64%, respectively, was
recorded (Figure 1B). Also, hPRP pre-incubation for
10 min with the Spike protein (2 pg/ml) without stirring,
resulted in 24% augmentation of PAF-induced
aggregation.
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Effect of spike protein on PAF-induced hPRP aggregation from vaccinated and non-vaccinated individuals. Platelet

aggregation induced by PAF was defined as the difference between the 0% (PRP) baseline and the 100% (PPP) baseline: (A) hPRP from
vaccinated individuals. (1A): PAF- induced biphasic aggregation, 6 x 10™° M. (1B) 1 min pre-incubation with 2 pg/ml spike protein and
addition of PAF 6 x 10™° M. (2A) PAF-induced biphasic aggregation, 20 x 10~° M. (2B) 1 min pre-incubation with 2 pg/ml spike protein
and addition of PAF 20 x 10~° M. (3A) PAF-induced biphasic aggregation, 10 x 10~° M. (3B) PAF 10 x 10~° M, 2 pg/ml spike protein was
added just before the second wave (see arrow). (B). hPRP from non-vaccinated individuals. (4A) PAF-induced biphasic aggregation,

80 x 10~° M. (4B) PAF 80 x 10~° M, 2 pg/ml spike protein added 10 s after PAF (see arrow). (4C) PAF 80 x 10~° M, 2 pg/ml spike protein

added just before the second wave (see arrow)

ADP-induced aggregation (final concentrations, 6-
10 x 10~® M) was unaffected by the Spike protein (2 and
20 pg/ml).

TRAP-induced aggregation (final concentrations, 1.2—
2 x 107® M) was also unaffected by the Spike protein
(2 pg/ml) and only a reduction of 20% was recorded with
20 pg/ml of the protein.

A dose-dependent reduction of collagen-induced
aggregation (final concentrations, 0.8-1.6 pg/ml) ranging
from 20%-90% was observed when hPRP pre-incubation
was performed for 1 min with the Spike protein (2 and
20 pg/ml) and also for 10 min pre-incubation without
stirring (Figure 2B).

3.4 | SARS-CoV-2 spike protein enhances
in vitro PAF-induced washed rabbit
platelets aggregation

Incubation with the Spike protein (2, 10, and
20 pg/ml) up to 7 min did not induce platelet aggrega-
tion in WRP.

Enhancement of PAF-induced aggregation (0.6-
1.2 x 107" M) in a range of 30%-48% was recorded when
the Spike protein (2 pg/ml) was added simultaneously or
approximately 3 and 10 s after PAF, as well as when rab-
bit platelets were pre-incubated for 1 min with the Spike
protein. Rabbit platelet pre-incubation for 10 min with
the Spike protein (2 and 20 pg/ml) without stirring, did
not affect PAF-induced aggregation (Figure 3A).

TRAP-induced aggregation (final concentrations, 0.2-
0.4 x107°® M) was unaffected by the Spike pro-
tein (2 pg/ml).

Rabbit platelet pre-incubation for 1-3 min with the
Spike protein (2 pg/ml) resulted in 12% reduction of
collagen-induced aggregation (final concentration,
0.08 pg/ml) while higher concentration of the Spike pro-
tein (20 pg/ml) was needed to achieve 87% reduction.
The same effect was also observed when pre-incubation
without stirring was performed for 10 min with the Spike
protein (2 and 20 pg/ml). A reduction by 34% was also
recorded in collagen-induced aggregation when the Spike
protein (2 pg/ml) was added approximately 30 s after col-
lagen (Figure 3B).
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Effect of spike protein on collagen-induced hPRP aggregation from vaccinated and non-vaccinated individuals. Platelet

aggregation with collagen was defined as the difference between the 0% (PRP) baseline and the 100% (PPP) baseline: (A). hPRP from
vaccinated individuals. (1A) Collagen 0.8 pg/ml. (1B) 1 min pre-incubation with 20 pg/ml spike protein and addition of collagen

0.8 pg/ml. (1C) Collagen 0.8 pg/ml, 2 pg/ml spike protein added 10 s after collagen (see arrow). (B). hPRP from non-vaccinated individuals.

(2A) Collagen 0.8 pg/ml. (2B) 1 min pre-incubation with 2 pg/ml spike protein and addition of collagen 0.8 pg/ml. (2C) 1 min pre-incubation

with 20 pg/ml spike protein and addition of collagen 0.8 pg/ml. (2D) 10 min pre-incubation with 20 pg/ml spike protein and addition of

collagen 0.8 pg/ml

3.5 | SARS-CoV-2 spike protein
stimulates PAF production in U-937 cells

Two different concentrations of the Spike protein were
tested, namely, 10 and 100 ng/ml that had no effect on
the viability of the cells according to the MTT assay and
did not induce cell proliferation according to the determi-
nation of cell protein (data not shown).

Treatment of U-937 with the Spike protein was per-
formed at 0.5, 3, or 24 h since we have previously demon-
strated that intracellular PAF levels increased after IL-1p
stimulation at these time intervals. The Spike protein at
both concentrations induced a two-fold increase of intra-
cellular PAF levels at 0.5 h compared to non-stimulated
cells (PAF baseline levels: 0.68 fmol/pg protein +0.09,
PAF levels after the 10 ng/ml Spike protein stimulation:
1.32 fmol/pg protein +0.26, PAF levels after the
100 ng/ml Spike protein stimulation: 1.13 fmol/pg pro-
tein +0.04) while a significant decrease of 77% and 50%
was observed at 3 and 24 h, respectively with the highest
Spike protein concentration (Figure 4). A substantial

increase of extracellular PAF was recorded at 0.5 h
(0.07 fmol/pg protein +0.03 versus 0.096 fmol/pg protein
+0.05) and at 3 h with a four-fold increase (0.007 fmol/pg
protein +0.003 versus 0.026 fmol/pg protein +0.01) when
the highest Spike protein concentration was used while
at 24 h PAF was not detected in either non- or stimulated
cells (Figure 4).

Along with the two-fold increase of intracellular PAF
levels at 0.5 h, the specific activities of all three biosyn-
thetic enzymes were also elevated. More specifically,
stimulation with the 100 ng/ml of Spike protein resulted
in higher PAF-CPT by 76%, in Lyso-PAF ATC by 30%
and in Lyso-PAF ATE by 47% compared with non-
stimulated cells (Figure 5).

At 3 h, PAF-CPT was decreased by 20% in the Spike
protein stimulated cells. The activity of Lyso-PAF ATC
was not affected by the Spike protein stimulation at 3 h
and 24 h in any tested concentration while the activity of
its calcium-independent isoform Lyso-PAF ATE was
increased by 29% at only 24 h with the highest concentra-
tion (data not shown).
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Effect of spike protein on PAF and collagen-induced WRP aggregation. Platelet aggregation with PAF was defined as the

difference between the 0% (PRP) baseline and the 100% (PPP) baseline: (A). PAF-induced WRP aggregation. (1A) PAF, 1.2 x 10~ ** M.

(1B) 1 min pre-incubation with 2 pg/ml spike protein and addition of PAF 1.2 x 10~ M. (1C) PAF 1.2 x 10~'' M, 2 ug/ml spike protein
added 3 s after PAF (see arrow). (1D) PAF 1.2 x 10~ ' M, 2 pg/ml spike protein added 10 s after PAF (see arrow). (B). Collagen-induced
WRP aggregation. (2A) Collagen 0.08 pg/ml. (2B) 1 min pre-incubation with 2 pg/ml spike protein and addition of collagen

0.08 pg/ml. (2C) Collagen 0.08 pg/ml, 2 pg/ml spike protein added 30 s after collagen (see arrow). (2D) 1 min pre-incubation with 20 pg/ml
spike protein and addition of collagen 0.08 pg/ml. (2E) 10 min pre-incubation with 20 pg/ml spike protein and addition of collagen

0.08 pg/ml

4 | DISCUSSION
Previous publications have reported that COVID-19 was
characterized by abnormal parameters such as decreased
platelet counts, as well as by their hyperactivation since
P-selectin expression and integrin allbf3 activation are
both increased in most cases. Plasma levels of platelet-
derived growth factor (PDGF) are also elevated and
washed platelet aggregation induced by ADP, thrombin
and collagen was increased mainly in critically ill
COVID-19 patients.*>’>* Moreover, RBD Spike protein
was reported to induce P-selectin expression and integrin
allbp3 activation but there are conflicting results regard-
ing its ability to induce platelet aggregation in human
washed platelets in the absence of any other agonist.®’
Our results are in accordance with Zhang et al.® since
the Spike protein for up to 10 min did not induce aggre-
gation either in PRP obtained from healthy donors or in
WRP. In addition, ex vivo platelet sensitivity, following
the Spike protein production induced by mRNA vaccines,
was enhanced in the presence of ADP, collagen, and

PAF. The short-term effect of vaccination was more pro-
found in the case of PAF-induced PRP aggregation where
a significant augmentation of platelet sensitivity was
observed. This phenomenon could be attributed to an
enhancement of PAF production and/or to an upregula-
tion of PAFR expression during B and T-cell activa-
tion®>*® since the mRNA vaccines function as both
immunogen and adjuvant.’’

Augmentation of in vitro PAF-induced aggregation
was also recorded in the presence of the Spike protein
either in hPRP from non-vaccinated individuals or in
WRP. In the case of hPRP from non-vaccinated individ-
uals, the increase in platelet aggregation was observed at
the second wave of the biphasic aggregation curve. Unex-
pectedly, the Spike protein attenuated in vitro PAF-
induced aggregation in hPRP from vaccinated individuals
and completely eliminated the secondary wave of the
biphasic aggregation curve. The pre-exposure to the Spike
protein due to vaccination may have enhanced various
reactions that could explain the different response to the
second phase of the aggregation curves.’” It should be
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Intracellular and extracellular PAF levels in U-937 stimulated with the spike protein (10 ng/ml and 100 ng/ml) at 0.5, 3 or

24 h. (A) The spike protein at 10 and 100 ng/ml induced an elevation of intracellular PAF levels at 0.5 h; a significant decrease of

intracellular PAF levels at the order of 77% and 50% was observed at 3 and 24 h, respectively with 100 ng/ml spike protein. (B). Extracellular

PAF levels were increased at 0.5 and 3 h with 100 ng/ml spike protein. The (*) symbol represents p < 0.05 in comparison with non-

stimulated cells (baseline levels) within time group

noted that elimination of the second phase of PAF-
induced biphasic platelet aggregation has been previously
reported in the presence of indomethacin and ADP scav-
engers, but without affecting PAF-induced secretion of
serotonin or PF4.'*'° Based on the above, our results
indicate that the Spike protein does not seem to bind to
PAF receptor, but modulates PAF-induced aggregation
probably through platelet ADP release and other prod-
ucts derived from the cyclooxygenase pathway of arachi-
donic acid metabolism. It should be noted that in the
cyclooxygenase pathway, a series of reactions catalyzed
by cyclooxygenases (COX1/2) result in the synthesis of
the different types of prostaglandins (PGs) and thrombox-
anes (TXs). The re-exposure of vaccinated human PRP to
the Spike protein might result to impaired balance
between PGs and TXs, in favor of the vasodilator eicosa-
noids that also inhibit platelet aggregation through the
increase of the intracellular cyclic adenosine 3',5'-
monophosphate levels (c-AMP).

On the other hand, ADP- and TRAP-induced aggrega-
tion were not significantly affected by the Spike protein
neither in PRP obtained from vaccinated individuals nor
from non-vaccinated ones. A slight potentiation by 15%
of ADP-induced aggregation along with a mild reduction
by 13% in TRAP-induced aggregation was recorded in

vaccinated volunteers that could be attributed to the pre-
exposure to the Spike protein due to vaccination and
secretion of ADP and/or impaired balance between PGs
and TXs. TRAP-induced aggregation was also unaffected
in WRP aggregation.

Collagen-induced aggregation was dose-dependently
diminished by the Spike protein in all tested aggregation
experiments reaching approximately 90% decrease when
20 pg/ml of the Spike protein was used in hPRP from
non-vaccinated individuals and in WRP while a signifi-
cant reduction at the order of 65% was observed in hPRP
from vaccinated ones when 2 pg/ml of the Spike protein
was added 30 s after collagen stimulation. While PAF,
thrombin and ADP exert their primary effects directly,
the stimulation with moderate amounts of collagen is
depending to a considerable extent on arachidonic acid
metabolism>®**° that seems to be altered by the Spike pro-
tein. Zhang et al. reported that pre-incubation for 5 min
with the Spike protein and especially the Spike subunit
1 potentiated in vitro washed human platelet aggregation
in response to one specific concentration of collagen,
thrombin, and ADP with fibrinogen. The different results
in our study could be attributed to different platelet prep-
arations since we have used PRP, to different concentra-
tions and type of agonists used in the case of ADP and
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FIGURE 5 The specific activities of all three biosynthetic enzymes at 0.5 h after stimulation with the spike protein (10 and 100 ng/ml).

Stimulation with the 100 ng/ml of spike protein resulted in higher PAF-CPT by 76% (A) in Lyso-PAF ATC by 29% (B) and in Lyso-PAF ATE
by 47% (C) compared with non-stimulated cells. The (*) symbol represents p < 0.05 in comparison with non-stimulated cells (baseline
levels). Lyso-PAF ATC: Lyso-PAF acetyltransferase in the presence of Ca®"; Lyso-PAF ATE: Lyso-PAF acetyltransferase in the presence of

EDTA; PAF-CPT: PAF-cholinephosphotransferase

thrombin, as well as to the different pre-incubation time.
Indeed, the formation of PGD, that attenuates platelet
aggregation has been reported in the presence of human
serum albumin in plasma that favors the formation of
PGD, from the endoperoxides at the expense of other
prostanoids.*

Even though, it is still unclear whether human plate-
lets express ACE2, the proposed ACE2 down-regulation
by the Spike protein, resulting in an imbalance between
angiotensin IT and angiotensin,'”* could also provide an
explanation since angiotensin II has been reported to
modulate PAF actions through PAF formation and
binding,* and PAF increases ACE2 activity.*' Angioten-
sin II type 1 receptor (AT1) antagonists inhibited mono-
cyte chemoattractant protein-1 (MCP-1) production in
human monocytes stimulated by PAF** and Mas receptor
knock-out mice were more susceptible to PAF.** Also,
angiotensin'~’ restored the lipopolysaccharide (LPS)-
induced decreases in platelet aggregation stimulated by
collagen in endotoxaemic rats.**

In addition, our results from U-937 stimulated with
the Spike protein revealed that it could induce a two-fold
increase in intracellular PAF production after 0.5 h

incubation that was accompanied by the elevation of the
specific activities of all three PAF biosynthetic enzymes.
Specifically, the crucial enzyme of the de novo pathway,
namely, PAF-CPT was increased by 76%, while the two
isoforms of acetyl-CoA:lyso-PAF acetyltransferases,
namely, the calcium- independent Lyso-PAF ATE was
increased by 47% and the calcium-dependent Lyso-PAF
ATC by 30%. Even though, a four-fold increase in extracel-
lular PAF levels was recorded after 3 h incubation with
the Spike protein, the percentage of the extracellular PAF
levels compared with the total ones did not exceed 6%—
13% at all experimental conditions. These results may have
a clinical significance since we have previously reported
that PAF induced mRNA expression and secretion of
MCP-1 from U-937 cells, modulated their redox status and
also increased mRNA expression of PAFR.** Other investi-
gators have shown that monocytes and macrophages
expressed high levels of proinflammatory cytokines in the
presence of different viral proteins.*®*” The ability of the
Spike protein to induce the production of the potent medi-
ator, PAF, along with other proinflammatory cytokines
may in part mediate the effects of SARS-CoV-2 and poten-
tially contribute to Long-COVID syndrome.**
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included only females. The hormonal status of the sub-
jects (premenopausal or postmenopausal) was not taken
into consideration. In the experiments with U-937 stimu-
lated with the Spike protein, the specific activity of the
intracellular PAF-specific acetylhydrolase (PAF-AH) was
not determined. Finally, we used mammalian recombi-
nant RBD Spike protein, and not the full-length Spike
protein that could have additional effects via receptors
other than ACE2.

6 | CONCLUSION

Vaccination results in a short-term augmentation of
platelet sensitivity, especially when PAF is used as an
agonist. SARS-CoV-2 Spike RBD protein exerts diverse
effects in PAF-induced aggregation depending on the
status of vaccination, and an attenuation was recorded
in PRP from vaccinated individuals. Lastly, the Spike
protein stimulates the production of PAF in monocytes.
Cells producing more PAF could increase the inflam-
matory response in the patient with COVID-19, exacer-
bating the clinical condition. Since PAF exerts its action
on a variety of cells such as platelets and mast cells, the
use of rupatadine and other compounds of natural ori-
gin, that act as PAF, mast cell activation and platelet
aggregation inhibitors (e.g., flavonoids, polar lipid
extracts)*~>* could be considered at least in mild cases
of patients infected with SARS-CoV-2. Indeed, a recent
paper reports that a novel integrative treatment
approach including the dual histamine-1 and PAF
antagonist, rupatadine, as well as famotidine, misopros-
tol and vitamin D3, that suppress mast cell activation
and the flavonoids luteolin and quercetin, with anti-
inflammatory and mast-cell blocking properties,
resulted in fully recovery of a severe COVID-19
patient.”*
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