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Introduction

SARS-CoV-2 infected patients, mostly elderly people 
and patients with existing comorbidity factor present 
severe clinical complications.1 One of these complications 
includes coagulation dysfunction and impaired fibrinoly-
sis leading to thromboembolism, multi-organ damage, and 
death.2 D-dimer is an endogenous fibrin clot degradation 

(fibrinolysis) product and is expected in patients with 
venous thromboembolism (VTE).3 The VTE including deep 
vein thrombosis (DVT) and pulmonary embolism (PE) is 
frequently reported in severe COVID-19 therefore D-dimer 
can effectively be used as a biomarker to diagnose VTE. 
Several coagulation parameters such as activated partial 
thromboplastin time (APTT), prothrombin time (PT), plate-
let count and fibrinogen, fibrin split products (FSP), and 
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Abstract
D-dimer is an established biomarker of thromboembolism and severity in COVID-19. 
We and others have recently reported the dysregulation of tissue factor pathway 
inhibitor (TFPI), FXIII, fibrinolytic pathway, inflammatory markers, and tissue injury 
markers, particularly in severe COVID-19. However, association of these markers 
with thromboembolism in COVID-19 remains elusive. The correlation analyses 
between these markers in patients with moderate (non-ICU) and severe COVID-19 
(ICU) were performed to delineate the potential pathomechanisms and impact of 
thromboembolism. We observe a negative correlation of plasma TFPI (r2 = 0.148, 
P = 0.035), FXIII (r2 = 0.242, P = 0.006), and plasminogen (r2 = 0.27, P = 0.003) 
with D-dimer, a biomarker of thromboembolism, levels in these patients. Further 
analysis revealed a strong positive correlation between fibrinolytic markers tissue 
plasminogen activator (tPA) and plasminogen activator inhibitor-1 (PAI-1) (r2 = 0.584, 
P < 0.0001). Interestingly, a significant positive correlation of PAI-1, but not tPA, 
was observed with platelets and endothelial cells dysfunction markers P-selectin 
(r2 = 0.184, P = 0.01) and soluble CD40 ligand (sCD40 L) (r2 = 0.163, P = 0.02). 
Moreover, calprotectin (S100A8/A9) and cystatin C (CST3), previously linked 
with thromboembolism, exhibited positive correlations with each other (r2 = 0.339,  
P = 0.0007) and with the level of D-dimer independently in COVID-19. Finally, the 
tissue injury marker myoglobin demonstrated a strong positive correlation with 

D-dimer (r2 = 0.408, P = 0.0001). Taken together, inverse correlations of TFPI and FXIII with D-dimer suggest the TF pathway 
activation and aberrant fibrin polymerization in COVID-19 patients. The elevated level of PAI-1 is potentially contributed by activated 
platelets and endothelial cells. S100A8/A9 may also play roles in impaired fibrinolysis and thromboembolism, in part, through 
regulating the CST3. These findings strengthen the understanding of thromboembolism and tissue injury and may help in better 
management of thromboembolic complications in COVID-19 patients.
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Venous thromboembolism (VTE) is one of the major 
clinical complications reported in severe COVID-19 
and plays a driving role in tissue injury. Hence, a bet-
ter understanding of the pathomechanism of VTE is 
required. Our correlation analysis of coagulation, 
inflammatory markers, and tissue injury markers 
with D-dimer indicates that TFPI and FXIII poten-
tially play critical roles in the coagulation activation 
and thrombus embolization in COVID-19. Moreover, 
positive correlations of calprotectin (S100A8/A9) 
and cystatin C (CST3) with each other and with the 
level of D-dimer independently show their potential 
roles in VTE. Importantly, the tissue injury marker 
myoglobin demonstrated a positive correlation with 
D-dimer. These findings enhance our understand-
ing of the pathomechanism of VTE and tissue injury 
frequently observed in severe COVID-19.
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D-dimer formation are deranged in patients with severe 
COVID-19.4,5 It is evident that severe SARS-CoV-2 infection 
induces chemokine production and cytokine storm, which 
cause pulmonary intravascular coagulopathy and microvas-
cular thrombosis.6 The viral invasion induces procoagulant 
changes in endothelium and platelet activation through the 
secretion of numerous biologically active molecules.7 SARS-
CoV-2 invasion of alveolar epithelium leads to profound 
induction of inflammatory cytokines such as interleukin (IL)-
6, IL-1, IL-8, tumor necrosis factor (TNF)-α, interferons, and 
chemokines such as CCL2 and CCL3.8 This sudden increase 
in cytokines triggers the influx of immune cells such as mac-
rophages, neutrophils, and T cells resulting in activation of 
the coagulation pathway, thrombin generation, and fibrin 
clot formation.9,10 Although a higher level of IL-6 is reported 
to induce coagulopathy through inducing tissue factor (TF) 
expression on immune cell population and increasing the 
fibrinogen level,11,12 the detailed pathomechanism of VTE 
in COVID-19 is still vague. This study aims to identify the 
potential correlations between D-dimer and coagulation, 
fibrinolysis, and tissue injury markers among COVID-19 
patients to better understand the pathomechanisms of VTE 
in COVID-19.

Materials and methods

Patients and sample collection

A total of 30 hospitalized COVID-19 patients, including 15 
moderate patients without pneumonia (non-intensive care 
unit [ICU]) and 15 severe patients with pneumonia and/or 
acute respiratory distress syndrome (ARDS) who required 
intensive care (ICU), were the subjects of the study. The 
patients were recruited from the Rashid Hospital, Dubai, 
during May–June 2020 and samples were collected after 
admission to either the general COVID-19 ward (moderate) 
or ICU (severe). The medical history and written informed 
consent were collected before sample collection. The patients 
treated with any anticoagulant were excluded from the study. 
The detailed exclusion and inclusion criteria and medica-
tions of these patients were reported recently.11,12 The study 
protocol was approved by the research ethics committees of 
the University of Sharjah and the Dubai Health Authority.

Assessment of coagulation, inflammation markers, 
and tissue injury markers

The coagulation, fibrinolysis, tissue injury markers, and 
inflammatory markers were assessed and reported by us 
recently.13,14 Briefly, the coagulation dysfunction, endothelial 
cell activation and fibrinolysis markers including fibrinogen, 
FXIII, P-selectin, soluble CD40 ligand (sCD40 L), tissue plas-
minogen activator (tPA), plasminogen activator inhibitor-I 
(PAI-I), and D-Dimer were assessed in plasma employing 
flow cytometry-based LegendPlex kits (BioLegend #740906, 
#740761) following the manual instructions. The level of tis-
sue factor pathway inhibitor (TFPI) in plasma was assessed 
using an ELISA kit (Abcam #ab274392) following the man-
ufacturer’s instruction. The level of plasma calprotectin 
(S100A8/A9) and cystatin C (CST3) were measured using 
ELISA kits (Abcam #ab267628, ThermoFisher #EHCST3) fol-
lowing the manual instructions.

Statistics

A linear regression analysis was performed using GraphPad 
Prism software to analyze the potential correlation between 
different coagulation, endothelial dysfunction, inflammatory 
markers, and tissue injury markers. A P value less than 0.05 
was considered statistically significant.

Results and discussion

The elevated level of D-dimer is strongly correlated with 
COVID-19 severity, adverse clinical outcomes, and increased 
mortality,15 which suggests that thromboembolism plays 
a pivotal role in COVID-19 pathogenesis. Our correlation 
analysis between dysregulated coagulation markers has 
shown a significant negative correlation between the levels 
of TFPI and D-dimer (Figure 1(A)). This is consistent with 
an increased TF expression on endothelial and immune cell 
populations in patients with coagulopathy.16 Hence, a nega-
tive correlation between TFPI and D-dimer strongly suggests 
the activation of the TF-mediated coagulation pathway in 
COVID-19. Since endothelial cells are one of the primary 
sources of TFPI, particularly under inflammatory condi-
tions,17 next we sought to correlate the endothelial dysfunc-
tion markers P-selectin and sCD40 L with the level of TFPI in 
COVID-19. We found no correlation between TFPI and these 
endothelial activation markers (Supplemental Figure 1(A) & 
(B)). The results suggest that the decline in plasma TFPI lev-
els is independent of endothelial cell dysfunction and likely 
occurs due to exhaustion of the immune cell population in 
severe COVID-19.

The negative correlation between FXIII and D-dimer in 
COVID-19 suggests the potential roles of FXIII in thrombus 
embolization (Figure 1(B)). FXIII helps stabilize thrombus 
by fibrin polymerization. Consequently, an acquired FXIII 
deficiency in COVID-19 may limit fibrin polymerization and 
destabilize thrombus following the activation of the coagula-
tion pathway. Consistent with our findings, FXIII deficiency 
was recently reported in COVID-19 patients though no cor-
relation with D-dimer was established in this study.18 A neg-
ative correlation in our study suggests that FXIII deficiency 
may partly contribute to an increased D-dimer formation 
due to defective fibrin polymerization. An acquired FXIII 
deficiency could be one of the potential causes of bleed-
ing manifestation previously identified in the COVID-19 
patients.19 Studies have reported that fibrinogen, along with 
FXIII plays a key role in the VTE;20 however, we did not 
observe any correlation between fibrinogen and FXIII in 
COVID-19 (Supplemental Figure 1(C)). This suggests that 
these two markers may contribute to VTE in COVID-19 
likely independent of each other.

The platelets and endothelial cells activation following 
severe inflammatory reaction trigger the release of tissue 
plasminogen activator (tPA) and plasminogen activator 
inhibitor-1 (PAI-1).21,22 Therefore, we next investigated the 
correlations of fibrinolytic markers tPA and PAI-1 with 
D-dimer. Interestingly, we observed a positive correlation 
between tPA and PAI-1 (Figure 1(C)). However, no correla-
tions of tPA or PAI-1 with D-dimer were observed in COVID-
19 patients (Figure 1(D) to (E)). Consistent with this finding, 
a recent report has also established a positive correlation 
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between tPA and PAI-1 in COVID-19.23 This study was per-
formed in hospitalized critically ill patients and reported 
increased circulating levels of both tPA and PAI-1. In con-
trast, we observed a significantly elevated level of PAI-1 
only in moderate cases, while an increased level of tPA was 
identified particularly in critically ill patients.13 Moreover, 
as expected, a significant negative correlation was observed 
between plasminogen and D-dimer (Figure 1(F)). Hence, 
increased tPA and plasminogen may contribute to the higher 
level of D-dimer in severe COVID-19 patients.

SARS-CoV-2 infection may induce the release of tPA 
and PAI-1 from activated platelets and endothelial cells.22,24 
Therefore, next, platelet/endothelial cell activation mark-
ers P-selectin and sCD40 L were correlated with the level of 
tPA and PAI-1. There was no correlation between tPA and 
platelet/endothelial cell activation markers (Figure 2(A) to 
(B)); however, a significant positive correlation was observed 
between PAI-1 and P-selectin/sCD40 L levels in COVID-19 
(Figure 2(C) to (D)). Moreover, as expected, there was a 
strong positive correlation between P-selectin and sCD40 L 
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Figure 1.  The scatter plots from linear regression analysis show (A) inverse correlations of tissue factor pathway inhibitor (TFPI) (B) and factor XIII (FXIII) with D-dimer,  
(C) positive correlation between tPA and PAI-1 (D) no correlation between plasminogen activator inhibitor (PAI-1) and D-dimer (E) no correlation between tissue 
plasminogen activator (tPA) and D-dimer (F), and an inverse correlation between plasminogen and D-dimer. (A color version of this figure is available in the online journal.)
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(Figure 2(E)) which indicates that the dysregulation of these 
two markers in COVID-19 occurs simultaneously upon 
platelet/endothelial cell dysfunction. Taken together, these 
observations suggest that most of PAI-1 at the moderate 
stage of SARS-CoV-2 infection is likely released from acti-
vated platelets/endothelial cells. However, elevated levels of 
tPA in severe patients potentially contributed due to inflam-
mation induction (cytokine storms). The profound release 
of proinflammatory cytokines further activates endothelial 

cells and promotes immune cells infiltration. The elevated 
level of tPA in critically ill patients is most likely contributed 
by the activated immune system.

Calprotectin (S100A8/A9) plays an important role in neutro-
phils and platelet activation through toll-like receptor-4 (TLR4) 
present on these cell populations.25,26 Therefore, we next investi-
gated the potential roles of S100A8/A9 in platelet activation and 
granule release post-SARS-CoV-2 infection. We found no cor-
relations between S100A8/A9 and platelet activation markers 
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Figure 2.  The scatter plots show (A) no correlation between P-selectin and tissue plasminogen activator (tPA), (B) no correlation between soluble CD40 ligand 
(sCD40 L) and tPA, (C) a positive correlation between P-selectin and plasminogen activator inhibitor (PAI-1), (D), a positive correlation between sCD40 L and PAI-1, 
and (E) a positive correlation between P-selectin and sCD40 L. (A color version of this figure is available in the online journal.)
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P-selectin and sCD40 L (Figure 3(A) to (B)). Further analysis 
revealed a significant positive correlation between S100A8/
A9 and D-dimer (Figure 3(C)). These observations suggest 
that S100A8/A9 may have a minimal role in SARS-CoV-2-
induced platelet activation. Conversely, S100A8/A9 may play 

an indirect role in aberrant fibrinolysis likely by inducing the 
inflammation. Further assessment revealed no significant cor-
relation of S100A8/A9 with either PAI-1 or tPA (Figure 3(D) to 
(E)), which further suggests the indirect roles of S100A8/A9 in 
impaired fibrinolysis post-SARS-CoV-2 infection.
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Figure 3.  The scatter plots show (A) no correlation between P-selectin and calprotectin (S100A8/A9), (B) no correlation between soluble CD40 ligand (sCD40 L) and 
S100A8/A9, (C) a significant positive correlation between S100A8/A9 and D-dimer, (D) no correlation between S100A8/A9 and tissue plasminogen activator (tPA), 
(E), and no correlation between S100A8/A9 and plasminogen activator inhibitor (PAI-1). (A color version of this figure is available in the online journal.)
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Next, we hypothesized if S100A8/A9 has any association 
with CST3 which is a regulator of thromboembolism and 
kidney injury.27 Interestingly, S100A8/A9 has shown a strong 
positive correlation with the level of CST3 in COVID-19 
(Figure 4(A)). Since a significant positive correlation between 
CST3 and D-dimer was also observed (Figure 4(B)), S100A8/
A9 likely induces thromboembolism and tissue injury in 
COVID-19 partly through CST3 as we recently reported posi-
tive correlations of S100A8/A9 and CST3 with myoglobin.14 
Consistently, the positive correlation between myoglobin and 
D-dimer (Figure 4(C)) further attests to the role of thrombo-
embolism in SARS-CoV-2 mediated tissue injury.

Taken together, the correlation analyses demonstrate the 
potential pathomechanisms of thromboembolism in COVID-
19. A positive correlation of TFPI and FXIII with D-dimer 
suggests the activation of the TF-mediated coagulation path-
way followed by impaired fibrin polymerization and ulti-
mately thrombus instability. The level of plasma PAI-1, but 

not tPA, corresponds to the level of granule release from acti-
vated platelets and endothelial cells, which further play roles 
in aberrant fibrinolysis in COVID-19. Moreover, S100A8/A9 
may play potential roles in aberrant fibrinolysis through, in 
part, regulation of CST3.
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Figure 4.  The scatter plots show significant positive correlations between (A) calprotectin (S100A8/A9) and cystatin C (CST3), (B) CST3 and D-dimer, and (C) and 
between myoglobin and D-dimer. (A color version of this figure is available in the online journal.)
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