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Abstract

It is known that in COVID-19, hypercoagulation and 
sometimes thrombocytopenia are related to disease 
severity. There is also controversial data on platelet 
participation in COVID-19 pathology. We aimed to 
determine the degree of platelet hyperactivation in 
COVID-19 patients. Whole blood flow cytometry with 
Annexin-V and lactadherin staining (“PS+ platelets”) 
was utilized. Additionally, a stochastic mathematical 
model of platelet production and consumption 
was developed. Here we demonstrated that the 
percentage of PS+ platelets in COVID-19 patients 
was twofold that of healthy donors. There was a 
significant correlation between the amount of PS+ 
platelets and the percentage of lung damage in 
patients. No connection was found between platelet 
senescence and hospital therapy or patients’ chronic 
diseases, except for chronic lung disease. Although 
no thrombocytopenia was observed in patients, the 
observed increase in platelet size (FSC-A parameter 
in flow cytometry) could indicate that platelet age is 
decreased in patients. The developed computational 
model of platelet turnover confirms the possibility 
of intense platelet consumption without noticeable 
changes in platelet count. We conclude that the 
observed platelet hyperactivation in COVID-19 
could be caused by platelet activation in circulation, 
leading to platelet consumption without significant 
thrombocytopenia. 
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Introduction
SARS-CoV-2 is the cause of the pandemic that 

broke out worldwide in 2020 [1]. In patients with the 
severe form of the disease, there is an association with 
interstitial pneumonia, thrombosis, and subsequent 
pulmonary failure [2], [3]. Thrombocytopenia was 
also shown to be common in COVID-19 patients, and 
lower platelet count correlated with disease severity 
and higher mortality rates [4]–[6]. COVID-19 is known 
to cause a strong inflammatory response, the cytokine 
storm characterized by increased concentrations 
of interleukins 1β, 6, and 8, among others [7]. This 
inflammatory state can be one of the causes of 
serious hemostatic disorders observed in patients 
with severe forms of the disease [8]. Pulmonary 
embolism and deep vein thrombosis of the lower 
extremities are among the leading causes of death 
in COVID-19 [9]. In less severe cases, microthrombi 
were still present in the lungs of patients [10], [11]. 

The mechanism of thrombosis’ initiation in 
COVID-19 is often proposed to be based on 
macrophages, the cells central to the inflammatory 
response in lungs [12], [13]. Macrophages, as well 
as lung epithelial cells, are infected by the SARS-
CoV-2 virions, get activated, and thus induce the 
inflammatory response. Consequently, the blood 
vessel endothelial cells also get activated [13], [14]. 
Activated endothelial cells express on their surface a 
potent activator of the plasma coagulation cascade, 
tissue factor (TF)[15], and secrete von Willebrand 
Factor (vWF), which adheres platelets to the inflamed 
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endothelium [16]. Thus, COVID-19 induced endothelial 
cell activation results in activation of both platelet and 
plasma coagulation, leading to pathologic thrombosis 
[12]. Additional evidence for the involvement of blood 
coagulation in the development of COVID-19 comes 
from the effectiveness of treatment with heparin and 
its derivatives [17]. Heparins are also known for their 
anti-inflammatory effect [8], [18]. Although heparin 
effectiveness in COVID-19 treatment has been 
demonstrated several times [19], [20], the efficacy of 
the antiplatelet agents is still debatable [21]. 

The key driving enzyme of blood plasma 
coagulation, thrombin, could induce platelet 
hyperactivation and procoagulant response [22]. 
Procoagulant platelets are characterized by the 
presence of phosphatidylserine (PS) on their surface, 
thus enhancing plasma coagulation [22], [23]. PS-
positive platelets were proposed to be one of the 
key markers of the enhanced platelet activation in 
the circulation [24]–[26]. It should be noted that PS+ 
platelets are rapidly removed from circulation by 
macrophages [27]. Therefore, mean platelet age can 
drop in case of platelet activation in circulation. It is 
noteworthy that younger platelets, recently produced 
by the megakaryocytes in the bone marrow, are larger 
in size [24] and more prone to activation than older 
platelets [28], those are sequestered in the spleen 
or liver after 7-10 days of circulation [25]. Thus, 
mean platelet size, as well as the percentage of PS+ 
platelets, could be indicators of platelet activation in 
circulation. 

The mechanisms of SARS-CoV-2 influence 
on platelet functioning and the role of the platelet 
hemostasis in the pathology of COVID-19, in 
general, are currently actively studied. Younes et al. 
have shown that viral RNA was present in patients’ 
platelets in 22% of cases, both severe and non-
severe [29]. Conversely, Manne et al. have shown 
that no viral RNA was found in COVID-19 patients 
(3 from ICU and one non-ICU) using transmission 
electron microscopy, while mRNA expression of 
the SARS-CoV-2 N1 gene was present in 2 out 
of 25 patients. Both of them were in ICU [3]. The 
angiotensin-converting enzyme 2 (ACE-2) receptor 
[8] is the key route for SARS-CoV-2 entrance into 
human cells. However, it is not clear if this receptor 
is present on platelets [3], [6], [29], [30]. However, 
ACE2 presence on platelets is controversial, as there 
are both works confirming [29], [31] and denying [3] it.  
Finally, resting platelets of COVID-19 patients were 
increased in size [28] and had increased expression 
of of P-selectin [3], [32]. However, it is noteworthy 
that an increase in thrombopoietin – a major inducer 
of platelet thrombopoiesis – has been reported in 
COVID-19 patients [32]. Therefore, the observed 
increase in platelets’ size could be due to increased 
thrombopoientin-dependent production of the new 
(younger) cells [29].

To summarize the above platelets of the COVID-19 
patients are defective due to reasons that are poorly 
understood. Here, based on the experimental 
observations of platelet necrosis and size, as well 
as computational modeling, we suggest that the 
observed changes in platelets may be explained by 
their increased activation in circulation in COVID-19 
patients.

Materials and Methods

Patients

32 patients, diagnosed with coronavirus 
infection, who were treated at the Federal State 
Budgetary Healthcare Institution Hospital of the 
Russian Academy of Sciences (Troitsk), as well as 
five healthy donors, aged from 21 to 45 years, who 
have not been ill and have not taken any medications 
within the last month, were enrolled in the study. All 
patients’ condition was described as “mild severity” by 
physicians and did not require mechanical ventillation. 
All procedures comply with the ethical standards of 
the National Research Ethics Committee and the 
1964 Declaration of Helsinki and its subsequent 
amendments or comparable ethical standards. 
Informed voluntary consent was obtained from each 
of the participants included in the study. All patients 
were subsequently discharged from the hospital 
within 2 weeks due to improvement in their condition. 
Blood samples of five patients were analyzed twice 
on different days. The study was approved by the 
decision of the Independent Ethics Committee of 
the Dmitry Rogachev National Research Center No. 
3/2020 dated May 19, 2020.

Materials

Annexin-Alexa647, lactadherin-FITC (Sony 
Biotechnology, San-Jose, USA), HEPES, bovine 
serum albumin (BSA), D(+)glucose (Sigma, USA); 
NaCl; Na2HPO4; KCl; NaHCO3; MgCl2; CaCl2 (Agat-
Med, Moscow, Russia).

Flow Cytometry

Blood was collected in 3 mL tubes containing 
sodium citrate (3,8%) and was kept at room 
temperature for 30 minutes. During that time, red 
blood cells sedimented into the lower layers of the 
blood sample. Blood was then collected from the 
top 10 percent of the tube’s volume, was diluted in 
Tyrode’s buffer (134 мМ NaCl; 0.34 мМ Na2HPO4; 
2.9 мМ KCl; 12 мМ NaHCO3; 20 мМ HEPES; 5 
мМ glucose; 1 мМ MgCl2; 2 мМ CaCl2; BSA 2% by 
weight; pH 7.3) to platelet concentration of 1×103 
per 1 mL. After that, AnnexinV-Alexa647 (2% v/v) 
and Lactadherin-FITC (2% v/v) were added to each 
sample, and cells were incubated for 10 minutes, as 
previously described [24]. Samples were analyzed 
using Beckman Coulter Navios flow cytometer. The 
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platelet and vesicle populations were identified 
by the forward and side light scattering (Fig. 1A). 
Annexin-V, Lactadherin, and double-positive events 
were identified as shown in Fig. 1B. An event was 
considered PS-positive (PS+) if it was detected in 
lact+, anV+ or lact+anV+ gates (see Fig. 1B).

Computational model

The computational model was constructed on 
the principles of cellular automata models [33] when 
each cell is considered as an object in the program. 
In the model, two types of cells were present: 
platelets and megakaryocytes. Each platelet has 
two features: age and size. Each megakaryocyte 
has only one feature: platelet production = 3500 
(platelets per megakaryocyte, [34]). The parameter 
age is the number of days (model time step) for 
which the object exists. At each time step, M new 
megakaryocytes are produced in the bone marrow. 
M is a random number from N(μ=10; σ=1), where 
N(_ ; _) is the normal distribution. A megakaryocyte 
could produce platelets only once. The model 
describes events related to 1 µL of blood. The platelet 
production is also influenced by the concentration of 
thrombopoetin in the following manner:

P = PlateletProduction× n× TPO, (1)P = PlateletProduction× n× TPO, (1)

where P is the number of platelets produced by 
the megakaryocyte, n is the random value from 
N(μ=1;σ=0.1), TPO is the parameter reflecting 
thrombopoietin concentration according to equation 
(2):

TPO = 1− 1

1+
(

NTPO
Plt

)h , (2)

where NTPO is the approximate number of platelets 
below which TPO production in the liver is initiated, 
and Plt is the number of platelets at the given time 
point, the parameters NTPO= 120000  and h = 6 
were adjusted to describe experimental data on 
the relationship between platelet counts and [TPO] 
concentration in blood from Makar et al. [35]. In 
human organism platelets can be cleared from the 
circulation in the liver and spleen, and the probability 
of platelet clearance increases with platelet ageing 
[36]. On the model on each time step, each platelet 
has a removal probability:

TPO = 1− 1

1+
(

NTPO
Plt

)h , (2)

pclear = nnat + nthr, (3)pclear = nnat + nthr, (3)

where nnat reflects the natural platelet removal and 
is a random value from N(0.625‧age; 0.0125‧age), 
and nthr reflects the platelets removal due to their 
participation in thrombus formation and is a random 
value from N(0.625‧K; 0.0125‧K), where K is the 
consumption index, which can be varied to simulate 
severity of thrombosis. Platelet size is known to be 
related to the platelet’s age and RNA content [37]–
[39]. To simulate the distribution of platelet sizes, we 
have introduced equation (3) into the model, where 

size = s0 ×
(
1− (1− Min

Max )
1+(Mean

age )
h

)
, (4)size = s0 ×

(
1− (1− Min

Max )
1+(Mean

age )
h

)
, (4)

where s0 reflects the initial platelet size and is a value 
from N(12; 1) in [fL], parameters Max = 11 [fL] and 
Min = 6 [fL] reflect the platelet size distribution found in 
healthy donors [40], Mean = 3 [days] reflects median 
platelet age [39]. The formula (3) and coefficient h = 
3 were adjusted to describe data on the relationship 
between the immature platelet fraction, platelet 
size and platelet counts [37]–[39]. The model was 
constructed in Python 3.7.

Clinical data

The results of complete blood count, biochemical 
analysis, blood clotting test, CT scans, data of daily 
objective examinations, age, and diagnoses of 
patients were kindly provided by the hospital with the 
patients’ consent.

Data processing

Raw flow cytometry data were processed 
using FlowJoTM Software. Statistical analysis was 
performed utilizing GraphPad Prizm. 

Results and Discussion

Platelets size and phosphatidylserine exposure are 
increased in patients with COVID-19

The patients with mild Covid-19 disease examined 
in this study did not suffer from thrombocytopenia, as 
the platelets numbers in all patients were between 
139x103 and 519x103 platelets per μl. To examine 
the size and activation status of the platelets we 
performed flow cytometry analyisis of cells in patients’ 
blood stained with lactadherin and Annexin V (Fig. 
1). Analysis  of the platelet’s forward scattering (FS-
A) revealed a significant increase in patients FS-A 
compared to healthy donors (mean value ± SD: 
213±25x103 a.u. for patients, 185±20x103 a.u. for 
healthy donors, p=0.027, Fig. 1C). These findings 
are in line with previously published data [3], [32]. 
Interestingly, Kovacz et al. have reported that 
increased platelet size is characteristic for patients 
suffering from venous thromboembolism [41], which 
allows us to suspect that some thrombotic events 
may occur in our cohort of COVID-19 patients [42]. 
The observed increase in platelet’s size may not 
be exclusive for patients with SARS-COV-2 virus. 
A couple of recent studies have demonstrated that 
platelet count is significantly reduced in influenza-
induced pneumonia, and the mean platelet 
volume is significantly increased [43], [44]. Severe 
thrombocytopenia is extremely rare for the Epstein-
Barr virus, but this infection often presents a mild 
reduction in platelet counts as well as moderate 

the size parameter is recalculated from the age 
parameter:
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Figure 1. Comparison of the percentage of procoagulant platelets and their size in patients with Covid-19 and healthy 
donors. A – Gating of the area for forward (FS-A; ) and sight (SS-A) light scattering: events in the red oval correspond to platelets, 
events in the red square correspond to platelets and vesicles. B – Estimation of the percentage of events positive for annexin 
(anV +), lactadherin (lact +), and phosphatidylserine-positive events (falling into both or one of the areas). C – Comparison of 
the obtained average platelet sizes from healthy donors (green) and patients with Covid-19 (red); p = 0.0269. D – Comparison of 
the obtained values of the percentage of phosphatidylserine-positive events in healthy donors (green) and patients with Covid-19 
(red), p = 7.523x10-5 - platelets and p = 0.0003 - platelets and vesicles. E – Comparison of the obtained values of the percentage 
of annexin-positive events in healthy donors (green) and patients with Covid-19 (red), p = 6.466x10-5 - platelets and p = 0.0001 - 
platelets and vesicles. F – Comparison of the obtained values of the percentage of lactadherin-positive events in healthy donors 
(green) and patients with Covid-19 (red); p = 4.467x10-5 - platelets, p = 0.0001 - platelets and vesicles. G – General information 
about the Covid-19 patients included in the study. The Mann-Whitney test was used for significance; three asterisks denote p 
<0.001, four - p <0.0001.

increase in platelet size for uncomplicated cases [45].
The percentage of PS+ platelets in patients was 

more than two times higher than that in healthy 
donors (mean value ± SD: 0.74±0.37% for patients, 
0.29±0.07% for healthy donors; p<0.0001, Fig. 1D-
F). The average percentage of PS+ events was 
higher for lactadherin than for annexin V (p=0.0372, 
Fig. 1E, F), which is consistent with the literature 
data on the higher effectivity of lactadherin for PS+ 
cells detection [46]. The values obtained for both 
PS+ platelet markers correlated well with each other 
(r=0.64, p<0.0001), and the total percentage of PS+ 
events (r=0.74, p<0.0001 for annexin V, r=0.96, 
p<0.0001 for lactadherin, see Table 1). Therefore, we 
observe platelet hyperactivation in COVID-19, which 
is in line with previously published data [32]. 

The PS+ platelets are known to form in response 

to strong stimulation, for example, dual collagen 
and thrombin [47], [48]. The observed increase in 
percentage of PS+ platelets (0.5-1.5%) in Covid-19 
patients could reflect an ongoing platelet activation 
in circulation [49]. An inflammatory process in the 
COVID-19 patient’s body is inextricably linked with 
the activation of cells in adjacent tissues [12] and 
may lead  to platelets’ activation due to their contact 
with the products of thrombus-forming processes 
(such as the contents of platelet granules, thrombin, 
ADP, etc.) [3].  Thus, in case of moderate ongoing 
lung microthrombosis,  weak increase of PS+ platelet 
number could be observed. This is in line with the 
clinical picture of the studied patients. None of them 
suffered from severe thrombotic complications during 
the course of the study.
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Correlation of platelet parameters with clinical data

Platelets are not only the critical players in 
coagulation but are also an essential source of 
inflammatory mediators. In addition to anticoagulant 
therapy, applied to COVID-19 patients, anti-
inflammatory therapy is also carried out using various 
approaches: these include immunosuppressants 
(for example, actemra), antimalarial drugs 
(hydroxychloroquine) and corticosteroids, IL-6 
antagonists (tocilizumab) [7]. Therefore we analyzed 
the correlation between platelet parameters, the 
applied therapy, and the concurrent patients’ 
diseases.  

The proportion of PS+ platelets correlated 
(r=0.69, p<0.01) with the lung damage (according 
to CT scan performed no later than 2 days from the 
date of platelet examination, Table 1). These results 
are in good agreement with the hypothesis about 
the influence of the inflammatory process occurring 
in the lungs on the coagulation system since an 
increase in the area of affected alveoli leads to 
activation of adjacent endothelial tissues [50], [51]. 
In addition, there is a negative correlation (r=-0.49, 
p<0.05) between the total number of platelets and 
the number of procoagulant ones. We presume 
that high consumption of platelets can cause these 
changes (Table 1). The percentage of PS+ platelets 
and platelet count correlated with blood fibrinogen 
levels (p<0.05 and p<0.001 respectively, Table 1). 
This result may be explained by thrombus formation 
leading to increased consumption of clotting factors 

and platelets. Owing to this, the liver compensates 
for protein intake [28], [52]. No correlation was found 
between procoagulant platelets and C-reactive 
protein or D-dimer (see Table 1).

Correlation of platelet parameters with the applied 
therapy

In the hospital, all patients with suspected 
COVID-19 were prescribed thromboprophylaxis [53]. 
The use of heparins can lead to transient heparin-
induced thrombocytopenia (HIT) [54], [55]. However, 
it was not observed in our study. The amount of PS+ 
platelets for patients receiving heparins also was not 
altered compared to other COVID-19 patients (Fig. 
2A). Sometimes, antiplatelet drugs are prescribed for 
COVID-19 patients [56]. For two out of three patients 
receiving antiplatelet drugs in our study because of 
previous prescriptions, the amount of PS+ platelets 
was significantly lower than for other COVID-19 
patients (Fig. 2A). 

According to previously published 
recommendations, other therapeutic agents are 
prescribed for the patients in the hospital, including 
the antiretroviral drug lopinavir [57], [58]. There were 
no differences in the number of procoagulant platelets 
between the groups of patients who took and did not 
take the lopinavir-ritonavir combination (Fig. 2A).

When comparing groups of patients for the 
presence of chronic diseases, statistically significant 
differences (p=0.027) were found only for the group of 
patients with chronic lung diseases. The percentage of 
PS+ events in the presence of the disease was lower 
than in the absence (mean value ± SD: 0.81±0.37% 
for absence, 0.41±0.17% for presence, Fig. 2B), 
which may be due to the presence of a compensatory 
mechanism in these patients’ coagulation system. 
The patient cohort included in this study is highly 
heterogenic in terms of age and health status. 
However, the lack of significant differences between 
different patients’ groups (Fig. 2B, Fig. S1) and the 
absence of the observed altered platelet phenotype 
in chronic diseases [59]–[62] allows us to claim that 
this phenotype is the result of COVID-19. 

The computational model predicts that the enhanced 
platelet consumption underlies thrombocytopathy in 
COVID-19 patients

Platelet phenotype of COVID-19 patients 
appeared to be distinctive: while no significant 
thrombocytopenia was detected in our study as well as 
in the literature [3], [28], [29], [32], increased platelet 
size and increased PS+ platelet subpopulation were 
also noted. In order to understand, whether such 
phenotype could be caused by the consumption 
of platelet due to thrombosis, we have constructed 
the model of the platelet production, ageing, and 
clearance (Fig. 3A).

In the model, in the absence of additional 

Table 1. Pearson’s correlation coefficients (R) for 
the percentage of phosphatidylserine-positive (PS+) 
events, platelet counts, and platelet forward scattering 
with indicators of the patient’s condition and test values: 
age, percentage of lung damage (by CT), respiratory 
rate, C-reactive protein (CRP), AST / ALT, total bilirubin, 
glucose, total protein, hemoglobin, platelets, platelet 
forward scattering, leukocytes, INR, fibrinogen, D-dimer. 
Green values indicate p-value < 0.05.
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Figure 2. Association of phosphatidylserine-positive events with clinical parameters of patients, the presence of 
chronic diseases, and ongoing therapy. A – Comparison of the results of patients on the therapy they take (3 different 
groups by the amount of low molecular weight heparins, a group was taking anticoagulants and antiplatelet agents, groups 
taking anti-HIV drugs and not taking them). When using the Mann-Whitney criterion statistics no significant differences 
were found between the groups. B – Comparison of the percentage of phosphatidylserine-positive events for groups of 
patients suffering from various chronic diseases (type II diabetes mellitus (Diabetes), diseases of the gastrointestinal 
tract (Digestive), lungs (Lungs; p = 0.0274), cardiovascular (Cardiovascular), chronic arterial hypertension (CAH)). The 
green rectangle shows the normal range obtained for healthy donors (mean ± 2 standard deviations). The Mann-
Whitney test was used for significance; one asterisk indicates p <0.05.

platelet consumption, the average platelet counts 
are between 155x103 platelets/μl and 177x103 
platelets/μl (Fig. 3B). The number of platelets and 
platelet size were stochastically fluctuating (Fig. S2 
A and B correspondingly). Introduction of additional 
consumption, which did not significantly alter platelet 
counts (∆Plt < 25 000/μl), results in a significant 
increase in the platelet size (Fig. 3B,C; S2A,B). 
Increased consumption also resulted in the platelets 
becoming younger (Fig. S2C,D). Enhancement of 
the platelet consumption above 2 resulted in mild 

Figure 3. Computational model of platelet production in the presence of COVID-19 induced thrombosis. A – 
Detailed scheme of the model (most sensitive reactions are highlighted in red). B – Dependence of the average platelet 
count (green curve and dots) and platelet size (red curve and dots) from the platelet consumption index in the model. 
Platelet number and size in the absence of consumption lie in the areas, highlighted by green and red rectangles 
correspondingly. C – Platelet size distribution in the absence (green bars) and the presence (red bars) of consumption 
(with consumption index set to 2). Whiskers on all plots represent SD.

thrombocytopenia and platelets becoming younger 
(Fig. 3B). Severe thrombocytopenia appeared 
at platelet consumption above K = 5, which 
corresponded to more than half of the produced 
platelets being consumed (Fig. 3B, S2). Additional 
sensitivity analysis revealed that model outcome 
was most sensitive to the TPO synthesis, platelet 
consumption, and platelet clearance parameters. 
These reactions are highlighted in red (Fig. 3A). 

It is noteworthy that in patients the PS+ platelet 
fraction weakly correlated with the mean FS-A values 
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(Table 1). This finding supports the hypothesis that in 
COVID-19, platelets are consumed due to thrombosis 
which leads to the increase in PS+ platelet fraction,  
younger overall age of platelets and therefore larger 
size. The weakness of the correlation could be 
caused by the enhanced PS+ platelet consumption 
by the liver and spleen [36]. However, it should also 
be kept in mind that the cells were resting during 
the experiment, and no comparison of the degree 
of activation for patients and healthy donors was 
carried out.

Conclusions
Here we observed a significant increase in the 

fraction of PS+ platelets in COVID-19 patients (Fig. 
1). This phenomenon does not correlate either with 
therapeutic interventions carried out in the hospital 
or with chronic diseases in the patients (Fig. 2). 
Therefore, we assume that the observed increase 
in platelet size and phosphatidylserine exposure 
is mainly caused by COVID-19 and associated 
pneumonia. Previously it has been reported that 
such changes could be caused by active thrombosis 
[26], [41]. The proposed computational model 
demonstrates that moderate consumption, which 
does not result in pronounced thrombocytopenia, 
could result in a 1.3-fold increase in mean platelet 
volume observed for the COVID-19 patients (Fig. 1).

Based on our experimental results and theoretical 
findings, we propose the following scheme of the 
COVID-19 impact on human platelets: 

• SARS-CoV-2 induces lung damage. This 
results in the blood vascular endothelium 
activation and tissue factor (TF) exposure to 
the blood flow [12], [13]; 

• TF induces thrombus formation and platelet 
consumption;

• Fraction of PS+ platelets is increased (Fig. 
1) as a result of strong platelet activation, 
and platelets production is enhanced by the 
megakaryocytes (Fig. 3) [3], [29], [32] due to 
the increased TPO synthesis by the liver [3]; 

• A mild reduction of the platelet count occurs 
[3], [52], while platelet size increases 
significantly [3], [28]. 

Therefore, it can be assumed that a therapeutic 
correction of the pro-thrombogenic state of the lung 
vascular endothelium could improve the platelet’s 
quality. Still, further study of platelets and their role 
in the development of COVID-19 is necessary, as 
platelets can be used to monitor the hemostasis 
system in COVID-19 patients.
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