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ARTICLE INFO ABSTRACT

Keywords: Background: The coronavirus disease-2019 (COVID-19) is a systemic disease with severe implications on the
Platelet function vascular and coagulation system. A procoagulant platelet phenotype has been reported at least in the acute
CD62P

disease phase. Soluble P-selectin (sP-sel) in the plasma is a surrogate biomarker of platelet activation. Increased
plasma levels of sP-sel have been reported in hospitalized COVID-19 patients associated with disease severity.
Here, we evaluated in a longitudinal study the sP-sel plasma concentration in blood donors who previously
suffered from moderate COVID-19.

Methods: 154 COVID-19 convalescent and 111 non-infected control donors were recruited for plasma donation
and for participation in the CORE research trial. First donation (T1) was performed 43-378 days after COVID-19
diagnosis. From most of the donors the second (T2) plasma donation including blood sampling was obtained after
a time period of 21-74 days and the third (T3) donation after additional 22-78 days. Baseline characteristics
including COVID-19 symptoms of the donors were recorded based on a questionnaire. Platelet function was
measured at T1 by flow cytometry and light transmission aggregometry in a representative subgroup of 25
COVID-19 convalescent and 28 control donors. The sP-sel plasma concentration was determined in a total of 704
samples by using a commercial ELISA.

Resuits: In vitro platelet function was comparable in COVID-19 convalescent and control donors at T1. Plasma
samples from COVID-19 convalescent donors revealed a significantly higher sP-sel level compared to controls at
T1 (1.05 £ 0.42 ng/mL vs. 0.81 + 0.30 ng/mL; p < 0.0001) and T2 (0.96 + 0.39 ng/mL vs. 0.83 + 0.38 ng/mL;
p = 0.0098). At T3 the sP-sel plasma level was comparable in both study groups. Most of the COVID-19
convalescent donors showed a continuous decrease of sP-sel from T1 to T3.

Conclusion: Increased sP-sel plasma concentration as a marker for platelet or endothelial activation could be
demonstrated even weeks after moderate COVID-19, whereas, in vitro platelet function was comparable with
non-infected controls. We conclude that COVID-19 and additional individual factors could lead to an increase of
the sP-sel plasma level.

Soluble P-selectin
Plasma marker
COVID-19
SARS-CoV-2 infection

1. Introduction

The severe acquired respiratory syndrome (SARS) caused by the
coronavirus 2 was first reported in 2019 and named coronavirus disease
2019 (COVID-19). SARS-CoV-2 virus does not only affect the pulmonary
system but causes damage to several other organs due to severe arterial
and venous thromboembolic events [1]. Investigations of the plasma

coagulation system and the platelet phenotype in COVID-19 clearly
identified a hypercoaguable state of the patients [2]. Thus, COVID-19 is
a systemic disease with severe implications on the vascular and coagu-
lation system [3,4]. Various in vitro tests including aggregometry and
flow cytometry demonstrated increased platelet activation, degranula-
tion and aggregation in the acute disease phase [5-8]. Platelet tran-
scriptomic and proteomic data supported the hyperactivated platelet
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phenotype [9-11]. A sustained expression of tissue factor by many cells
in contact with the blood, a high level of platelet-leukocyte aggregates in
the blood and clear signs of endothelial dysfunction also support the
coagulopathy in acute COVID-19 [12]. Furthermore, antibody-mediated
increase of platelet apoptosis was significantly associated with the
increased thromboembolic risk in COVID-19 patients [13].

P-selectin (CD62P) is one of the most important cell adhesion re-
ceptors expressed on platelets and endothelial cells (EC). Upon platelet
activation P-selectin is translocated from the a-granules to the cell sur-
face followed by the release of the soluble form into the plasma (sP-sel).
Thus, sP-sel is recognized as in vivo surrogate biomarker of platelet
activation and, because of sP-sel release from inflammed endothelial
cells, also a biomarker of endothelial inflammation. In COVID-19, the
expression of P-selectin on the platelet surface is increased and promotes
the inflammatory hypercoagulable endotheliopathy [14]. Platelet P-
selectin and sP-sel has been intensively studied in COVID-19. Most of the
published data were obtained from hospitalized intensive care unit
(ICU) and non-ICU patients. The majority of the studies showed signif-
icantly elevated P-selectin values associated with critical illness (for a
review see [15]).

In our study, we were interested in the characterization of the
platelet phenotype in individuals suffered from COVID-19 with mild
symptoms. Therefore, we recruited non-hospitalized COVID-19 conva-
lescent plasma donors and non-infected plasma donors as healthy con-
trols. Platelet in vitro function was evaluated by means of agonist-
induced aggregation response, degranulation and fibrinogen receptor
activation. The sP-sel plasma levels were determined in the first and in
two follow-up blood samples of the donors.

2. Materials and methods
2.1. Recruitment of the donors and blood sampling

Patients who had recovered from COVID-19 were recruited as donors
for convalescent plasma and asked to participate in the CORE (COVID-
19 Reconvalescent) trial as an accompanying research program. Non-
infected healthy donors were recruited as control donors at their regu-
lar plasma donation appointment. All donors had a negative SARS-CoV-
2 antigen test at the time of blood donation. The CORE trial was
approved by the Ethical Committee of the Medical Faculty Mannheim
(Ref: 2020-643N). All donors gave written informed consent to partici-
pate in the CORE trial. The inclusion criteria for the convalescent donors
were: 1) SARS-CoV-2 infection documented by a positive RT-PCR (from
nasal or pharyngeal swap) or a positive anti-SARS-CoV-2 antibody test;
2) at least 2 weeks since end of symptoms; 3) no residual severe organ
dysfunction; 4) no fever at the time of blood sampling; 5) age 18-68
years. The convalescent donors suffered from COVID-19 without disease
symptoms or with mild or moderate symptoms without the necessity of
hospitalization. We recruited a total of 154 convalescent donors and 111
control donors at the donation centers of the Institute of Transfusion
Medicine and Immunology in Mannheim and the Centre for Clinical
Transfusion Medicine in Tiibingen between November 2020 and
October 2021. Blood samples of the convalescent donors were taken at
first plasma donation (T1) 129 days (median; range: 43-378 days) after
COVID diagnosis. From most of the donors the second (T2) plasma
donation including blood sampling was obtained after a time period of
36 days (range: 21-74 days) and the third (T3) donation after additional
35 days (range: 22-78 days). Baseline characteristics, information about
COVID-19 symptoms and any medication at the time of blood donation
were recorded based on a questionnaire (Table 1). Information about
nicotin or alcohol abusus was not included in the questionnaire. The
most frequent medication was pharmacologic treatment of hypertension
which was indicated by 16 (10.4 %) convalescent and 7 (6.3 %) control
donors (p = 0.2441). None of the donors stated medication with ace-
tylsalicylic acid (ASA) or P2Y12 blockers. Long COVID was defined as
persistence of at least one symptom for at least 100 days after
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Table 1
Baseline characteristics of the donors.
COVID-19 Control Significance
convalescent (154) (111) )
Age (mean + SD years)  38.8 + 12.8 354 +13.1 0.0379
Gender:
Male 67 (44.7 %) 57 (49.6 %)  0.2551
Female 87 (55.3 %) 54 (50.4 %)
Medication:"
RR 16 (10.4 %) 7 (6.3 %) 0.2441
NSAID 5 (3.2 %) 3 (2.7 %) 0.7984
ocC 5 (3.2 %) 6 (5.4 %) 0.3847
Thyroxin 6 (3.9 %) 3 (2.7 %) 0.5967
Blood samples:
T1 154 (100 %) 111 (100
%)
T2 139 (90.3 %) 99 (89.2%)  0.9631
T3 119 (77.3 %) 82 (73.9 %) 0.7703
Blood counts (mean +
SD):"
Het 0.410 + 0.032 0.408 + 0.8003
0.038
Hb (g/L) 140.8 +12.7 139.5 + 0.5173
14.0
WBC (*10%/yL) 58 + 1.2 6.0+ 1.5 0.3459
RBC (*10°/uL) 4.8+ 0.4 4.7 £ 0.5 0.3106
PLT (*103/;1L) T1: 250 £ 56 T1: 255 + 0.6096
63
T2: 251 + 55 T2: 255 + 0.6049
63
T3: 257 + 59 T3: 260 + 0.7275
57
COVID-19 symptoms,
n (%):
Fever 86 (62.8)
Cough 82 (59.9)
ENT® 97 (70.8)
Respiratory distress 64 (46.7)
Smell/taste loss 95 (69.3)
Fatigue 112 (81.8)
Headache 102 (74.5)
Joint pain 92 (67.2)
Nausea 26 (19.0)
long COVID 30 (21.9)

# Most frequent medications were anti-hypertensiva (RR), nonsteroidal anti-
inflammatory drugs (NSAID), oral contraceptiva (OC) and L-Thyroxin.

> Blood counts at T1: Hct, hematocrit (normal range: 0.37-0.54); Hb, hemo-
globin (normal range: 120-180 g/L); WBC, white blood cells (normal range:
4-11 * 103/pL); RBC, red blood cells (normal range: 4.2-6.3 * 106/pL); PLT,
platelets (normal range: 150-400 * 10%/pL).

¢ ENT, ear nose throat manifestation.

documented SARS-CoV-2 infection. The number and percentage of
symptoms in long COVID was not further specified.

2.2. Platelet function analysis

Light transmission aggregometry (LTA) and flow cytometry (FC) was
performed on a representative subgroup of 25 convalescent donors and
28 control donors (supplemental table S1) enrolled for the first blood
donation within the same time period (November 2020 to February
2021). Citrated blood samples of up to 5 convalescent and control do-
nors were processed per day and analyzed within 4 h after blood
donation according to standard protocols. Briefly, for LTA platelet rich
plasma (PRP) and platelet poor plasma (PPP) was obtained by two-step
centrifugation: 1) 150g for 15 min. to obtain PRP; 2) 10,000g for 10 min.
to obtain PPP. Since the platelet counts in all samples were in the normal
range the PRP samples were used for LTA without adjustment of the
platelet concentration. Maximal aggregation and final aggregation was
determined after adding 20 pM ADP, 500 pg/mL arachidonic acid (AA)
or 10 pM collagen under standard conditions (PAP-8; moLab GmbH,
Langenfeld, Germany).
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PRP samples were also used for FC analysis of platelet degranulation
(CD62P, CD63) and fibrinogen receptor GPIIb/Illa activation (PAC-1
binding). All antibodies (anti-human CD41-PE, clone P2, IgG1; anti-
human CD62P-FITC, clone AK-4; anti-human CD63-PE, clone H5C6;
anti-human GPIIb/IlIa-FITC, clone PAC-1) were purchased from BD
Biosciences (Heidelberg, Germany). FC was performed using a FACS-
Canto™ II system (BD Biosciences). Expression of the markers was
determined on unstimulated platelets and after stimulation with 5 pM
ADP or 5 pM U46619 (thromboxane Ay analog) in PRP samples double
stained for CD41/CD62P, CD63/PAC-1. The gating strategies are shown
in supplemental fig. S1.

2.3. Soluble P-Selectin ELISA

A total of 704 plasma samples were obtained from EDTA blood of
154 COVID-19 convalescent donors and 111 control donors at up to 3
time points (T1, T2, T3). EDTA blood was processed within 4 h after
blood donation by centrifugation at 3000g for 15 min. The upper 2/3 of
the plasma was carefully removed, transferred to cryotubes and stored at
—80 °C until further use. The plasma concentration of soluble P-selectin
(sP-sel) was determined using a commercial ELISA assay according to
the manufacturer's protocol (Human P-Selectin ELISA kit; Abbexa Ltd.,
Cambridge, UK).

2.4. Statistics

Statistical calculations were done by using appropriate tests in the
SPSS software package (SPSS Vers. 12.0; SPSS Inc., Chicago, IL USA).
One-way ANOVA tests for independent measures were used to compare
mean values from 2 independent groups (convalescent vs. control; T1 vs.
T2; T2 vs. T3). For determination of association of two parameter, the
Pearson correlation coefficient (r) was calculated. The significance level
for all tests was p < 0.05.

3. Results

Platelet function analysis by LTA and FC showed no significant

Table 2
Parameter of platelet function determined by LTA and FC.
Methods and COVID-19 Control (28) Significance
agonists convalescent (25) )
LTA (% maximal
aggregation):
ADP 76.2 £ 8.9 % 75.6 £ 9.5 % 0.1461
Arachidonic acid 73.9+6.4% 70.7 +10.1 % 0.1152
Collagen 789 £57 % 78.1 £9.0% 0.3050
FC, MFI (%
positive):*
Unstim CD62P 41 +0.4(21 £13 40+03019+ 0.9520
%) 8 %)
CD63 53+0509 +11%) 55+ 0.7 (7 + 0.7648
10 %)
PAC-1 3.6 £1.4(0+0 %) 3.8+1.1(0=+ 0.4947
0 %)
ADP CD62P 8.1+24(72+18 7.9+ 2.0 (73 £ 0.9422
%) 16 %)
CD63 8.5+3.9(30 24 7.6 £4127 + 0.2088
%) 23 %)
PAC-1 6.8 +2.4(16 +5%) 6.0 £1.5(16 + 0.0845
3 %)
U46619 CD62P 13.5+5.0 (81 +18 12.5 + 5.3 (79 0.8814
%) + 19 %)
CD63 11.2 +£7.4(41 £18 95+7.2@35+ 0.2311
%) 15 %)
PAC-1 6.5+ 35017 +2%) 5.6 +1.8(15+ 0.0917
2 %)

# FC, flow cytometry (MFIL, mean fluorescence intensity) for CD62P, CD63 and
PAC-1 binding; unstimulated (unstim) platelets, ADP or U46619 stimulation.
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differences between 25 COVID-19 convalescent donors and 28 control
donors at T1 (Table 2). Therefore, the analysis was not continued with
additional donors or repeated with blood samples at T2 and T3 of the
first donors.

The COVID-19 convalescent donors (n = 154) revealed significantly
higher sP-sel values compared to 111 healthy controls at T1 (1.05 +
0.42 ng/mL vs. 0.81 + 0.30 ng/mL; p < 0.0001) (Fig. 1). At T2 (median
of 36 days after T1) sP-sel was slightly decreased in 139 COVID-19
convalescent donors but still significantly higher compared to 99 con-
trols (0.96 + 0.39 ng/mL vs. 0.83 + 0.38 ng/mL; p = 0.0101). At T3
(median of 35 days after T2) a further decrease of sP-sel was observed in
119 convalescent donors to a level comparable to 82 health controls
(0.93 +0.38 ng/mL vs. 0.87 £+ 0.32 ng/mL; p = 0.1965). The sP-sel level
was comparable in the control donors at all time-points. In 59 conva-
lescent donors the sP-sel level at T1 was higher than the median (>0.93
ng/mL). Most of the 59 donors revealed a continuous decrease of sP-sel
from T1 to T3 (Fig. 2). Seven donors showed higher sP-sel levels at T3
than at T1.

If the increased sP-sel plasma level was due to COVID-19, we ex-
pected a negative correlation between the time-period of COVID-19
diagnosis to T1 (median: 129 days; range: 43 to 378 days) and the sP-
sel concentration at T1. However, the two parameter were not corre-
lated (r=—0.0111; p = 0.9011; Fig. S2). The sP-sel plasma level was also
not correlated with the platelet count (r = —0.0347; p = 0.4294), the
number of COVID-19 symptoms (r = —0.0618; p = 0.4835) and the
expression of CD62P on unstimulated platelets (r = 0.0504; p = 0.7044)
(Fig. S2). No association of the sP-sel plasma level at T1 with particular
COVID-19 symptoms was found (Table 3). Only 8 of the convalescent
donors reported none of the symptoms given in Table 1. The sP-sel
plasma level in these donors was comparable with the donors report-
ing any of the symptoms (0.88 + 0.24 vs. 1.03 + 0.41; p = 0.4589). The
convalescent donors with (n = 30) and without (n = 107) long COVID
had similar sP-sel plasma levels at T1, T2 or T3 (Fig. S3).

4. Discussion

Compared to healthy control donors we found significantly higher
levels of sP-sel in COVID-19 convalescent individuals who suffered from
mild to moderate symptoms and who were not hospitalized. Although
the plasma level of sP-sel is recognized as biomarker for platelet acti-
vation, we found no difference of in vitro platelet function between
convalescent and control donors. Our data of normal platelet reactivity
support the findings from a recent study that a procoagulant platelet
phenotype characterized by phosphatidylserine externalization, CD62P
expression, and GPVI shedding is not present after mild COVID-19 [16].
Compared to the sP-sel plasma level in vitro platelet function analysis
including CD62P platelet surface expression, presumably, is a less sen-
sitive biomarker for previously occurred in vivo platelet activation.
Platelet P-selectin mediates adhesion to leukocytes forming platelet-
leukocyte aggregates (PLA) recognized as biomarker of thrombo-
inflammatory diseases. Higher levels of PLA compared to healthy con-
trols were found in the acute phase of COVID-19 [9,12,17]. Interest-
ingly, COVID-19 patients with fatal outcome had significantly lower PLA
levels compared to patients with uncomplicated disease [18]. It is,
however, not clear whether increased PLA levels persist in COVID-19
convalescent.

Numerous studies reported significantly higher sP-sel plasma levels
in hospitalized COVID-19 patients compared to non-infected healthy
controls and increased sP-sel plasma levels were associated with disease
severity [15]. Only a few data and limited number of patients were
published with regard to mild or moderate COVID-19. Bertolin et al. [5]
reported comparable sP-sel level in 60 healthy controls and 60 hospi-
talized COVID-19 patients with moderate symptoms. Further, data
about the follow-up of sP-sel in convalescent is also limited. A study on
12 hospitalized mild to moderate COVID-19 patients showed higher sP-
sel plasma levels in the acute phase of the disease compared to the
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Fig. 1. Plasma level of soluble P-selectin (sP-sel) in COVID-19 convalescent donors (gray boxes) and control donors (HC; white boxes) determined in blood samples
taken at up to 3 time points (T1, T2, T3). The median time period (days, d) between T1 and T2 and between T2 and T3 is indicated. The numbers of analyzed blood

samples from COVID and control donors at the 3 time points are given.
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Fig. 2. Course of the sP-sel plasma level in 59 COVID-19 convalescent donors
with sP-sel higher than the median (>0.93 ng/mL) of all convalescent donors at
T1. In the majority of the donors sP-sel continuously decreased from T1 to T2
(after 43 days) and from T2 to T3 (after 42 days). Seven donors (black lines)
showed higher sP-sel at T3 compared to T1. The median of sP-sel in the 59
donors is indicated by the dashed line.

convalescent phase measured 28 days thereafter [6]. In the first blood
sample (T1) of 154 non-hospitalized COVID-19 convalescent individuals
taken within a broad range of 43 to 378 days (median: 129 days) after
diagnosis the plasma sP-sel was significantly higher compared to healthy
controls but was not correlated with the time period, the severity of
illness or the report of long COVID symptoms. We, therefore, assume
that the sP-sel plasma level in COVID-19 convalescent does not mirror
the severity of the disease. However, most of the convalescent donors
with high sP-sel levels in the first blood sample showed a continuous
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Table 3
No association of COVID-19 symptoms with the sP-sel plasma level at T1.

Symptom sP-sel (ng/mL) Sp-Sel (Ng/M1) Significance (p)
No Yes
Fever 1.00 + 0.36 1.03 £ 0.42 0.6998
Cough 0.98 + 0.34 1.05 + 0.43 0.3330
ENT 1.07 £ 0.44 1.00 + 0.38 0.3895
Respiratory distress 1.02 + 0.40 1.02 + 0.42 0.9736
Smell/taste loss 1.02 + 0.43 1.02 £+ 0.39 0.9798
Fatigue 1.13 + 0.42 1.00 £+ 0.39 0.1443
Headache 1.05 + 0.39 1.01 + 0.40 0.5767
Joint pain 1.06 + 0.39 1.00 £ 0.40 0.4889
Nausea 1.04 + 0.39 0.93 + 0.42 0.1996
Long COVID 1.03 + 0.40 0.98 + 0.40 0.5489

decrease, whereas, in the control donors the sP-sel level was comparable
in all 3 blood samples. It is important to note that sP-sel is also released
from inflammed endothelial cells and COVID-19 is accompanied by
pronounced endotheliopathy [19,20]. Thus, sP-sel plasma levels reflect
the state of platelet activation and endothelial inflammation. Both could
be affected by individual and environmental factors in addition to
COVID-19 and affect the sP-sel plasma level in the study individuals.
Anti-platelet medication (ASA, P2Y12 inhibitors) or anti-hypertensive
drugs can affect in vitro platelet function. Assuming reliability of the
donor information given by the questionnaire the medication in our two
study groups was not different, thus, confounding effects by medication
are rather unlikely.

Fatigue or muscle weakness and sleep difficulties were the most
frequent long-term health consequences of COVID-19 (long COVID) in
hospitalized patients [21]. In non-hospitalized COVID-19 patients fa-
tigue, headache and sneezing were the most frequent symptoms of long
COVID [22]. In our study 30 of the 154 (19.5 %) non-hospitalized
COVID-19 convalescent reported symptoms of long COVID. We found
no correlation of long COVID symptoms with the sP-sel plasma levels
and, therefore, assume that the sP-sel plasma level is not a suitable
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biomarker for the long COVID syndrome.

Campello et al. [23] characterized extracellular vesicles (EVs) in the
plasma of hospitalized COVID-19 patients and found significantly higher
levels of P-selectin+ EVs compared to healthy controls even 30 days
after discharge from hospital. In our study by using the ELISA method
we found higher sP-sel plasma levels in COVID-19 patients compared to
healthy controls even months after the disease. The ELISA method may
include also P-selectin+ EVs which could persist even longer in the
plasma than sP-sel. The suitability of plasma levels of sP-sel and P-
selectin+ EVs as predictive biomarkers for the long COVID syndrome
should be evaluated in a longitudinal follow-up COVID-19 patients, e.g.
from the acute phase until 6 months after the disease.
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