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Background and Objectives: Post-COVID-19 condition is thought to affect 10–20% of people at least 3 months after a diagnosis of 
COVID-19 and two months of symptoms. Post-COVID-19 condition presents itself with many clinical effects with varying degrees of 
severity ranging from a mild cough to a life-threatening coagulopathy. Our study aimed to identify a relationship between the titers 
of anti-SARS-CoV-2 IgG and anticoagulation parameters: antithrombin III (ATIII), protein C (PC) and thrombomodulin (TM).
Materials and Methods: Blood plasma was collected from healthy donors aged 25–45 who had recovered from COVID-19 3–6 
months ago and their titers of anti-SARS-CoV-2 IgG and ATIII, PC, and TM were measured.
Results: We found that concentrations and activities of key anticoagulation parameters (ATIII, PC, and TM) measured in donor 
plasma during the post-COVID-19 varied in relation to the titers of anti-SARS-CoV-2 IgG.
Conclusion: While we identified a dysfunction of anticoagulation parameters in patients with post-COVID-19, we aim to explore the 
subpopulation antibody IgG fraction directly using in vivo and in vitro experiments with the possibility to contribute to the 
development of treatment options for post-COVID-19 conditions.
Keywords: long-COVID, antithrombin III, thrombomodulin, protein C

Introduction
Post-COVID-19 condition (long COVID-19, post-acute COVID-19, long-term effects of COVID-19) is an emerging 
health problem in people that had an active COVID-19 infection within the past 4–6 months. There is an array of 
presenting clinical symptoms in post-COVID-19 condition including, but not limited to, fatigue, muscle weakness, 
difficulty concentrating, depression/anxiety, diarrhea, cough, chest pain, and shortness of breath.1 These symptoms can 
last for weeks to years and even progress to severe multiple organ dysfunction, such as liver failure, lung failure, and 
acute kidney injury.2 The causative agent, SARS-CoV-2, is a virus that belongs to the coronavirus family which has led 
to the global pandemic known as COVID-19. The coronavirus family is a large group of viruses known for causing 
respiratory disease ranging from a common cold to respiratory failure. The primary mode of transmission is through 
respiratory droplets and contact via fomites, while there is growing data suggesting airborne transmission may also be 
a major contributing factor.3

Scientists have a focus on studying hemostasis damage after COVID-19 because coagulation disorders can often 
result in serious injury or death. For cases in clinical practice regarding continued hypercoagulation status after COVID- 
19, there is not enough information today. The mechanisms underlying the development of chronic coagulation pathology 
are being studied to identify factors that cause an imbalance in the regulation of the coagulation and anticoagulation 
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systems. Several studies have established the presence of large anomalous amyloid and fibrinogen deposits in blood after 
COVID-19.4 Accordingly, coagulation potential increases due to acute inflammatory processes persists after recovery 
from COVID-19. Thus, the study of dysfunction of the anticoagulation system has become more of an urgent issue 
indicating that research on post-COVID-19 condition should focus on the assessment of both coagulation and antic
oagulation statuses in patients.

The physiological anticoagulation mechanism is the basic component of fibrin clot formation stability and its cleavage 
into degradation products. Activation of the anticoagulation cascade leads to a reduction in thrombin generation and, 
consequently, prevents insoluble fibrin accumulation. There are three key anticoagulation proteins: antithrombin III 
(ATIII), thrombomodulin (TM) and protein C (PC).5 ATIII is the most powerful serine protease inhibitor among 
anticoagulation proteins, which has a binding domain to thrombin, factor Xa, and IXa for direct inactivation.6 PC 
participates in the inactivation of tenase and prothrombinase complex formation, which consist of FVIIIa with FIXa and 
FVa with FXa, respectively. This is the basis for the inhibition of the common pathway of blood coagulation, similar to 
that of ATIII. Remarkably, only the interaction between thrombin and TM is capable of activating PC. Therefore, PC and 
TM are interdependent anticoagulant proteins.7

Currently, patients are often recommended anticoagulant agents from the early to late stages of SARS-CoV-2 
infection and after discharge in the post-COVID-19 period.8 Our study aimed to estimate the anticoagulation parameters, 
such as ATIII, PC and TM, based on the titers of anti-SARS-CoV-2 IgG.

Materials and Methods
Blood plasma was collected from donors who had recovered from COVID-19 3–6 months ago. Participants ranged in age 
from 25 to 45 years old. The blood plasma of donors was given to us with determined anti-SARS-CoV-2 IgG titers for 
scientific research.

The titers of anti-SARS-CoV-2 IgG in the blood plasma were determined using a chemiluminescent microparticle 
immunoassay (Abbott Laboratories, USA) according to the manufacturer’s instructions. All donors were selected based on 
their anti-SARS-CoV-2 IgG titers. We had donor groups with anti-SARS-CoV-2 IgG titers: 0 (n = 20), 10 ± 3 (n=20), 55 ± 5 
(n=20), 65 ± 5 (n=20), 75 ± 5 (n=20), 85 ± 5 (n=20), 95 ± 5 (n=20), 125 ± 5 (n=20) and 175 ± 5 (n=20) Index (S/C). People 
with severe cardiovascular and cerebrovascular diseases, vitamin K deficiency, traumatic coagulation disorders; people taking 
anticoagulant therapy; and people with other disorders that can affect hemostasis system were excluded from the study.

All donors voluntarily agreed to participate in the study and provided written informed consent. Determination of 
APTT, TT. APTT and TT were measured by coagulation analyzer Sysmex CS-2000i using Dade Actin and Test Trombin 
reagents (Siemens, Germany), respectively. The detection was performed according to the manufacturer’s instructions.

Determination of activity of ATIII started with plasma diluted 1:30 by 0.05 M Tris-HCl buffer (pH 7.4). Thrombin 
with heparin was added at a final concentration 0.2 IU. Thrombin residue was measured using chromogenic substrate 
S2238 at a final concentration of 3 mM. Using reagents were lyophilized commercial preparations (RENAU, Ukraine). 
Optical density of samples was measured at a wavelength of 405 nm on the microplate spectrophotometer BioTek 
Instruments, Inc. The activity of ATIII was calculated according to the amount of released para-nitroaniline, which was 
inversely proportional to the activity of ATIII in the plasma sample.

Isolation of ATIII from blood plasma began with the fraction of ATIII was received by affinity chromatography using 
a BioLogic DuoFlow chromatography, (Bio-Rad, USA) on a heparin-Sepharose column. The column equilibration and 
sample application were performed with 0.1 M Tris-HCl buffer, 0.01 M sodium citrate buffer (pH 7.4), containing 0.225 
M NaCl, then the column was washed with 0.1 M Tris-HCl, 0.01 M sodium citrate buffer (pH 7.4), containing 0.33 
M NaCl. The elution step was performed with 0.1 M Tris-HCl, 0.01 M sodium citrate buffer (pH 7.4), containing 2 
M NaCl. The stable flow rate was 3 mL/min. The concentration of the ATIII was determined using the Bradford method.9

Protein C activator was added, 50 µL, to samples according to the manufacturer’s instructions. The chromogenic 
substrate S2366 was added to the mixture at a final concentration of 3 mM. Using reagents were lyophilized commercial 
preparations (RENAU, Ukraine). Optical density of samples was measured at a wavelength of 405 nm on the microplate 
spectrophotometer BioTek Instruments, Inc. The activity of protein C was calculated according to the amount of released 
para-nitroaniline, which was directly proportional to the activity of protein C in the plasma sample.10
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The levels of PC or TM were determined using enzyme-linked immunosorbent assay (ELISA).11,12 ELISA plates 
were coated with a sample of donor plasma diluted 1:100 with 0.05 M Tris-HCl buffer (pH 7.4) and incubated at 37°C 
for 1 hour. The plates were washed with 0.05 M Tris-HCl buffer (pH 7.4) containing 0.1% Tween-20, then coated with 
3% nonfat dry milk to block any free binding sites and incubated overnight. The plates were washed again. The 
microplates were coated with mouse polyclonal antibodies (Sigma-Aldrich, USA) against the targeted antigens and 
incubated at 37°C for 1 hour. The microplates were washed and incubated with the appropriate secondary antibodies 
(Sigma-Aldrich, USA), which were conjugated to horseradish peroxidase at 37°C for 1 hour. The reaction was visualized 
using horseradish peroxidase substrate (o-phenylenediamine and hydrogen peroxide). The reaction was stopped by 2.5 
M H2SO4. Changes in optical absorption were measured using a microplate spectrophotometer (µQuant BioTek 
Instruments, BioTek, USA) at a wavelength of 492 nm.

Statistical analysis of the results was performed using the computer program STATISTICA. The arithmetic mean and 
mean squared error indicators were calculated. The hypothesis of normal distribution was checked using the Shapiro– 
Wilk and Kolmogorov–Smirnov tests. All donor groups showed a normal distribution. Therefore, the differences between 
the samples were determined using one-way analysis of variance (ANOVA) with Tukey’s criterion. Differences were 
statistically significant when p-value was less than 0.05.

Results
We recorded serum changes in the analyzed parameters of APTT, TT, ATIII, PC, and TM in reference to the donor groups 
categorized by the titers of anti-SARS-CoV-2 IgG. We selected the minimum and maximum values of diagnostic 
parameters among the donor groups with titers of anti-SARS-CoV-2 IgG ≥ 10 ± 3 Index (S/C). The donor group with 
a titer of anti-SARS-CoV-2 IgG - 0 Index (S/C) was chosen as the reference point.

Our investigation began with an assessment of the status of intrinsic and common coagulation pathways. For this 
purpose, we measured the APTT and TT in the blood plasma of donors. Figure 1 shows that donor groups with titers of 
anti-SARS-CoV-2 IgG - 75 ± 5 and 85 ± 5 Index (S/C) had maximum and minimum values of APTT, respectively. 

Figure 1 The activated partial thromboplastin time in donor groups with titer of anti-SARS-CoV-2 IgG in blood plasma, Index (S/C): 1–0; 2–75 ± 5; 3–85 ± 5. *p < 0.05; **p > 0.05.
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Although the APTT in donors with IgG - 75 ± 5 Index (S/C) was higher by 35.35% than that in donors with IgG - 0 Index 
(S/C), a statistically significant difference was not observed between groups with IgG - 0 and 85 ± 5 Index (S/C), p > 
0.05. In addition, the maximum APTT increased by 35.02% compared with the minimum APTT. Figure 2 shows that TT 
values were maximum and minimum in donors with titers of anti-SARS-CoV-2 IgG - 10 ± 3 and 65 ± 5 Index (S/C). At 
the same time, the group with IgG - 10 ± 3 Index (S/C) had higher TT values by 17.47% and 16.12%, than those in 
donors with IgG - 0 and 65 ± 5 Index (S/C), respectively. There were no statistically significant differences between the 
groups with IgG - 0 and 65 ± 5 Index (S/C), p > 0.05.

Based on the evaluation of the coagulation pathway status, we decided to analyze anticoagulation parameters in the 
donor plasma. Thus, the activity and quantitative composition of proteins, such as ATIII, PC and TM, were determined.

ATIII is a key anticoagulation factor that participates in 80% of coagulation inhibition. The maximum and minimum 
activity of ATIII was detected in the donor group with titers of anti-SARS-CoV-2 IgG - 65 ± 5 and 75 ± 5 Index (S/C), 
respectively, among all donor groups with titers of anti-SARS-CoV-2 IgG ≥ 10 ± 3 Index (S/C). In particular, donors with 
titer of anti-SARS-CoV-2 IgG - 65 ± 5 Index (S/C) had a higher activity of ATIII by 209.55% than that donors with IgG - 
0 Index (S/C). Then, the activity of ATIII was lower by 74.40% in donors with titer of anti-SARS-CoV-2 IgG - 75 ± 5 
Index (S/C) than in donors with IgG - 0 Index (S/C), Figure 3.

A quantitative analysis was performed using the Bradford method to measure the concentration of ATIII. We 
determined that the maximum concentration of ATIII was characterized in the donor group with titer of anti-SARS- 
CoV-2 IgG - 175 ± 5 Index (S/C), and the minimum in donors with IgG - 75 ± 5 Index (S/C) among donor groups with 
titers of anti-SARS-CoV-2 IgG ≥ 10 ± 3 Index (S/C). According to the results, in the group with IgG - 175 ± 5 Index (S/ 
C) the concentration of ATIII was higher by 92.27% and 356.22% than that in donors with IgG - 0 and 75 ± 5 Index(S/ 
C), respectively. Donors with titer of anti-SARS-CoV-2 IgG - 75 ± 5 Index (S/C) had a lower concentration of ATIII by 
58.06% compared to the group with IgG - 0 Index (S/C), Figure 4.

At the same time, we established the activity of PC among all donor groups. Figure 5 shows that the maximum 
activity of PC was determined in donors with titer of anti-SARS-CoV-2 IgG - 55 ± 5 Index (S/C) among donors with 

Figure 2 The thrombin time in donor groups with titer of anti-SARS-CoV-2 IgG in blood plasma, Index (S/C): 1–0; 2–10 ± 3; 3–65 ± 5. *p < 0.05; **p > 0.05.
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Figure 3 The activity of ATIII in donor groups with titer of anti-SARS-CoV-2 IgG, Index (S/C): 1–0; 2–65 ± 5; 3–75 ± 5. *p < 0.05.

Figure 4 The concentration of ATIII in donor groups with titer of anti-SARS-CoV-2 IgG, Index (S/C): 1–0; 2–75 ± 5; 3–175 ± 5. *p < 0.05.

Figure 5 The PC activity in donor groups with titer of anti-SARS-CoV-2 IgG, Index (S/C): 1–0; 2–55 ± 5; 3–95 ± 5. *p < 0.05.
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titers of anti-SARS-CoV-2 IgG ≥ 10 ± 3 Index (S/C). It was higher by 44.06% than that in donors with IgG - 0 Index (S/ 
C). The minimum activity of PC was detected in donors with titer of anti-SARS-CoV-2 IgG - 95 ± 5 Index (S/C). It was 
lower by 77.19% and 84.17% than that in donors with IgG - 0 and 55 ± 5 Index (S/C), respectively.

Using ELISA, we analyzed the levels of PC in the blood plasma of the donors. It was determined that the maximum 
level of PC was in donors with titer of anti-SARS-CoV-2 IgG - 10 ± 3 Index (S/C), and the minimum IgG - 85 ± 5 Index 
(S/C) among all donor groups with titers of anti-SARS-CoV-2 IgG ≥ 10 ± 3 Index (S/C). We found that the level of PC in 
donors with titer of anti-SARS-CoV-2 IgG - 10 ± 3 Index (S/C) was higher by 34.01% and 82.32% than that in the donor 
groups with IgG - 0 and 85 ± 5 Index (S/C), respectively. The donor group with titer of anti-SARS-CoV-2 IgG - 85 ± 5 
Index (S/C) had a lower concentration of PC by 26.50% compared to donors with IgG - 0 Index (S/C), Figure 6.

Finally, the concentration of TM was estimated for all groups. We emphasized that the donor groups with titers of 
anti-SARS-CoV-2 IgG ≥ 10 ± 3 Index (S/C) had a lower concentration of TM than that donors with IgG - 0 Index (S/C). 
The maximum and minimum levels of TM were detected in donors with titers of anti-SARS-CoV-2 IgG - 10 ± 3 and 75 ± 
5 Index (S/C), respectively. The levels of TM in donors with IgG - 75 ± 5 Index (S/C) were lower by 41.01% and 32.42% 
than those in donors with IgG - 0 and 10 ± 3 Index (S/C). Then, the concentration of TM in donors with IgG - 10 ± 3 
Index (S/C) was lower by 12.70% compared to donors with IgG - 0 Index (S/C), Figure 7.

Figure 6 The concentration of PC in donor groups with titer of anti-SARS-CoV-2 IgG, Index (S/C): 1–0; 2–10 ± 3; 3–85 ± 5. *p < 0.05.

Figure 7 The concentration of thrombomodulin in donor groups with titer of anti-SARS-CoV-2 IgG, Index (S/C): 1–0; 2–10 ± 3; 3–75 ± 5. *p < 0.05.
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Discussion
The physiological balance between the coagulation and anticoagulation systems is tightly regulated. Inflammatory 
reactions against viral or bacterial diseases can cause a deviation in both systems that can lead to extremely intensive 
coagulation or bleeding. Patients are often prescribed anticoagulants and antithrombotic agents in the treatment protocols 
for COVID-19.13 However, coagulation deviations may persist after COVID-19 recovery, which is a potential risk factor 
for thrombosis. Clinical and scientific research is still insufficient to preclude the development of hemostasis complica
tions in the post-COVID-19 period. This study provides information about the status of key anticoagulation parameters in 
donors who had suffered from COVID-19 and had different titers of anti-SARS-CoV-2 IgG.

Our previous research found that the post-COVID-19 period was associated with an increased risk of coagulation 
dysfunction in donor groups with various titers of anti-SARS-CoV-2 IgG.14 The current study investigated possible 
deviations in the anticoagulation system. We aimed to establish the presence or absence of changes in critical antic
oagulation parameters, such as ATIII, PC, and TM, among the donor groups. We emphasize that the status of blood 
plasma from people without any infectious diseases or pathological processes was analyzed. As a result, the changes in 
the study parameters may depend on a single influencing factor, specifically the titer of anti-SARS-CoV-2 IgG.

Anticoagulant proteins inhibit the intrinsic and common coagulation pathways, directly or indirectly influencing 
coagulation factors. Using standard diagnostic tests, such as APTT and TT, we estimated the general status of the 
specified pathways to detect potential dysfunction of coagulation and anticoagulation balance. According to the results, 
donors tended to prolong APTT and TT in the post-COVID-19 period. The literature has selected some reasons for 
prolonged APTT, including defects in procoagulant factors, especially VIII and X.15 Moreover, APTT can decrease under 
conditions of shortage of ATIII and PC activity in some cases.16 APTT and TT were not lower among the donor groups 
with titers of anti-SARS-CoV-2 IgG ≥ 10 ± 3 Index (S/C) than at the reference point. We assume that changes in 
coagulation pathways may be caused by pro- and anticoagulation imbalances depending on the titers of anti-SARS-CoV 
-2 IgG. For this purpose, we decided to study the anticoagulant parameters among the donor groups in detail.

Literature reports that ATIII is a powerful inhibitor of thrombin and directly inactivates accumulated thrombin, preventing 
fibrin formation in blood vessels. Our study on ATIII consisted of two methods: measurement of activity in samples and 
quantitative analysis of purified proteins from blood plasma. Our results showed that the activity of ATIII varied in the donor 
groups, depending on the titers of anti-SARS-CoV-2 IgG. In summary, significant changes in the activity of ATIII were 
detected in donor groups with range of titers of anti-SARS-CoV-2 IgG from 65 ± 5 to 75 ±5 Index (S/C). Moreover, the 
maximum activity of ATIII among donor groups with titers of anti-SARS-CoV-2 ≥ 10 ±3 Index (S/C) was statistically higher 
than that in donors with IgG – 0 Index (S/C). Excessive activation of ATIII may indicate widespread thrombotic events in 
blood vessels, which influence the functional capacity of the anticoagulation cascade. The quantitative measurement results 
confirmed that the changes in ATIII concentration depended on the titers of anti-SARS-CoV-2 IgG in the donor groups. This 
may be associated with the formation of functionally incapable protein molecules, leading to the development of antic
oagulation system pathology. A possible hypothesis is the presence of post-COVID-19 factors, such as abnormal degradation 
of coagulation molecules and/or antibody subpopulations, which can influence coagulation and anticoagulation disorders.

We emphasize that the quantitative analysis of PC was negatively correlated with the measurement of PC activity. An 
increase in the levels of PC was detected in the donor groups, which may indicate the destabilization of PC activities that are 
able to inhibit the functioning of anticoagulation proteins or the accumulation of unphysiological proteolytic molecules.

Given the above, the various values of the studied parameters depend on titer of anti-SARS-CoV-2 IgG. Early data 
have reported the influence of antibody subpopulations caused by infection and inflammation on the status of the 
hemostasis system. Currently, the development of coagulation disorders is a known consequence of diseases such as viral 
hepatitis, Epstein-Barr infection, systemic sclerosis, and ischemic stroke by accumulation of autoantibodies.17–20 

A recent study has reported that autoantibodies can be detected in COVID-19 patients with three types being identified: 
antiphospholipids, anticytoplasmic neutrophils, and antinuclear antibodies.21 We determined the dependence of antic
oagulation parameters and titers of anti-SARS-CoV-2 IgG in donors who had recovered from COVID-19. We assume 
that IgG subpopulations may lead to the development of a long post-COVID-19 period, which is accompanied by chronic 
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violations of the hemostasis system. Consequently, the immune system can produce autoantibodies against coagulation 
factors.

Our study was limited by the number of participants included. Therefore, if more information about the status of 
anticoagulant parameters will be registered for people in the post-COVID-19 condition, we can reach specific conclu
sions regarding the influence of anti-SARS-CoV-2 IgG on dysfunctional coagulation processes.22

Conclusion
Post COVID-19 condition can affect multiple organ systems including the respiratory, gastrointestinal, neurological, or 
cardiovascular.23 We investigated the key anticoagulation parameters of donor plasma during the post-COVID-19 period 
and established that the changes in the concentration and activities of ATIII, PC, and TM depended on the titers of anti- 
SARS-CoV-2 IgG. This is a potential reason for prolonged thrombotic complications after recovery.

Titers of anti-SARS-CoV-2 IgG has been identified as a critical factor for possible coagulation disorders in the studied 
donor groups. Although we confirmed the dysfunction of anticoagulation parameters in the donor groups, we aim to 
explore the subpopulation of antibody IgG fraction directly using in vivo and in vitro experiments. Thus, we can begin to 
have a better understanding of post-COVID-19 hemostasis complications. This would significantly contribute to the 
development of post-treatment post-COVID-19 conditions. A detailed study of the anticoagulation parameters of healthy 
people with different titers of anti-SARS-CoV-2 IgG emphasizes the necessity for widespread clinical diagnostics in the 
post-COVID-19 period.
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