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A B S T R A C T   

Introduction: Defects of platelet functional responses in COVID-19 were reported, but their origin and patho
physiological significance are unclear. The objective of this study was to characterize the thrombocytopathy in 
COVID-19. 
Materials and methods: Analysis of platelet functional responses to activation by flow cytometry and aggreg
ometry in 46 patients with confirmed COVID-19 of different severity (non-ICU, ICU, and ECMO) over the course 
of hospitalization alongside with plasma coagulation, inflammatory markers (CRP, fibrinogen, NETosis assays in 
smears) was performed. 
Results and conclusions: All patients had increased baseline percentage of procoagulant platelets (healthy: 0.9 ±
0.5%; COVID-19: 1.7 ± 0.6%). Patients had decreased agonist-induced platelet GPIb shedding (1.8 ± 0.7 vs 1.25 
± 0.4), P-Selectin exposure (1.51 ± 0.21 vs 1.1 ± 0.3) and aggregation. The values of these parameters among the 
non-ICU and ICU cohorts differed modestly, while the ECMO cohort differed significantly. Only ECMO patients 
had pronounced thrombocytopenia. While inflammatory markers improved over time, the observed platelet 
functional responses changed only moderately. SARS-CoV-2 RNA was found in 8% of blood samples and it did 
not correlate with platelet counts or responses. All patients had increased NETosis that moderately correlated 
with platelet dysfunction. High cumulative dosages of LMWH (average > 12,000 IU/day over 5 days) resulted in 
an improvement in platelet parameters. The observed pattern of platelet refractoriness was reproduced by in vitro 
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pre-treatment of washed platelets with subnanomolar thrombin or perfusion of blood through a collagen-covered 
flow chamber. 
We conclude that platelet dysfunction in COVID-19 is consistent with the intravascular-coagulation-induced 
refractoriness rather than with an inflammation-induced mechanism or a direct activation by the virus.   

1. Introduction 

SARS-CoV-2 coronavirus outbreak in late 2019 resulted in the global- 
wise COVID-19 pneumonia pandemic [1]. SARS-CoV-2 causes inade
quate immune response [2], excessive blood coagulation [1,3] and can 
result in acute respiratory distress syndrome [4]. Most patient handling 
strategies converge on the necessity of anticoagulant therapy for COVID- 
19 [1] due to the high frequency of lung microvascular thrombosis in 
COVID-19 [2,5]. Autopsy studies have also identified significant 
amounts of intravascular tissue factor in the lungs of COVID-19 patients 
[6]. It is believed that this coagulopathy originates from COVID-19- 
induced cytokine storm [7,8], a significant increase of the amounts of 
inflammatory cytokines (IL-1b, IL-6, IL-8) in blood [9]. It has been 
demonstrated multiple times that cytokine storm is mediated by 
monocytes and neutrophils, which infiltrate patient lungs upon SARS- 
CoV-2 infection [2,10], release cytokines and cause endothelial 
dysfunction and subsequent activation of blood coagulation [11,12]. 

Current ISTH guidelines on thrombosis prevention in COVID-19 
patients focus on plasma coagulation, while platelets are neglected 
[13]. Indeed, clinical studies of anti-platelet therapy in COVID-19 
demonstrated that aspirin is the only anti-platelet drug that can signif
icantly affect patient's condition [14]. On the other hand, other studies 
demonstrated that pre-hospitalization antiplatelet therapy can signifi
cantly decrease the mortality from COVID-19 [15]. Platelet dysfunction 
in COVID-19 has been shown several times and most of the authors agree 
that platelets are pathologically activated [16–19]. Indeed, circulating 
platelets had higher P-selectin and CD63 expression, which demon
strates previous granule release [16,17,19,20]. Furthermore, Hottz et al. 
detected an increase in thromboxane B2 in COVID-19 patients' blood, 
which testified to platelet activation happening in the blood [19]. 

Additional evidence of platelet involvement comes from platelet 
counts. In recently infected COVID-19 patients, platelet count initially 
rises with a subsequent drop, which is characteristic for an increased 
platelet consumption [21]. Enhanced consumption also increases TPO 
synthesis by the liver and leads to platelet overproduction and platelets 
becoming larger and younger in COVID-19 patients [21–23]. Our pre
vious in silico studies have additionally demonstrated the important role 
of these processes in COVID-19 [24]. Above all, mild to intermediate 
thrombocytopenia was proved to be a negative prognostic marker for 
COVID-19 patients [20–22]. 

There are multiple possible pathways of platelet involvement in the 
COVID-19 pathology. Zaid et al. have demonstrated the presence of the 
ACE2 receptor on the platelet surface [17] and Zhang et al. have pro
posed the platelet MAPK-signaling initiation through ACE2 by SARS- 
CoV-2 [18]. It has been recently demonstrated that upon SARS-CoV-2 
intake, platelets undergo programmed cell death [25]. An increase of 
platelet vesicles encapsulating viral particles has also been shown [26]. 
However, ACE-2 absence on the platelets has been reported as well 
[16,27]. Therefore, it is disputable, whether SARS-CoV-2 directly im
pacts platelet responsiveness to activation or not. 

Another source of platelet activation in COVID-19 is the immune 
system. Neutrophil's hyperactivation resulting in NETosis induced blood 
coagulation and platelet aggregation [28] and an enhanced numbers of 
platelet-monocyte and platelet-neutrophil hetero-aggregates was shown 
to be present in blood of COVID-19 patients [20,29,30]. Both of these 
phenomena are characteristic for immunothrombosis [2]. Formation of 
platelet-monocyte and platelet-neutrophil hetero-aggregates could be 
caused either by platelet or by immune cell activation [2] and are 
effective promoters of the blood coagulation [2,31]. It has also been 

proposed that in the case of inflammation-induced lung damage and 
ARDS, platelets become involved in the pathology via platelet CLEC-2 
and alveolar macrophage-podoplanin interaction [32]. On the other 
hand, endothelial dysfunction could cause excessive VWF presence 
within the blood flow and cause platelet involvement via VWF-platelet 
GPIb interaction [2]. Finally, alterations in platelet production due to 
increased TPO levels [16,22] and megakaryocyte dysfunction [21] can 
contribute to platelet enhanced reactivity. 

Here we aimed to comprehensive testing of the platelet functional 
responses to conventional activation (PFR) in the COVID-19 patients of 
different severity (patients from non-ICU, ICU and ECMO cohorts) and to 
estimate whether platelets play an active role in the pathology. We 
studied PFR using flow cytometry and aggregometry, tested patient 
plasma on the SARS-CoV-2 presence, and analyzed NETosis. COVID-19 
patients platelet responsiveness was significantly diminished 
compared to healthy donors, and platelet size and their refractoriness 
correlated to the disease severity. Platelets of the patients were sensitive 
to high cumulative dosages of LMWH after 5 days of treatment. All of the 
COVID-19 patients had increased NETosis, and NETosis level moder
ately correlated with the increase of platelet size and reduction of their 
relative P-Selectin expression upon activation. SARS-CoV-2 presence did 
not correlate to platelet responsiveness and size. In vitro assays of 
healthy platelets revealed that platelet refractoriness, observed here in 
COVID-19 patients, could be obtained upon low-dose thrombin pre- 
stimulation or in case of ongoing collagen-induced thrombus forma
tion. Thus, based on our and previously published findings, we claim 
that platelets in COVID-19 are less responsive potentially due to 
hypercoagulation and immune cell activity, and platelets might not be 
active participants in the COVID-19 pathogenesis. 

2. Methods 

2.1. Patient inclusion criteria 

This study recruited 46 patients with confirmed COVID-19 admitted 
to 52nd Municipal Hospital, Moscow, Russia, between August 4th and 
September 18th 2020. Patients required in-hospital admission because 
of the severity of the disease course based on clinical findings (Table S1). 
Patients whose condition was burdened with severe pathologies, like 
cancer, or patients with Charlson Comorbidity Index > 6 (with excep
tion for one patient with CCI 7) were excluded from the study. Patients 
were divided into three groups depending on the admission unit: the 
ECMO group, the Intensive Care Unit (ICU) only group, and the non-ICU 
only group. Some patients received treatment in both ICU and non-ICU 
groups. All patients received treatment according to the Russian 
Federation National Guidance for Treating COVID-19. Specifically, the 
patients were treated with: antimicrobial prophylaxis, antiviral therapy, 
immune-suppressive therapy (Table S2). The patient received throm
boprophylaxis therapy with low-molecular-weight heparin (LMWH). 
Some patients were also treated with anti-platelet drugs due to the 
cardiovascular pathologies in anamnesis. Biochemical variables and 
clinical parameters were recorded at hospital admission. Patients were 
followed until their discharge from hospital, death or after the 28th day 
of being studied. 

The study was approved by the Independent Ethical Committee of 
NMRC PHOI decision 3/2020 (19.05.2020), and informed consent was 
obtained from each patient according to the principles of the declaration 
of Helsinki. 

The healthy donors' blood was obtained at NMRC PHOI blood center 
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between August 6th and September 12th. 43 donors (69,8% male) with 
median age of 32 (19–60) were included. All the donors had no pa
thologies and had the median platelet count of 269 (194–362) at the day 
of blood donation. 

2.2. Materials 

Annexin V-Alexa647, antibodies to CD62P-Alexa647, CD42b-PE, 
were from Sony Biotechnology (San Jose, CA, USA). Fucoidan from 
Fucus vesiculosis, HEPES, bovine serum albumin, TRAP-6 were from 
Sigma-Aldrich (St Louis, MO, USA). NaCl, Na2HPO4, KCl, NaHCO3, 
HEPES, glucose, MgCl2 were from Agat-Med (Moscow, RF). VWF was a 
kind gift from Dr. Pierre Mangin (Strasburg, France). 

2.3. Sample preparation for flow cytometry 

For flow cytometry assays, the blood of the patients or healthy do
nors has collected into sodium citrate (3.8% v/v) vacuum tubes 
(Improvacuter). Sample preparation was performed the same as in [33]. 
Briefly, blood was left resting for 15 min at room temperature and then 
diluted 20 times by Tyrode's buffer (134 mM NaCl, 0.34 mM Na2HPO4, 
2.9 mM KCl, 12 mM NaHCO3, 20 mM HEPES, 5 mM glucose, 1 mM 
MgCl2, pH 7.3) without calcium with hirudin. Samples were then 
incubated 1:1 with activators (25 μM TRAP-6 and 20 μg/ml collagen) or 
vehicle in Tyrode's-Hirudin-Calcium (5 mM). After 10 min of incubation, 
samples were mixed 1:1 with anti-CD62p (P-Selectin), anti-CD42b an
tibodies (GPIb), and Annexin-V in Tyrode's-Hirudin-Calcium (2.5 mM) 
buffer and left for 10 min. Then samples were diluted to the platelet 
concentration of 1000 plt/μl by Tyrode's-Hirudin-Calcium (2.5 mM) 
buffer and studied using BC Navios Flow Cytometer. The mean fluo
rescence intensities for the collected data are given in Fig. S1. 

2.4. Platelet aggregometry 

For platelet aggregometry, PRP was obtained from sodium citrate 
anti-coagulated blood, centrifugated for 8 min at 150g. To obtain PPP, 
resting blood was centrifugated for 1250g for 15 min. For aggregometry 
assays, platelet concentration in PRP was adjusted to 150–250 plt/μl by 
the addition of PPP, if it was needed. Platelet aggregation upon addition 
of 5 μM TRAP-6 or 100 μg/ml Fucoidan was measured by SOLAR AP- 
2110. 

2.5. SARS-CoV-2 RNA analysis 

For RNA isolation from plasma DSP Virus Kit (Qiagen) was used 
according to the manufacturer's recommendations. For the virus detec
tion, GeneFinder COVID-19 Plus RealAmp Kit (OSANG Healthcare Co.) 
and 7500 Fast PCR machine (Applied Biosystems) were used according 
to the manufacturer's recommendations. 

2.6. NETosis assay 

Extracellular traps of blood phagocytes were investigated according 
to original methodology, based on microscopic analysis of standardized 
thin blood smear as described earlier [34,35]. Briefly, 2 μl of fresh whole 
blood anti-coagulated with sodium citrate were used to prepare blood 
smears with thin monolayer of cells within 1.5 h after blood collection. 
Glass slides were obtained from PJSC “Steklopribor” (Ukraine). Smears 
were fixed for 3.5 min with May-Grünwald solution and stained with 
Romanovsky stain for 20 min (MiniMed Co. Ltd., Russia) according to 
May-Grünwald-Giemsa method [36], and investigated using automatic 
microscopic scanner MECOS C2 (“MEdical COmputer Systems 
(MECOS)” Company, Russia). At least 200 intact leukocytes and extra
cellular traps derived from leukocytes were counted (see examples of 
cells and NETs in Fig. 5A–D). NETosis was assessed as a percent of NETs 
from all observed leukocytes. Various phagocytes can produce 

extracellular traps [37], and the described method does not differentiate 
traps produced by different blood phagocytes. However, since they are 
mainly represented by neutrophils, %NETs relate primarily to NETosis. 

2.7. Microslide and flow chamber preparation and whole blood perfusion 
assays 

Microslides for blood perfusion had dimensions of 0.2 × 2 × 100 
mm. VWF (2 IU) and BSA (20%) were injected into the microslides and 
left overnight at 4 ◦C. Microslides were then perfused by PBS. Whole 
hirudinated blood was perfused through the VWF or BSA-covered 
microslides at the 2000 s− 1 wall shear rate. Perfused blood was 
collected and analyzed analogously to patient and healthy donor 
samples. 

The construction and geometry of the parallel-plate flow chambers 
were described previously [38]. The parameters of the channel were 0.2 
× 18 × 0.206 mm. Glass coverslips were coated with either fibrillar 
collagen type I (0.2 mg/ml) or collagen type I (0.2 mg/ml) and VWF (2 
IU) for 1 h 30 min at 37◦С, washed with distilled water and then inserted 
into the flow chambers. Blood was perfused through the chambers with 
wall shear rates 800 s− 1. 

2.8. Platelet washing and thrombin pre-treatment 

For the in vitro study of thrombin impact on platelet activation, 
whole citrated blood of healthy donors was centrifuged at 100g for 8 
min, and PRP was collected. PRP was diluted 1/3 by sodium citrate (pH 
5.5) and centrifuged at 400g for 5 min. Platelet pellet was resuspended 
in Tyrode's buffer w/o calcium. The resulting platelet suspension was 
once more diluted 1/3 by sodium citrate (pH 5.5) and centrifuged at 
400g for 5 min. Platelet pellet was resuspended by Tyrode's buffer with 
calcium (2.5 mM) and left resting for 30 min. Then platelets were pre- 
incubated either with 500 nM of thrombin or with the vehicle for 10 
min and then analyzed analogously to whole blood samples of the pa
tients and healthy donors. Washed platelet samples were studied by 
Agilent Acea Novocyte 3000. 

2.9. Statistical analysis 

Flow cytometry data were processed using FlowJo (http://www.fl 
owjo.com/) software. Statistical analysis was performed in Python 3.8. 
Statistical information is given in the figure legends. For comparison 
between patient groups we have performed the nested [39] data anal
ysis. Briefly, the data corresponding to each patient was averaged and an 
intercluster correlation [39] (ICC) was calculated. For the missing data 
linear interpolation was used. For our data ICC was less than 0.5, 
therefore, we further analyzed only the averaged patients points using 
standard statistical approaches, as the risk for false-positive result in this 
case was significantly lesser than upon analysis of the data without 
taking nested structure into account [39]. 

3. Results 

3.1. Patients' characteristics 

The patients enrolled in the current study were either treated only in 
Therapy Unit (“Non-ICU”, 3 patients), or treated in the Intensive Care 
Unit (“ICU”, 20 patients), or transferred between Therapy and ICU (15 
patients), or treated in ICU with extra-corporal membrane oxygenation 
(“ECMO”, 8 patients). If patient was transferred between ICU and non- 
ICU groups, we moved him to the corresponding assay group 
(Table S1). Overall, the median age was 62.5 years (29 to 82), with male 
patients predominating (63%). Chronic diseases and pre-hospital treat
ment were comparable between the treatment groups. The ECMO group 
had lower platelet count, higher neutrophils count, and C-reactive 
protein (CRP) level at the beginning of hospitalization than the other 
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groups (Table S1). The applied therapy and thrombotic events during 
treatment are given in Table S2. 

We performed platelet and coagulation testing once in 1–3 days for 
each patient. The following results are grouped according to the hospital 
unit in which the patient was treated at the day of the analysis. For 
convenience, the patients were further divided into “Deceased” 
(deceased in the Hospital) and “Survived” (discharged with 
improvement). 

3.2. All COVID-19 patients demonstrated platelet dysfunction, which 
negatively correlated with treatment group 

Platelet functional responses to activations were assessed by means 
of flow cytometry (Fig. 1A–F). Platelets were activated via thrombin 
receptor PAR1 agonist TRAP-6 and GPVI receptor agonist collagen in 

order to achieve strong activation of platelets, which presumably occurs 
during thrombus formation [33]. Baaten et al. have shown that upon 
such strong stimulation GPIb levels decrease on the platelets [40], 
probably, due to shedding by ADAM-17 [41]. Platelet GPIb shedding 
(GPIb MFI on resting/GPIb on activated platelets) and relative P-Selectin 
exposure (P-Selectin MFI/SD) upon activation were taken as the markers 
for platelet responsiveness (typical dot-plots of healthy donor and 
COVID-19 are depicted in Fig. 1A and B, correspondingly). 

Since PAR1 governs platelet responses to thrombin more than PAR4 
[42], we used the PAR1 activating peptide, TRAP-6, to study aggrega
tion of non-thrombocytopenic patients (Fig. 1G). Aggregometry was also 
used to study responses to activation through CLEC-2 (by fucoidan [43]; 
Fig. 1H), which is impossible to study under low platelet concentration 
in flow cytometry [43]. 

Neither of the studied parameters of platelet activation exhibited 

Fig. 1. Comparison of the functional parameters of the platelets of COVID-19 patients and healthy donors. A, B – Typical dot-plots of CD62p (P-Selectin) vs CD42b 
(GPIb) of the activated platelets of healthy donor (A) and COVID-19 patient (B). C – Dynamics of the platelet size (FSC MFI), GPIb shedding (CD42 Rst/Act) and P- 
Selectin exposure (CD62p MFI/SD) of the typical patients from non-ICU (blue), ICU (red) and ECMO (black) units. Green highlights the region of healthy values. D – 
Size (FSC MFI) of the platelets of the COVID-19 patients was significantly increased compared to healthy donors independently on the patient group. E, F – GPIb 
shedding and relative P-Selectin exposure were significantly reduced in all patients, with the values of ECMO patients being the lowest. G–H – Typical aggregation 
curves upon stimulation by 5 μM of TRAP-6 (G) or 100 μg/ml Fucoidan (D). Green curves – healthy donors, blue curves – irreversible aggregation of the COVID-19 
patient platelets, red curves – reversible aggregation of the COVID-19 patient platelets. I, J – Platelet aggregation upon stimulation with low doses of TRAP-6 (5 μM) 
or normal doses of Fucoidan (100 μg/ml) was significantly diminished in all of the patients. Grey dots on all of the box plots represent individual measurements of the 
patients. Blue dots on all of the plots correspond to averaged measurements of the survivors. Red dots correspond to averaged measurements of the deceased patients. 
Statistical significance was calculated using Mann-Whitney criteria, * corresponds to p < 0.05; ** corresponds to p < 0.01; *** correspond to p < 0.001; no marking 
corresponds to non-significant differences. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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pronounced dynamics (except for the ECMO patients, whose platelet 
counts, size and activation impaired over time; 3 typical patients from 
non-ICU, ICU and ECMO groups are given in Fig. 1C). Only 30% of the 
patients in non-ICU and ICU groups had mild thrombocytopenia 
(Fig. S1A). On the other hand, platelet size (FSC MFI) was increased for 
all patients (Fig. 1D, S1B) and weakly negatively correlated with platelet 
counts (Sp = − 0.33, Fig. S2). The fraction of procoagulant platelets was 
increased in all patients independently on the treatment group, which 

presumes enhanced platelet death in COVID-19 (Fig. S1C). GPIb 
amounts on resting platelets were slightly increased in COVID-19 pa
tients (Fig. S1D), GPIb shedding upon activation was significantly 
reduced (Fig. 1E). Average expression of P-Selectin on the patients' 
platelets was either decreased or normal (Fig. S1E, F). Patients' relative 
P-selectin exposure in response to activation was significantly reduced 
compared to healthy donors (Fig. 1F). Platelet aggregation also signifi
cantly decreased (Figs. 1I, J, S3). In 36% patients aggregation in 

Fig. 2. Dynamics of the platelet counts, size and activation in COVID-19 patients. A–D – Average platelet count dynamics in patients, who stayed less than in a week 
in corresponding (non-ICU – blue; ICU – red; ECMO – black) unit (A; non-ICU – n = 10; ICU – n = 17; ECMO – n = 2), from 7 to 14 days (B; non-ICU – n = 8; ICU – n =
11; ECMO – n = 2) and from 14 to 21 days (C; non-ICU – n = 2; ICU – n = 5; ECMO – n = 3). D–F – Average size (FSC MFI) of the platelets of patients, who stayed less 
than in a week in corresponding unit (D; non-ICU – n = 6; ICU – n = 13; ECMO – n = 2), from 7 to 14 days (E; non-ICU – n = 6; ICU – n = 11; ECMO – n = 2) and from 
14 to 21 days (F; non-ICU – n = 2; ICU – n = 3; ECMO – n = 3). G–I – GPIb shedding upon activation of the platelets of patients, who stayed less than in a week in 
corresponding unit (G; non-ICU – n = 6; ICU – n = 13; ECMO – n = 2), from 7 to 14 days (H; non-ICU – n = 6; ICU – n = 11; ECMO – n = 2) and from 14 to 21 days (I; 
non-ICU – n = 2; ICU – n = 3; ECMO – n = 3). J–L – Relative P-Selectin expression of the platelets of patients, who stayed less than in a week in corresponding unit (J; 
non-ICU – n = 6; ICU – n = 13; ECMO – n = 2), from 7 to 14 days (K; non-ICU – n = 6; ICU – n = 11; ECMO – n = 2) and from 14 to 21 days (L; non-ICU – n = 2; ICU – 
n = 3; ECMO – n = 3). Missing points in individual patient dynamics were filled in using linear interpolation. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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response to PAR1 stimulation was reversible (Fig. 1G), possibly due to a 
defective granule release [44]. 

3.3. No significant improvement in the platelet quality was detected in the 
course of treatment 

We further hypothesized that platelet condition of the patient group 
as a whole could improve in course of treatment as fibrinogen 
(Figs. S4–S6) and CRP (Fig. S7) levels decreased with the course of 
therapy. However, no correlation between the length of the patient stay 
and platelet reactivity was detected for non-ECMO patients (Fig. S8). On 
ECMO a moderate deterioration of platelet responsiveness to activation 
with time was observed (Fig. S6). 

Then we compared patients with similar period of stay in the cor
responding units (Fig. 2). Individual dynamics for three patients from 
each of the therapy groups is given in Figs. S4–S6. For the short-staying 
patients neither of the studied platelet parameters exhibited significant 
dynamics (Fig. 2A, D, G, J). However, if the patient spent from one to 
two weeks in ICU, the platelet counts noticeably decreased (Fig. 2B), 
while platelet size significantly increased only in ECMO group (Fig. 2E). 
These data correspond to the platelets of these patients becoming 
younger [22]. On the other hand, GPIb shedding on the platelets from 
non-ICU group restored (Fig. 2H), while P-Selectin exposure was stable 
in non-ICU and ICU groups and decreased in ECMO group (Fig. 2K). 

Finally, for the long-staying patients (2 to 3 weeks) the platelet 
counts dropped in both ICU and ECMO groups and restored in non-ICU 
group (Fig. 2C). Furthermore, the observed platelet responses were 
either stable or exhibited negative dynamics in all therapy groups, 
except for the non-ICU (Fig. 2F, I, L). Thus, it can be speculated that a 
noticeable improvement in platelet condition happens only for the least 
severe COVID-19 patients. 

3.4. Low-molecular-weight heparin (LMWH) therapy has a persistent 
impact on platelet condition 

Next, we addressed the question of what factors have impact on the 
platelet size and responsiveness in COVID-19. First, we looked into 
overall correlations between parameters (Figs. S2, S8). Expectedly, the 
studied platelet parameters correlated well with each other. It is note
worthy that platelet counts had a weak negative correlation with 
platelet FSC (Sp = − 0.33, Figs. S2, S8), again supporting the assumption 
of an increased platelet consumption in COVID-19. For other clinical 
parameters of the patients no strong correlations were found between 
plasma coagulation tests and platelet functional assay (Figs. S2, S8), 
while the C-reactive protein levels demonstrated a weak yet significant 
negative correlation with most of the platelet parameters (Figs. S2, S8). 

Most of the patients had episodic hypercoagulation which partly was 
corrected with the LMWH therapy (Fig. S9). To study the impact of the 
LMWH therapy on platelets, we split the patients into three groups by 
the cumulative heparin dosage during the observation period (low 
dosages: <12,000 IU/day; intermediate dosages: from 12,000 to 15,000 
IU/day; high dosages: >15,000 IU/day). Only non-ECMO patients were 
included in this assay. Patients were further divided into three sub
groups: all (“All”); patients without secondary infections or CoV- 
recombinant plasma transfusions (“No Sec.”) and “No Sec.” with CRP 
< 200 (“CRP < 200”). No significant changes were detected in the 
platelet condition after three days of LMWH therapy for neither of the 
groups, except for the “No Sec.” group (Fig. 3A). However, when we 
increased the studied interval to five (Fig. 3B) or to seven (Fig. 3C) days, 
platelet condition in the “No Sec.” and “CRP < 200” groups improved 
significantly for patients who received higher dosages of LMWH in 
comparison with patients who received lower dosages of LMWH. 
Platelet count (Fig. 3D) and platelet size (Fig. 3E) were also sensitive to 
the amount of LMWH therapy in these groups. Pre-hospital anti-platelet 
therapy or in-hospital immune-suppression by tocilizumab had a limited 

Fig. 3. LMWH-therapy has a long-term impact on platelet condition in COVID-19. A–C – Dependence of the changes (Δ) in relative platelet P-Selectin expression 
upon activation (CD62p MFI/SD) from average LMWH daily therapy during 3 (A), 5 (B) and 7 (D) days. Green – “All” – all non-ECMO patients; Blue – “No Sec.” – non- 
ECMO patients without secondary infections or CoV-recombinant plasma transfusions; Red – “CRP < 200” - non-ECMO patients without secondary infections or CoV- 
recombinant plasma transfusions with CRP < 200. D, E - Dependence of the changes (Δ) in platelet count (D) and platelet size (E) from average LMWH daily therapy 
during 3 (A), 5 (B) and 7 (D) days. Statistical significance was calculated using Mann-Whitney criteria, * corresponds to p < 0.05; ** corresponds to p < 0.01; *** 
corresponds to p < 0.001. F, G – Anti-platelet drugs (aspirin, cangrelor, F) and immune-suppressive drugs (tocilizumab, G) diminished platelet activation capability. 
Statistical significance was calculated using Mann-Whitney criteria, * corresponds to p < 0.05; ** corresponds to p < 0.01. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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impact on platelets (Fig. 3F, G). 

3.5. ECMO therapy resulted in the most pronounced phenotype of platelet 
dysfunction 

The above described severe platelet dysfunction in patients on ECMO 
requires additional consideration, because ECMO therapy is applied 
only in the most severe COVID-19 cases and ECMO itself is known to 
significantly enhance platelet consumption [45,46]. Here we have 
studied platelet condition after 18 transfusions of healthy donor plate
lets to COVID-19 patients on ECMO. Most of the transfusions did not 
significantly improve the platelet count (Fig. 4A). The platelet FSC 
significantly reduced only immediately after activation, returning to 
pre-transfusion values in 1 h (Fig. 4B). The amount of PS-positive 
platelets increased upon transfusion (Fig. 4C), and the relative P-Selec
tin exposure non-significantly improved for 6 h (Fig. 4D). After 24 h, the 
platelet condition returned to its initial state (Fig. 4B–D). We conclude 
that a severe consumption of platelets is present in COVID-19 patients on 
ECMO, and observed platelet condition could be considered as a pro
nounced platelet COVID-19 phenotype. 

3.6. Viral presence in PRP and COVID-19 plasma has no significant 
impact on platelet activation 

Another potential mechanism of platelet dysfunction in COVID-19 

patients is direct platelet activation by SARS-CoV-2. Unexpectedly, in 
our study the virus (assayed by the presence of viral N- and E-genes or 
just N-gene) was present in blood plasma of recently enrolled patients, 
while no viral presence was detected in the samples that were collected 
on the latter stages of the treatment (Fig. 4E). Viral presence did not 
correlate with platelet parameters or the rate of plasma clot formation 
(Fig. 4F, G). We also tested COVID-19 patient plasma impact on healthy 
donor platelets. After incubating healthy platelet rich plasma with 
COVID-19 patient's platelet free plasma (1:1 v/v), no COVID-19-like 
platelet phenotype appeared (Fig. 4H, I). 

3.7. NETosis was increased in COVID-19 patients, but its impact on 
platelet was limited 

In order to test the potential impact of the innate immune system 
activation in COVID-19 patients on the observed platelet functional re
sponses, we studied the correlations of the NETosis with markers of 
platelet activation. Previously, using myeloperoxidase and neutrophil 
elastase staining, it has been demonstrated that NETosis can be assessed 
in blood smears [34,47]. Furthermore, in the described studies classical 
inducers of NETosis PMA, LPS and Ionomycin were able to increase 
amounts of NETs in blood smears [34]. Thus, in agreement with [47], we 
used blood smears to study NETosis in COVID-19 patients. 

All COVID-19 patients had a higher level of NETs than healthy do
nors (Fig. S10A), which was in perfect agreement with the studies of 

Fig. 4. Impact of ECMO, virus presence, and COVID-19 plasma on platelets. A – Pairwise comparison of the platelet count before and after platelet transfusions to 
patients on ECMO. B–D – Dynamics of the platelet size (B), number of PS-positive platelets (C), and relative P-Selectin expression upon activation (D): before platelet 
transfusion (before), 15 min after the platelet transfusion (after), 1 h after the platelet transfusion (1 h), 6 h after the platelet transfusion (6 h) and next day (24 h). E – 
N- and E- or just N-SARS-CoV-2 genes were present in the plasma of recently hospitalized patients, while no viral presence was detected in the PRP of the patients that 
spent more time in the hospital. F, G – No viral impact on the relative P-Selectin expression (F) and stationary rate of plasma clot growth (G) was detected. Blue dots 
correspond to individual measurements of the non-ICU patients, red dots to ICU patients, black dots to ECMO patients. Green regions represent healthy donor ranges. 
H, I – No impact of COVID-19 plasma on the number of PS-positive platelets (H) and relative P-Selectin expression (I) in the healthy donor PRP was detected (H-H – 
healthy donor platelets incubated with other healthy donor plasma; H-P – healthy donor platelets incubated with COVID-19 patient plasma). Statistical significance 
was calculated using Mann-Whitney criteria, * corresponds to p < 0.05; ** corresponds to p < 0.01; *** correspond to p < 0.001; no marking corresponds to non- 
significant differences. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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COVID-19 induced NETosis using more conventional approaches [28]. 
Patients, that underwent anti-IL6 treatment with Tocilizumab had lower 
NETosis, than patients that received other kinds of immune-suppressive 
treatment (Fig. S10B and C, correspondingly). LMWH and viral presence 
in PRP also had modest impact on NETosis (Fig. S10D and E, corre
spondingly). Platelet counts did not correlate with NETosis (Fig. 5E), 
while deviations in platelet size and relative P-Selectin exposure were 
more pronounced in patients with higher NETosis (Fig. 5F, G). No cor
relation between NETosis and plasma coagulation parameters was 
detected (Fig. 5H). 

3.8. Platelets pre-treated with low dose thrombin have the same phenotype 
as COVID-19 patient platelets 

Thus far the observed platelet phenotype suggests thrombin- 
dependent platelet activation in circulation. To prove this point, we 
strived to reconstruct COVID-19-alike phenotype in vitro (Fig. 6). We 
checked three possible causes. First, GPVI receptor could be shedded on 
platelets, thus reducing platelet response to collagen. To test this, we 
have varied collagen concentrations in the experiments with healthy 
platelets (Fig. 6A, B), as it can be expected that reduced GPVI levels 
could cause reduced platelet reactivity to GPVI and this can be mimicked 
by the reduction of collagen concentration in the activation mixture. 
However, this did not affect platelet capability to become activated, 
except for the fraction of procoagulant platelets (Fig. S11). As it has been 
demonstrated that COVID-19 is associated with endothelial dysfunction 
and excessive VWF levels in the blood flow [2], we aimed to analyze ex 
vivo effects of platelet interaction with VWF under high shear rate in 
VWF covered microslide. No significant differences were present be
tween platelets from resting blood, or blood perfused over BSA or VWF 
covered microslides (Fig. S12A, B). On the other hand, it can be expected 
that disturbed endothelium could cause collagen exposure [2]. Thus, we 
assessed ex vivo whether thrombi on collagen could cause platelet 

dysfunction under normal shear rate (800 s− 1). Whole recalcified 
citrated blood was perfused through the chamber and only last 100 μl of 
blood perfused over the pre-formed for 5 min thrombi were collected 
and analyzed. It appeared that collagen-induced thrombus formation 
could cause significant decrease in the relative P-Selectin expression 
upon activation (Fig. 6C) and GPIb shedding (Fig. 6D). 

The third tested possibility is PAR1 receptor desensitizing due to 
contact with thrombin. To test this, we have varied TRAP-6 concentra
tion, which significantly affected relative P-Selectin expression and GPIb 
shedding (Fig. 6E, F). To mimic the ongoing hypercoagulation [1,5], we 
have pre-treated washed platelets with 0.5 nM of thrombin and let them 
rest for 30 min and analyzed in the same manner as the whole blood 
samples. This diminished the relative CD62p expression and GPIb 
shedding upon activation (Fig. 6G, H). Therefore, it can be stated that 
platelet phenotype, observed in COVID-19, could be obtained upon 
platelet contact with pre-formed thrombi or low dose thrombin. 

4. Discussion 

Platelets' role and potential mechanisms of platelet participation in 
the COVID-19-induced pathology were the object of speculations since 
the first reports on active thrombotic processes in COVID-19 patients. 
Nowadays, there is a set of common hypotheses on these mechanisms: 
direct viral impact of SARS-CoV-2 particles in blood [17,18], immuno
thrombosis [2,20] and enhanced platelet consumption [20,30]. Here we 
demonstrated that NETosis (reflecting immunothrombosis) and viral 
presence do not correlate with platelet dysfunctions (Figs. 4, 5), while 
high doses of LMWH correlated with an improved platelet condition 
(Fig. 3). The latter is in line with our further findings that COVID-19-like 
platelet phenotype could be obtained only upon mimicking temporary 
platelet contact with low doses of thrombin (Fig. 6). Therefore, while all 
of the aforementioned hypotheses of the platelet dysfunction mecha
nisms are correct, excessive plasma coagulation appears to have more 

Fig. 5. NETosis impact on platelets in COVID-19 patients. A–D Typical images of the neutrophils and NETs in blood smears. E – Platelet count did not correlate with 
NETosis. F, G – Platelet Size (F) was significantly increased in patients with more severe NETosis with a drop for patients with the most severe NETosis. At the same 
time, relative P-Selectin exposure on activated platelets (G) was significantly diminished in all patients suffering from more severe NETosis. H – Blood plasma 
coagulation (stationary rate of clot growth in thrombodynamics) was independent of NETosis. Statistical significance was calculated using Mann-Whitney criteria, * 
corresponds to p < 0.05; ** corresponds to p < 0.01; *** correspond to p < 0.001; no marking corresponds to non-significant differences. 
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impact. 
Our results are in partial agreement with previously published data 

that platelets in COVID-19 patients are pre-activated [16,17,20]: 
COVID-19 patients resting platelets were increased in size, and the 
number of PS+ platelets was higher (Fig. 1) [16,22]. On the contrary, 
COVID-19 patients' platelets had reduced GPIb shedding and relative P- 
selectin exposure (Fig. 1C, E, F). The observed platelet refractoriness was 
also reflected by the reduced platelet aggregation (Fig. 1I, J). The dif
ference from the previously published works [16,18] comes from us 
utilizing live platelets instead of fixed ones. 

It is noteworthy, that platelet condition did not change significantly 
in the course of treatment (Fig. 2), while other clinical parameters of the 
patients improved (Figs. S4–S7). Weak dynamics in the platelet count 
and volume was earlier observed in pneumonia caused by influenza, 
Epstein-Barr virus and SARS-CoV-2 [18,48,49]. Hereafter, we analyzed 
the impact of the cumulative LMWH dose administered to the patients 
on platelet condition within different time periods. It appeared that 
LMWH therapy could cause positive changes in the platelet count and 
condition (Fig. 3A–E) that became significant after 5 days of treatment 
(Fig. 3B). Thus, platelets in COVID-19 are “slow responders”, which is in 
line with the findings of Chao et al. [50]. This also implies plasma 
hypercoagulation significance for platelet dysfunction, described earlier 
for other diseases [51]. LMWH therapy in our setting had impact only in 
the absence of excessive inflammation (caused by secondary infections 
of CoV-recombinant plasma transfusions), while there was no correla
tion between LMWH therapy and platelet condition in these patients 
(Fig. 3A–E). 

To test how enhanced platelet consumption affects observed COVID- 
19 patient platelet phenotype, we have studied platelets of the COVID- 

19 patients on ECMO therapy [52]. In COVID-19 patients receiving 
ECMO, platelet count and platelet responsiveness dropped in the first 
2–3 days after the start of the ECMO therapy (Fig. 2A). Platelet trans
fusions in ECMO COVID-19 patients did not improve platelet counts: 
transfused platelets become activated, undergo necrosis and are cleared 
from the circulation within 24 h (Fig. 4A–D). It is noteworthy that while 
ECMO-induced decrease in platelet responsiveness has been previously 
reported [53,54], in the previous studies platelet transfusion were 
effective for at least 50% of the patients [53,55]. On the contrary, only 
one platelet transfusion in our study caused significant improvement in 
platelet count, while not affecting platelet responsiveness to activation 
(Fig. 4). Furthermore, superficial comparison of ECMO patients with 
influenza-induced and COVID-19-caused ARDS reveals that the survival 
rate of COVID-19 patients on ECMO is significantly lower than the one of 
the influenza-patients [56]. Comparison between patient cohorts 
revealed that ECMO “enhances” the phenotype of the ICU and non-ICU 
COVID-19 patients (Fig. 1). The observed reduced platelet reactivity 
thus could be explained by the pre-activation during circulation: acti
vated platelets have already partially shedded their GPIb and secreted 
their granules, resulting in decreased further activation (Figs. 1, 2). Such 
phenomenon has been partially demonstrated before [20]. 

Although platelet pre-activation by SARS-CoV-2 has been demon
strated [18], we did not find any significant correlation between platelet 
responsiveness and viremia (Fig. 4E–G). Incubation of COVID-19 plasma 
with healthy platelets also did not significantly impact platelet activa
tion (Fig. 4H, I), what contradicts findings of Hottz et al. [19]. We 
presume that this can be caused by the fact that Hottz et al. were 
considering percent of CD41/CD63 positive platelets [19], while we 
were considering the platelet population in general. Pelzl et al. have 

Fig. 6. Assays of the mechanisms of the platelet dysfunction in COVID-19. A, B – Collagen concentration variation with TRAP-6 concentration fixed at 12.5 μM did 
not have an impact on relative platelet P-selectin exposure (A) and GPIb shedding (B). C, D – Perfusion of the whole blood through BSA, VWF, collagen or collagen 
and VWF (Coll/VWF) covered flow chamber caused significant decrease in platelet activation capability in case of collagen. E, F –TRAP-6 concentration variation 
with collagen concentration fixed at 10 μg/ml significantly decreased relative platelet P-selectin exposure (E) and GPIb shedding (F). G, H – Washed platelet pre- 
treatment with sub-micromolar doses of thrombin for 30 min and subsequent normal stimulation resulted in the diminished relative P-Selectin exposure (G) and 
GPIb shedding (H) in contrast to vehicle pre-treated samples. Statistical significance was calculated using Mann-Whitney criteria, * corresponds to p < 0.05; ** 
corresponds to p < 0.01; *** correspond to p < 0.001; no marking corresponds to non-significant differences. 
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recently shown that incubation of healthy donor platelets with COVID- 
19 patients' serum cause procoagulant platelet formation in an Akt- 
dependent manner [57]. This observation seemingly contradicts our 
findings on incubation of healthy donor platelets with COVID-19 pa
tient's plasma (Fig. 4H, I). However, this disagreement could be 
explained by traces of active coagulation factors present in blood serum 
in comparison to blood plasma [58] used in our study. 

Platelet count and quality in patients with severe inflammation were 
not sensitive to LMWH therapy (Fig. 3A–E). Combined with the fact that 
in our patients platelet malfunctioning also correlated with NETosis 
(Fig. 5F, G), these findings further confirm that immunothrombosis 
contributes to the platelet dysfunction in COVID-19 [10,28]. In line with 
the work of Bye et al., SARS-CoV-2 IgG can cause platelet hyperactivity 
[59], what supports our findings that recombinant COVID-19 plasma 
reduces positive impact of LMWH therapy (Fig. 3A–E). Our findings on 
the LMWH efficacy emphasize the significance of the inflammation 
management in order to obtain positive effects of the anticoagulant 
therapy. 

Finally, to establish the role of plasma coagulation in vitro we have 
tested conditions for COVID-19-like phenotype. Previously it has been 
shown that platelet refractoriness could originate from GPVI [60] or 
GPIb [61] shedding. In our setting, we did not see the effect of variation 
of the collagen concentration or whole blood perfusion through the VWF 
covered microslide (Fig. 6A–D). On the other hand, platelet interaction 
with pre-formed on collagen thrombi (Fig. 6С, D), variation of thrombin 
receptor activation or pre-incubation of platelets with sub-nanomolar 
concentrations of thrombin resulted in the COVID-19-like platelet re
sponses to stimulation (Fig. 6E–H). 

Most of the discussed mechanisms are initiated by endothelial 
dysfunction, which is among the most significant drivers of micro- 
thrombosis in COVID-19 patients [2,10]. Thereby, endothelial func
tion in COVID-19 patients should be monitored alongside platelet 
function. On the other hand, increased platelet size is the sign of 
increased platelet production, but it is not known whether platelet 
production itself is altered in COVID-19. Comparison of the ECMO 
impact on platelets of patients with COVID-19 and other ARDS-causing 
diseases also should be of essential importance. Finally, platelet pre- 
activation in circulation can cause platelet desialylation, which will 
result in platelet clearance through the spleen or liver, which can 
contribute to thrombocytopenia [62]. Assessment of these phenomena 
would allow us to finally define the mechanism and the role of platelets 
in COVID-19. 
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