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Abstract

The coagulation, fibrinolytic, anticoagulation, and complement systems are in delicate balance with the vessel wall endothe-
lium ensuring appropriate hemostasis. Coagulopathy in coronavirus disease 2019 (COVID-19) is not a simple disorder of
one hemostatic component but a complicated process affecting most of the hemostasis system. COVID-19 disturbs the bal-
ance between the procoagulant systems and the regulatory mechanisms. Here, we investigate the effect of COVID-19 on key
hemostatic components, including platelets, endothelial cells, coagulation factors, fibrinolytic system, anticoagulant protein
system, and complement system, to improve our understanding of the pathophysiological processes underlying COVID-19

coagulopathy based on evidence.
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Introduction

From the early days of the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) outbreak to the present, clini-
cal and basic studies have indicated that coronavirus disease
2019 (COVID-19) may be associated with coagulopathy
(CAC), which is involved in its related morbidity and mor-
tality [1]. Deep vein thrombosis and pulmonary embolism
are common in COVID-19 patients and are remarkably high
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in the intensive care unit (ICU)-admitted patients [2]. CAC
can lead to the formation of circulating microthrombi and
macrothrombi which can involve multiple sites, including
the lungs, brain, heart, and visceral organs like kidneys
and spleen [3, 4]. Hematological findings show that CAC
is distinct from consumption coagulopathy including con-
ventional sepsis—induced coagulopathy and disseminated
intravascular coagulation (DIC). Coagulopathy of COVID-
19 is characterized by high plasma levels of D-dimer, fibrin
split products, C-reactive protein, and P-selectin but less fre-
quently with change in activated partial thromboplastin time,
prothrombin time, and platelet (PIt) count and with elevation
of fibrinogen [5, 6]. However, DIC can occur in COVID-19
which is an ominous and late sign of the disease [6].

There is a close relationship between the immune system
and coagulation. The components of the hemostatic system
play a role in the body’s immunity, and the activation of the
immune system strongly influences the hemostatic system.
Abnormal activation of the immune system may promote
the growth of pathologies associated with thrombosis [7-9].
COVID-19 is accompanied by an immune-cell hyperactiva-
tion and excessive production of proinflammatory cytokines,
known as “cytokine storm” [9]. CAC is theorized to result
from dysregulated interactions between the immune and
coagulation systems [9, 10].
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COVID-19 can affect both cellular and non-cellular com-
ponents of the hemostatic system [11, 12]. Here, we review
the effects of COVID-19 on the major hemostatic compo-
nents, including Plts and endothelial cells (ECs), as well as
Von Willebrand factor (VWF), ADAMTS13 (a disintegrin-
like metalloproteinase with a thrombospondin type 1 motif,
member 13), clot-forming (coagulation) protein system, clot
lysing (fibrinolytic) protein system, anticoagulant protein
system, and complement system to improve the understand-
ing of the pathophysiological processes underlying COVID-
19 coagulopathy. Further, we also discuss the relationship of
changes in hemostatic components to COVID-19 morbidity
and mortality.

Effects of COVID-19 on Plts, VWF, and ADAMTS13

Plt is the main effector of hemostasis and has several roles,
such as monitoring the continuity of blood vessels, form-
ing a hemostatic plug through Plt-Plts and Plt-coagulation
proteins interactions, and assisting the healing of injured
tissue. In vascular injury, Plts adhere to exposed collagen
at the injury site, followed by activation and aggregation of
Plts to those already adhering, forming a surface that sup-
ports activation of coagulation factors [13]. SARS-CoV-2
directly and indirectly can affect Plts, which is important
in the pathogenesis of COVID-19 associated coagulopathy.

Zhang et al. [14] reported that SARS-CoV-2 can directly
interact with Plts and enhance their activation by binding
spike to angiotensin-converting enzyme 2 (ACE2). They
found that blood Plts show ACE2, the receptor for SARS-
CoV-2, and TMPRSS2, a protease for spike priming, on
their surface, allowing the virus to directly stimulate Plts
via its spike protein, possibly through the MAPK pathway,
and subsequently promote the release of clot forming factors
and inflammatory mediators and the development of leuko-
cyte-Plt aggregates [14]. In contrast to this report, Manne
et al. did not detect ACE2 as either mRNA or protein in Plts.
Astonishingly, however, SARS-CoV-2 N1 gene mRNA was
found in Plts of some COVID-19 patients. This suggests that
Plts are able to absorb SARS-COV-2 mRNA independently
of ACE2 [15]. The presence of SARS-CoV-2 RNA in Plts
from patients with COVID-19 has also been demonstrated
in other studies [16].

PIt adhesion and aggregation have been shown to be
increased in COVID-19, especially in severe disease [17].
Plts exhibit altered gene expression and functional responses
in COVID-19 and are hyperactivated [15]. In COVID-19
patients, Plts show increased P-selectin expression com-
pared to healthy donors and increased circulating Plt-leu-
kocyte aggregates, and Plts aggregate more rapidly and
show increased spread to fibrinogen and collagen [15, 17].
Calderon-Lopez et al. [18] tested Plt function by closure
time in COVID-19 and found that closure time was shorten
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20% and 40% in response to collagen and ADP and colla-
gen and epinephrine agonists, respectively. In addition, Plts
in COVID-19 are thought to release their alpha and dense
granule contents and contribute directly to the plasmatic
cytokine load [16]. COVID-19 Plts are able to disseminate
pro-inflammatory and pro-coagulant process in the sys-
temic circulation because they release greater amounts of
cytokines, chemokines, growth factors, and procoagulant
factors upon stimulation than the control group [17].

Evidences show that PIt activation is involved in the sever-
ity of COVID-19; in other words, the severity of the disease
is directly related to PIt activation [19]. Hottz et al. in their
report [19] demonstrate an augmented Plt stimulation and
increased formation of Plt-monocyte aggregate in COVID-
19 patients with severe illness compared with patients with
mild COVID-19. Likewise, Nicolai et al. [20] provided evi-
dence that Plt activation changes with disease severity. While
patients intermediately affected with COVID-19 demonstrate
a depleted PIt and hyporeactive neutrophil phenotype, cases
with severe illness show an excessive activation of Plts and
neutrophils, compared to healthy controls and patients with
non-COVID-19 pneumonia [20]. Accordingly, Viecca et al.
[21] showed that the anti-Plt therapy could be capable to
make the ventilation/perfusion ratio better in COVID-19
patients with severe respiratory failure, which would be
indirect evidence that Plts are involved in the severity of the
disease.

COVID-19 in most cases does not reduce PIt counts
below the normal range or reduces slightly, but about 5% of
patients met severe thrombocytopenia [22]. As with Plt acti-
vation, thrombocytopenia seems to be connected to disease
progression and death. Patients with mild COVID-19 infec-
tion have been shown to have higher PIt values compared to
those with severe disease, and thrombocytopenia is related
to a higher risk of severe illness and death, and more than
half of fatal COVID-19 had a severe thrombocytopenia [23].
Therefore, the severity of thrombocytopenia and its worsen-
ing can be indicative of COVID-19 patients’ clinical status
and its changing to an inferior state. Worsening thrombocy-
topenia in COVID-19 patients could be due to development
of DIC as COVID-19 non-survivors met significantly higher
the criteria of DIC compared to survivors [24]. In addition
to DIC as a pre-terminal event, alternative causes may also
contribute to the development of severe thrombocytopenia
in COVID-19. Development of secondary infections [25],
drug-induced thrombocytopenia such as heparin [26], and
anti-phospholipid antibodies [27] are among the factors that
have been reported so far. In general, it seems that Plt counts
can differentiate between severe and non-severe COVID-19
infections, so that a progressive and considerable reduction
in PIt counts may be a signal for disease deterioration and
severity, of course, if there is no other reasonable explana-
tion for worsening thrombocytopenia.
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Plts derive from megakaryocytes (MKs), which devel-
oped from the hematopoietic stem cell (HSCs), and then
from a hematopoietic committed progenitor cells (HPCs).
MK proliferation and PIt production is mainly controlled by
thrombopoietin (TPO) [28]. COVID-19 may affect MK and
Plt production through different mechanisms. It has been
proposed that SARS-CoV2 may directly attach to the HSCs/
HPCs and MKs and internalize into them, and induces
thrombocytopenia by induction of apoptosis in these cells
[29]. In addition, the excessive secretion of inflammatory
cytokines in COVID-19 could alter the BM microenviron-
ment that leads to inhibition of HSC differentiation to MK
progenitors and also suppress the MK maturation process
[30]. Another proposed mechanism is the effect on TPO
production or expression of its receptor. SARS-CoV-2 may
reduce TPO production or attenuate TPO effects on MKs
by inducing impairment of the liver, which is the major
site of TPO production, or by inhibiting expression of the
c-MPL gene, which encodes the TPO receptor on MKs [15,
29]. Furthermore, based on the theory that mature MKs can
settle in lung capillary beds and release circulating PLTs, it
was hypothesized that SARS-CoV-2-induced lung damage
could affect the settlement of MKs in the pulmonary capil-
lary beds and subsequently impair PLT production [22]. In
contrast to the above statements about the possible effects of
COVID-19 on megakaryocytes, Roncati et al. [31] reported
in postmortem and biopsy report that naked megakaryo-
cyte nuclei in BM and lungs of severe COVID-19 were
increased more than 10-fold, which was attributed to high
serum interleukin-6 levels that stimulate megakaryopoiesis
and PIt production. In addition, their electron microscopic
studies excluded the presence of virions in megakaryocytes
and did not support this hypothesis that SARS-CoV-2 infect
megakaryocytes. Other studies also did not find evidence
of direct infection of megakaryocytes by SARS-CoV-2;
nonetheless, the presence of a large number of these cells
in the lungs is probably linked to the large quantity of small
thrombi, and foci of hemorrhage [3].

VWF is a multimeric adhesion protein that helps Plts
adhere to the subendothelium of the harmed vessel walls.
ECs and MKs produce VWF and store it in Weibel Palade
bodies and alpha granules, respectively. VWF in plasma is
derived from the secretion of ECs, and released vWF upon
PIt activation is generally not capable of appreciably increas-
ing the total plasma levels of VWF. VWF is an acute-phase
response protein that plays a role in vascular inflammation.
Activated ECs in response to inflammatory stimuli release
VWEF [32]. COVID-19 is associated with the activation and
damage of ECs. An increase in VWF has been observed
in COVID-19 patients. Goshua et al. [33] evaluated acti-
vation indicators of EC and PIt in severe and non-severe
patients with COVID-19 and observed that VWF antigen
was meaningfully high in ICU patients compared with

non-ICU patients and that VWF level correlated with mor-
tality rate. In addition, VWF antigen was increased above
the normal range in 80% of non-ICU patients [33]. A marked
increase in plasma levels of VWF antigen and activity and
its correlation with mortality in COVID-19 patients was
also observed in other studies [34]. Wibowo et al. [35] in a
meta-analysis compared VWF antigen levels between poor
outcome and good outcome COVID-19 patients, and found
that the VWF antigen levels were higher in poor outcome
COVID-19 patients. Since the increased VWF levels are
considered a risk factor for coagulopathies in different dis-
eases [36], the increased VWF levels in COVID-19 patients,
due to activation of ECs or endotheliopathy and activation
of Plts, could also be involved in the increased thrombotic
risk of these patients.

Prothrombotic ultra-large VWF multimers (UL-VWFM),
in an important physiological process of coagulation in the
circulation, are cleaved by ADAMTS13 into smaller and
less procoagulant forms. Deficiency of ADAMTS13 results
in the circulation of UL-VWFM in the plasma. UL-VWFM
can spontaneously aggregate Plts along with founding large
strands attached to the endothelial surface leading to uncon-
trolled thrombosis [32]. There is a reciprocal relationship
between VWF and ADAMTS-13 levels; the VWF-cleaving
protease tends to be low in plasma when VWF is high. An
abnormal VWF-ADAMTS-13 ratio could be associated
with an increased risk of thrombosis, stroke, and myocar-
dial infarction [37, 38]. In COVID-19, the increased level of
VWEF also seems to be associated with concomitant reduc-
tion in the level and activity of ADAMTS13. Different stud-
ies assessed both ADAMTS-13 and VWF levels in COVID-
19 and observed decreased ADAMTS-13 and elevated VWF
levels which worsen in parallel with disease severity [39,
40]. Furthermore, there is a significant association between
higher risk of severe COVID-19 or mortality with high VWF
antigen concentrations or decreased ADAMTS13 activity
[39, 40]. Alternatively, Escher et al. [41] observed nor-
mal ADAMTS13 activity together with a persistently and
excessively elevated level of VWF antigen and activity in
3 ICU-admitted patients. Nevertheless, it should be known
that “normal” levels of ADAMTS13, every time reported,
may still recognize a relative decrease in individual cases.
However, in general, ADAMTS 13 appears to be reduced in
COVID-19 which along with an increase in VWF levels,
i.e., the VWF/ADAMTS13 imbalance, can be effective in
COVID-19 coagulopathy through enhancement of Plt-Plt
and Plt-endothelial interactions (Fig. 1).

In addition to consumption of ADAMTS13 owing to
increased release of large VWF multimers from ECs, which
could be the most common reason, other factors can also be
involved in reducing the amount and activity of ADAMTS13
in COVID-19. Significantly increased plasma levels of the
ADAMTS-13 inhibitors, interleukin-6, thrombospondin-1,
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Fig.1 Overview of hypercoagulability in COVID-19. COVID-19
can upregulate prothrombogenic state and downregulate anti-throm-
bogenic state which predispose patients to fibrin clot formation and
platelet aggregation. The complement system and coagulation are
functionally dependent, and complement activation is among the
main drivers of COVID-19-associated coagulopathy. Neutrophils
contribute to this process through the release of NETSs, which acti-
vate platelets and the extrinsic and intrinsic coagulation pathways
and inactivate natural anticoagulants. Monocytes activate the extrin-
sic pathway of coagulation by expressing and releasing of activated

and platelet factor 4 have also been suggested to be involved in
the reduction of ADAMTS13 activity [42]. Another potential
involved factor in ADAMTS-13 deficiency could be related to
the formation of antiphospholipid antibodies during COVID-
19 [43]. It is speculated that these antibodies can interfere
with the recognition and proteolysis of VWF by ADAMTS-13
similar to the autoantibodies against ADAMTS-13 present in
thrombotic thrombocytopenic purpura causing clinical throm-
bosis [44]. Another factor which can be interesting to mention
is about tobacco smoking which has been shown to be associ-
ated with decreased plasma levels of ADAMTS13 [45] and
is also almost certainly associated with adverse course and
outcome of COVID-19 [46].

Effects of COVID-19 on coagulation protein systems
Physiologic clotting is started when adequate tissue factor
(TF) and factor (F) VIIa complex (TF/FVIla) becomes avail-

able to activate coagulation cascade. Control of TF expres-
sion is an important regulator of the onset of hemostasis. TF
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TFs. AT, antithrombin; EPCR, endothelial protein C receptor; PC,
protein C; PS, protein S; TF, tissue factor; TFPI, tissue factor pathway
inhibitor; TM, thrombomodulin; t-PA, tissue plasminogen activator,
is profibrinolytic and serve to activate plasminogen; PAI-1, plasmi-
nogen activator inhibitor 1, inhibits t-PA and is antifibrinolytic; TAFI,
thrombin-activatable fibrinolysis inhibitor; vWF, von Willebrand
factor, helping platelets to attach to each other and to the surface of
the vessel; NO, nitric oxide; CD39, a membrane-associated ectoAD-
Pase; NETSs, neutrophil extracellular traps; MDMs, monocyte-derived
microvesicles

is found in most tissues and cells, and its expression can be
upregulated in inflammation [47]. In the COVID-19, it seems
that the severe inflammatory environment within the lungs
triggers an aberrant expression of TF on ECs, monocytes/
macrophages, neutrophils, and Plts, which causes hyperco-
agulable state [48]. In addition, entry of SARS-CoV-2 into
the ECs by ACE2 receptor reduces the expression and enzy-
matic activity of ACE2, which lead to increased vascular
permeability and TF expression in subendothelial cells [49].
Further, reciprocal action with Plts is also important in TF
expression by monocyte and neutrophil [50, 51]. Hottz et al.
showed that during COVID-19, Plt-monocyte interaction
stimulates both Plts and monocytes via TF-mediated sign-
aling and makes hyperinflammation and hypercoagulability
stronger in a mutual augmentation loop [50]. Besides that,
development of local hypoxia in COVID-19 patients may
progressively exacerbate the aberrant TF expression through
stimulation of alveolar epithelial cells and monocytes-mac-
rophages [52]. In agreement, Rosell et al. [53] in measure-
ment of TF activity of plasma extracellular vesicles (EVs) in
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patients with COVID-19 observed increased levels of EVs
TF activity which were also associated with D-dimer levels,
disease severity, and mortality. On the contrary, examination
of mRNA profiles of bronchoalveolar lavage fluid (BALF) in
COVID-19 patients by Mast et al. showed that while mRNA
for several clotting factors were amplified, TF transcripts were
not increased in BALF [54]. Nevertheless, FitzGerald et al.
re-analyzed the data sets of later examination and explained
that the used data sets were not comparable, and that the
COVID-19 sample set was not appropriate for the analysis of
transcriptome [55].

Following inflammation and thereby cytokines secre-
tion, activated monocytes and macrophages express TF
[47]. These cells can also be activated by direct interaction
with COVID-19 virus, so that after detection of a patho-
gen by pattern recognition receptors, TF can be presented
by monocyte and monocyte-derived microvesicles [9]
(Fig. 1). According to the high activation of these cells in
COVID-19, the markedly release of TF can be expected.
In this regard, hyperexpressed-TF of monocytes has been
found in the severe form of COVID-19 [56]. In addition
to monocyte activation, extensive neutrophil activation has
been detected in prothrombotic state of COVID-19 patients.
These cells can be activated directly by viruses or even by
other cells such as ECs, monocytes/macrophages, and Plts
[56]. Coordinately, Plt overactivation and Plt-neutrophil and
Plt-monocyte aggregation along with P-selectin expression
has been found in severe form of COVID-19 [15]. All above,
high levels of TF correlate with the presence of circulating
Plt-monocyte and Plt-neutrophil aggregation, constituting
the occlusive thrombus [57].

TF/FVIla activates the zymogen FIX to enzymatically
active FIXa. FIXa converts FX to FXa in the presence of
FVIIIa. Subsequently, FXa with FVa activates prothrombin
(FII) to thrombin (FIla). FIIa then leads to the coagulation
of fibrinogen, and additionally activates FXI to FXIa, ren-
dering other pathway for the activation of FIX. FVIIIa and
FVa are cofactors and accelerate the activation of FX and
FII, respectively [47, 58, 59]. In COVID-19 patients, a sub-
stantial increase in FVIII and FV antigen levels and activity
has been observed in several studies [18, 34, 60-63]. FVIII
is an acute-phase protein that responds in transcription to
interleukin-6 and increases under inflammatory conditions
[64]. With respect to FV, Wang et al. [61] identified leuko-
cytes, neutrophil granulocytes, monocytes, and regulatory
T cells, as causes of high FV in hospitalized COVID-19
patients and showed FV in the leukocytes infiltrated in the
lungs of these patients. In addition, increased FV activity
in COVID-19 was found to have the strongest association
with COVID-19 of parameters such as FVIII, fibrinogen, and
D-dimer [60]. However, as the disease progresses and after
the initial elevation, FV levels decrease [65], and the activity
of FV and also the activity of FVII are significantly lower in

end-stage patients [63]. In FXI following a similar pattern,
higher FII and FXI levels were observed in patients with
asymptomatic/mild and moderate COVID-19 compared with
healthy individuals, whereas lower FII and FXI levels were
observed in patients with thromboembolism and in patients
who developed severe disease [66, 67].

Fibrinogen (FI), synthesized by the liver, is the substrate
of coagulation pathway and the important protein involved
in aggregation of Plts. COVID-19 is uniformly associated
with high fibrinogen levels (hyperfibrinogenemia), which are
correlated with disease severity [5, 18, 34, 49, 63, 68-70].
Inflammatory stimuli in the acute phase affect fibrinogen
transcription, and fibrinogen increases with inflammation
[71]. In COVID-19 patients, increased levels of inflamma-
tory cytokines such as IL-6 are involved in increasing the
expression of this protein [72]. In COVID-19 patients, Plts,
in addition to the liver, are predisposed to engage in proco-
agulant activities in the circulation and appear to be involved
in the elevation of fibrinogen [17]. In rare cases, decreased
fibrinogen levels have been observed in patients with severe
COVID-19 due to the occurrence of DIC [69], which is asso-
ciated with a poor prognosis [73].

FXII (Hageman) is a proenzyme of the contact system.
This system includes FXII, prekallikrein (Fletcher factor),
and FXI. FXII is not important for in vivo hemostasis and
its deficiency is not associated with bleeding. However, it
seems that FXII is essential for thrombus formation, so that
mice deficient in FXII are protected from arterial thrombosis
[74]. In the setting of inflammation, FXII autoactivates when
associated with polysomes released by stimulated Plts, extra-
cellular RNA, protein aggregations, or exposed collagen in
the blood circulation and participates in in vivo FIla produc-
tion and potentiate the formation of Plt-fibrin thrombi [74,
75]. In COVID-19, activation of FXII and, thus, the contact
system of coagulation through the polyphosphate release
from the activated Plts and release of neutrophil extracellu-
lar traps (NETs) from recruited neutrophils can be involved
in thrombotic process [76, 77] (Fig. 1). Englert et al. found
increased FXII expression and activity in lung tissue and
plasma of patients with COVID-19. Activated FXIIs in the
lung tissues were colocalized with NET accumulation sug-
gesting that NETs make a platform available for activation
of FXII in COVID-19 [78]. Taus et al. [17] showed that
contribution of circulating Plts in hypercoagulability of
COVID-19 is FXII dependent and COVID-19 patients have
accelerated FXII-dependent coagulation. Plts, in addition
to increasing the fibrinogen and VWE, also contribute to
increasing FXII in COVID-19 patients; an increased FXII
activity was found when washed Plts from patients were
suspended in control plasma. In addition, Ceballos et al. [66]
evaluated the association of antithrombin (AT), prothrom-
bin, FXI, FXII, and FXIII with COVID-19 severity and mor-
tality and observed higher levels of FXII in asymptomatic/
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mild and moderate patients compared to healthy individuals.
This observation was also associated with higher levels of
AT, prothrombin, FXI, and FXIII. However, decreased lev-
els of FXII, and also AT and FXI, and FXIII, were found in
those patients who in the end developed severe illness. They
also observed that patients with lower levels of these coagu-
lation proteins had a higher risk of mortality. On the other
hand, regarding to FXII and COVID-19, Bowles et al. [43]
in exploring the causes of APTT prolongation in COVID-19
patients found that the most patients with a prolonged APTT
had lupus anticoagulants (91%) which were often in associa-
tion with FXII deficiency. In their investigation, coagulation
screening of 216 patients admitted to the hospital showed
that 44 (20%) have a prolonged APTT that the FXII level
was 50 U/dl or lower in 16 patients. It is worthy to note that,
the prolonged APTT in the patients was present even with
considerable elevations in FVIII, which shortens the length
of APTT. In agreement, Calderon-Lopez et al. also observed
the reduction of FXII in a proportion of COVID-19 patients
(25.3%) (median: 90.3U/dl) [18].

FXIII is a transglutaminase that cross-links fibrin
strands and forms an insoluble fibrin clot. In addition,
FXIIIa through cross-linking a2-antiplasmin to the fibrin
increases resistance to fibrinolysis [79]. Ceballos et al. [66]
found increased FXIII in asymptomatic/mild and moderate
COVID-19 patients and, interestingly, reduced FXIII in
those patients who finally developed severe illness. Von
Meijenfeldt et al. [80], in an evaluation of FXIII activity in
97 COVID-19 patients, detected a substantial decrease in
plasma FXIII activity. The majority (57) of their patients
was with “mild” disease and the decline in FXIII levels
was more noticeable in high care facility admitted patients.
Due to increased levels of D-dimer in COVID-19 patients
and as D-dimers are the product of fibrinolytic action on
cross-linked fibrin generated by FXIIIa, they considered a
consumptive mechanism possible for the acquired FXIII
deficiency in COVID-19 patients.

In accord, Gupta et al., to define association of COVID-
19-induced thromboembolism with FXIII, performed the cor-
relation analyses between FXIII and D-dimer, a biomarker
of thromboembolism, in moderate and severe COVID-19
patients, and observed a negative correlation between plasma
FXIII and D-dimer levels [81]. Al-Tamimi et al. [68] assessed
the levels of FXIII at moderate and severe stages of COVID-
19 and observed a marked decreased in plasma FXIII levels
particularly in the severe COVID-19. They also found that the
decrease in FXIII was in reverse correlation with fibrinogen
levels when COVID-19 becomes more severe. In general, it
can be concluded that COVID-19 can cause an early increase
in some coagulation factors, including FVII, FV, FII, FXI,
FXII, and FXIII, and then a decrease in these factors after
onset of coagulation and exacerbation of the disease.
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Effects of COVID-19 on fibrinolytic protein systems

Plasminogen and its activators are the main components of
the clot lysing system. The plasminogen activators, including
tissue plasminogen activator (TPA), single-chain urokinase
plasminogen activator (ScuPA), and two-chain urokinase plas-
minogen activator (TcuPA), convert the zymogen plasmino-
gen to its active form, plasmin. Wright et al. [82] observed
a complete lack of fibrinolysis in 57% of severe COVID-19
patients through high D-dimer and unsuccessful clot lysis at
30 min by means of thromboelastography. In agreement with
this, Heinz et al. [83] found more resistance to fibrinolysis in
critically ill COVID-19 patients than in healthy controls. They
compared thromboelastometry results and found substantial
differences in peak clot strength and lysis time. Hypofibrinoly-
sis in COVID-19 patients has also been observed in other
studies, which has also been associated with the severity and
poor outcomes [34, 84]. The contribution of hypofibrinolysis
or suppression of fibrinolysis to COVID-19-associated coag-
ulopathy has also been hypothesized [85], but the detailed
mechanisms is not yet clear.

Henry et al. [86] investigated plasminogen levels in
patients with COVID-19 and found no difference in the val-
ues between COVID-19 patients and COVID-19-negative
sick controls, and the plasminogen concentrations for all
patients were within the normal range. In this context, Ham-
mer et al. [87] also observed no difference in plasminogen
concentration between patients with COVID-19 (non-ICU
and ICU) and healthy controls. However, in the study by
Henry et al., hospitalized COVID-19 patients and patients
with COVID-19 requiring ICU admission had slightly lower
plasma plasminogen concentrations than COVID-19 patients
discharged from the emergency department. Although the
decrease was small, the trend of decrease was significantly
associated with the disease severity and suggested plasmi-
nogen consumption for fibrinolysis activation (as suggested
by elevated D-dimer in hospitalized COVID-19 patients).
Consistent with this, to describe the relationship between
plasminogen and thromboembolism in COVID-19, Gupta
et al. [81] performed correlation analyses between plasmino-
gen and D-dimer in moderate and severe COVID-19 patients
and found a reverse correlation of plasminogen and D-dimer
in these patients. In addition, Juneja et al. [84] observed
in a prospective longitudinal single-center study that lower
plasminogen levels were among the biomarkers that charac-
terized the high-mortality cluster. It can be concluded that
disease progression and the associated increase in coagu-
lability and clotting lead to an increase in fibrinolysis and
consumption and a decrease in plasminogen, and that the
decrease in plasminogen and hypofibrinolysis contributes to
the worsening of the disease and the increase in mortality in
a positive feedback loop.
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With respect to plasminogen activators and plasminogen
activator inhibitors, Nougier et al. [88] examined FIla produc-
tion and fibrinolytic activity in patients with COVID-19 who
have significant hypercoagulability and found an altered equi-
librium between clot formation and lysis which was associated
with elevated levels of plasminogen activator inhibitor-1 (PAI-
1), increased activation of thrombin-activatable fibrinolysis
inhibitor (TAFI), and increased levels of TPA. Given the con-
tinuous deposit of fibrin in the lung of COVID-19 patients,
they hypothesized that high levels of PAI-1, a major inhibitor
of plasminogen activators, may offset elevated levels of TPA
[88]. The hypothesis of an impaired fibrinolytic system in
COVID-19 patients was also investigated by Hamme et al.
[87]. They observed significantly higher activity of PAI-1 in
ICU COVID-19 patients, which also showed a positive corre-
lation with resistance to clot dissolution. They also found sig-
nificantly higher levels of TPA in non-ICU and ICU COVID-
19 patients compared with healthy donors. Increased PAI-1
and TPA concentrations were also found in several other
studies [68, 70, 81, 84, 89]. White et al. [70] observed that
TPA was significantly increased in critical versus non-critical
COVID-19 patients. Consistent with this, Francischetti et al.
found in a cohort that association of D-dimers with high mor-
tality in COVID-19 were correlated with TPA [89]. Gupta
et al. [81] found a strong positive correlation between PAI-1
and D-dimers in addition to TPA, and Juneja et al. [84] iden-
tified antigen levels of PAI-1 as biomarkers associated with
death. Given the hypofibrinolytic state in SARS-CoV-2 infec-
tion despite elevated TPA levels, it appears that the PAI-1 and
TAFI elevation is stronger than the TPA increase.

About the urokinase plasminogen activator, Mast et al.
[54] by examination of transcriptional profiles of BALF
samples showed that mRNA levels for urokinase and uroki-
nase receptor were meaningfully decreased in COVID-
19 patients. About a2-antiplasmin, the major inhibitor of
plasmin, Goshua et al. [33] observed unaltered activity
of a2-antiplasmin in both ICU and non-ICU COVID-19
patients compared to standard reference range. In agreement,
measurement of a2-antiplasmin levels by Nougier et al. [88]
showed no significant difference between ICU and non-ICU
COVID-19 patients. In contrast, Hammer et al. [87] found
that a2-antiplasmin levels were significantly lower in ICU
COVID-19 patients compared with healthy donors.

Based on the information on the effects of COVID-19 on
the fibrinolytic system, it appears that in the early stage of
the disease, the balance between activators and inhibitors
of fibrinolysis is sufficient for adequate activation of clot
lysing. But, progression of COVID-19 and consumption of
plasminogen and elevation of PAI-1 eventually lead to the
hypofibrinolysis state. However, given the elevated D-dimer
in COVID-19 patients, even in the hypofibrinolytic condi-
tion, the general processes of coagulation and fibrinolysis is
increased in these patients [49].

Effects of COVID-19 on the anticoagulation systems

The protein C/protein S system, AT, and tissue factor path-
way inhibitor (TFPI) are three major inhibitors of coagula-
tion. Activated protein C (APC) is an enzyme that acts as an
inhibitor of FVa and FVIIla to reduce thrombin formation.
Protein S is a cofactor for APC on the cell surfaces. Regard-
ing the protein C/protein S system in COVID-19 patients,
Calderon-Lopez et al. [18] found in a study of 80 consecu-
tive COVID-19 patients with different degrees of disease
that 7% of the patients had a reduced protein C level and
22% of the women and 62% of the men had a reduced pro-
tein S level. Tabatabai et al. [90] studied a case series of
ten patients with severe COVID-19 and observed that they
have low normal activity of protein C associated with high
activity of FVIII. Zhang et al. [63] found mean protein C
and protein S activities below the normal range in a study
of 19 patients with COVID-19 requiring ICU admission.
However, conflicting data were also found in a study of 24
patients admitted to the ICU, with protein C elevated in 11
patients [34]. Regarding associations with disease severity,
Corréa et al. [91] performed a longitudinal analysis of the
coagulation profile of 30 patients admitted to the ICU and
found that patients with a Sequential Organ Failure Assess-
ment (SOFA) score > 10 had lower protein C levels and
activity than patients with a SOFA score < 10. But plasma
free protein S levels were low in both the SOFA < 10 and
SOFA > 10 groups increasing with time at baseline. Sehgal
et al. [92] identified a significant association of protein C
decrease with a high SOFA score among the natural antico-
agulants, protein C, protein S, and AT. Furthermore, Ger-
otziafas et al. [93] found in the prospective observational
cohort study COMPASS-COVID-19 that protein C activity
in ICU patients was significantly lower than that in patients
with mild or moderate disease. Finally, Stanne et al. [94],
while characterizing uptake plasma levels of 12 hemostatic
proteins in hospitalized COVID-19 patients, observed that
low uptake levels of protein C are a risk factor for worsening
disease and mortality in moderate or severe patients.
Thrombomodulin (TM), a protein of ECs, is a site of pro-
tein C zymogen activation by thrombin to APC. TM-bound
thrombin, together with protein C receptor on the endothelial
cells (EPCR), activates protein C. Won et al. [95] observed
decreased TM and EPCR on pulmonary ECs from deceased
COVID-19 patients. Consistent with this, several studies
described increased plasma levels of soluble TM (sTM)
in COVID-19 patients [33, 84, 96] which were associated
with a lower rate of hospital discharge [33] and a higher
probability of mortality [33, 84, 89, 96]. The elevated sTM
concentrations in hyperinflammatory states are thought to be
the result of endothelial disruption or injury [97]. Vassiliou
et al. [98] measured soluble form of EPCR (SEPCR) in hos-
pitalized and non-hospitalized COVID-19 patients and found
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that sEPCR levels in hospitalized patients are considerably
higher than outpatients. When sEPCR binds to APC, it not
only reduces APC anticoagulant function, but also makes a
functional alteration in APC rendering it pro-coagulant [99].
Therefore, elevated levels of SEPCR could contribute to the
procoagulant phenotype reported in hospitalized patients by
altering APC activities [98]. In agreement with this, Bay-
rakci et al. [100] have shown in a study that SEPCR levels
are higher in RT-qPCR-positive COVID-19 patients than in
clinically diagnosed COVID-19 patients and in patients with
ground-glass opacity or bilateral involvement on the thorax
CT regardless of the PCR result. Therefore, protein C levels
and protein C function may generally decrease in COVID-19
patients, and this decrease may contribute to a high risk of
thrombosis in these patients and may be related to disease
severity and mortality. Moreover, in SARS-CoV?2 infection,
the decreased amount of TM and EPCR on the surface of
pulmonary ECs and their increased plasma levels may also
be involved in reducing the inhibition of coagulation by the
protein C/protein S system at the site of endothelial injury.
AT primarily inhibits thrombin and FXa to prevent
thrombosis. Several studies investigated the activity of AT
in COVID-19 patients [18, 34, 63]. Calderon-Lopez et al.
[18] analyzed 80 patients with COVID-19 and observed
decreased AT activity in 21%. Ranucci et al. [72] observed
in a prospective study that the mean activity of AT in 16
patients with COVID-19 ARDS on admission to the ICU
was 85% [65-91%], with 25% of patients having an AT
activity of <80%. Zhang et al. [63] in a study of 19 patients
with COVID-19, who were admitted to ICU, found that the
median activity of AT was below the normal range. In the
study by Panigada et al. [34], 24 patients admitted to the
ICU for COVID-19 were found to have slightly decreased
AT activity in approximately half of the patients. Han
et al. prospectively gathered coagulation tests results of 94
SARS-CoV-2-infected patients and found that the patients
had significantly lower AT values compared to healthy con-
trols (85% vs. 99%) [101]. Gross et al. [102] in Germany
found even lower AT concentrations in COVID-19 patients
before their ICU admission, ranging from 26 to 62% (refer-
ence > 70%). AT concentrations in patients with COVID-19
treated for mild symptoms in the intermediate care unit were
also low but within the normal range. However, conflicting
results have also been reported. Cani et al. [96], in a study to
distinguish between COVID-19 patients and septic patients
with pneumonia who did not have coronavirus disease,
found that AT had significant powers along with fibrino-
gen, sEPCR, and cell-free DNA, such that AT levels were
persistently decreased in patients who did not have COVID,
but AT levels were within the normal range in patients
with COVID-19. However, the results of most studies sup-
port a decrease AT in COVID-19 patients. In addition,
Buijsers et al. measured heparanase activity and heparan
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sulfate levels in the plasma of 48 COVID-19 patients in a
cross-sectional study and found that these parameters were
increased in COVID-19 patients. Heparanase is an enzyme
that degrades endothelial glycocalyx heparan sulfate. The
increased activity of heparanase in COVID-19 patients prob-
ably impairs endothelial glycocalyx heparan sulfate. Because
heparan sulfate enhances the anticoagulant effect of AT, the
loss of heparan sulfate in COVID-19 may weaken the anti-
coagulant effect of AT [103].

The association between AT reduction and clinical out-
comes has already been noted in studies of sepsis [104].
Studies on COVID-19 generally suggest that low AT levels
are associated with poor treatment outcomes. For example,
Gazzaruso et al. [105] recruited 49 consecutive hospital-
ized COVID-19 patients and found that amounts of AT were
lower in nonsurvivors than in survivors and that low AT
amounts (below 80%) were a mortality predictor. They also
documented a negative relationship between AT levels and
BMI and hypothesized that AT might be the link between
obesity and a worse prognosis in COVID-19 patients. In
addition, retrospectively analyzing the coagulation test find-
ings and outcomes of 183 successive COVID-19 patients,
Tang et al. [24] observed that there was a statistically sig-
nificant difference between nonsurvivors and survivors in
AT after day 7 of admission. In addition, Anakli et al. ret-
rospectively analyzed the prognostic values of AT activity
scores of 104 consecutive critically ill COVID-19 patients
and reported that AT activity scores at admission were sig-
nificantly lower in nonsurvivors compared with survivors
[106]. In addition, Boknaes et al. evaluated hemostatic func-
tion in 217 consecutive patients (96 SARS-CoV-2-positive
patients and 121 SARS-CoV-2-negative patients) admitted
to Linkoeping College Hospital in Sweden and observed
increased venous thromboembolism and mortality in
COVID-19 patients with the following abnormalities in
hemostatic markers: high D-dimers, low AT, or low plas-
min-antiplasmin complexation (PAP) [107]. Indeed, Lippi
et al. [108] and Rostami et al. [109] found in meta-anal-
yses that low plasma AT levels were significantly associ-
ated with severe disease in COVID-19 patients. Altogether,
these observations propose that AT is increasingly depleted
during the progression of COVID-19, and low AT levels
may be associated with exacerbation of COVID-19-induced
coagulopathy and poor prognosis.

TFPI is the key regulator of TF-induced coagulation.
TFPI achieves its inhibitory effect via a quaternary com-
plexation with FVIIa, TF, and FXa [47, 58]. It typically is
found on the endothelial surface. In baboon, it has been
shown that sepsis-induced coagulation in the lung is asso-
ciated with decreased TFPI mRNA and antigen in the lung
endothelium [110]. It has also been reported that sepsis
can lead to marked release of TFPI from ECs and that
plasma levels of TFPI are markedly increased in patients
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with sepsis [111]. Several studies have examined TFPI
levels in COVID-19 patients and have reached conflicting
results. For example, Mast et al. compared data from RNA
sequencing (RNA-seq) of BALF samples from COVID-
19 patients with data from BALF RNA-seq samples from
obese and asthmatic adults and found an 8-fold upregula-
tion of TFPI transcripts, whereas TF expression remained
unchanged [54]. These results differ from those obtained
in the baboon because of sepsis-induced coagulation in
the lung. As mentioned previously, in a commentary on
the work of Mast et al., FitzGerald et al. [55] reanalyzed
their data sets and showed that the two data sets used were
not comparable and that the COVID-19 sample set was not
suitable for transcriptome analysis. However, in agreement
with Mast et al., when TFPI plasma levels were determined
in moderate (n=40) and severe (n=26) COVID-19 patients,
Francischetti et al. found that TFPI levels were significantly
elevated in patients compared with 9 individuals who were
negative for COVID-19 and had no significant pathology
[89]. Nevertheless, they found no difference in TFPI lev-
els between moderate and severe COVID-19 patients. In
contradiction to the later results, Al-Tamimi et al. [68]
noted a tendency for plasma TFPI to decrease in patients
with moderate to severe stages of COVID-19, which was
particularly low in the severe COVID-19 patients com-
pared with healthy controls. In contrast, when Plt-depleted
plasma from 34 patients with noncritical COVID-19 and
75 patients with critical COVID-19 was compared, White
et al. [70] observed significantly increased plasma levels
of TFPI in the critical patients. Consistent with this, Cac-
ciola et al. observed increased TFPI levels in moderately
severe COVID-19 compared with mild/asymptomatic
COVID-19 and controls. Because TFPI can interfere with
blood coagulation, Cacciola et al. also compared diluted
prothrombin time (dPT) in moderate-severe COVID-19
patients with mild/asymptomatic COVID-19 and controls
and found high dPT levels in moderate-severe COVID-19
patients and a correlation between TFPI and dPT [112].
Consistent with this, Kelliher et al. [113] observed that
the delay time to thrombin generation was prolonged in
patients with moderately severe COVID-19 compared with
non-COVID-19-hospitalized patients. In the presence of an
inhibitory antibody directed against TFPI, the difference
in delay time between the groups was abolished; in other
words, the delay time to thrombin formation in COVID-
19 patients was more sensitive to neutralization of TFPI
activity. The contradictory point in their observations was
that TFPI levels were similar in both COVID-19 and non-
COVID-19-hospitalized patients.

To describe the relationship between TFPI and thrombo-
embolism in COVID-19, Gupta et al. [81] performed cor-
relation analyzes between TFPI and D-dimer, a biomarker

of thromboembolism, in moderate (non-ICU) and severe
COVID-19 (ICU) patients and found an inverse correlation
between plasma TFPI and D-dimer levels. Contrary to this
finding, Francischetti et al. showed that TFPI correlated with
high D-dimer levels, which are associated with high mortal-
ity in SARS-CoV-2 infections [89]. Those who observed the
lower TFPI level, particularly in severe COVID-19 patients,
stated that TFPI in these patients is probably insufficient to
inhibit the procoagulant response induced by SARS-CoV-2
and suggested a contribution of TF pathway activation to
COVID-19 coagulopathy [68]. Those who observed the
increased plasma TFPI in COVID-19 patients attributed it
to the loss of TFPI from the endothelium due to endothelial
damage and suggested a role of the uncontrolled TF pathway
in the hypercoagulable state at the site of endothelial dam-
age [89, 112]. It is important to point out that endothelial
glycocalyx damage is a characteristic feature of critically
ill patients and that TFPI is primarily associated with ECs
through binding to the glycocalyx at the EC surface [114].
In addition, a contribution of heparin to the release of TFPI
from the endothelium has also been suggested [70]. Because
of the disparity in the results of these studies, the status
of TFPI in plasma and on the surface of ECs at the site of
injury and the relationship between TFPI and disease sever-
ity require further investigation.

Effects of COVID-19 on the vessel wall endothelium

Under normal conditions, ECs prevent Plt aggregation and
coagulation and trigger fibrinolysis, whereas in pathophysi-
ologic states after activation or injury, they activate the coag-
ulation system and promote thrombus formation [115]. ECs
contribute to their constitutive anticoagulant action through
the following mechanisms: binding of glycosaminoglycans
of ECs to AT; presence of TM on EC membranes, which is a
site for protein C activation by low levels of thrombin; deg-
radation of adenosine diphosphate by intact ECs by secretion
of an ectonucleotidase, CD39; secreting of prostacyclin and
nitric oxide, which leads to preventing Plt activity and thus
preventing arterial thrombosis; and involved in fibrinolysis
and maintaining an anticoagulant state by binding to plasmi-
nogen, TPA, and ScuPA [116]. Some of these pathways may
interfere with SARS-CoV-2 infection, which are discussed
below.

There is evidence that SARS-CoV infection can acti-
vate and/or destroy ECs, leading to increase in PAI-1 [117]
and VWF levels and increased Plt activation, which causes
hypercoagulable state that can result in venous, arterial, and
microvascular thrombosis. In this setting, the release of TF,
VWE, and adhesion molecules such as P-selectin, E-selec-
tin, and intercellular adhesion molecule from impaired ECs
can collectively trigger thrombosis. The exact mechanism
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of endotheliopathy is not yet known, but several factors
may be involved, including the direct action of the virus
(may cause damage to ECs leading to stimulation of the
coagulation cascade) [118] the infiltration of immune cells
(Plts, neutrophils and/or macrophages) [14], hypoxemia,
complement-mediated injury, or the sudden and remark-
able release of pro-inflammatory cytokines (such as IL-1p
and IL-6) as a result of direct cellular damage [9]. As soon
as cells expressing ACE-2 are infected by SARS-CoV-2,
active replication and then viral release occurs. This causes
pyroptosis, releases damage-associated molecular patterns
and oxidant stress activation of host cells, and triggers the
production of chemokines and pro-inflammatory cytokines
by adjacent epithelial cells, ECs, and alveolar macrophages.
By attracting inflammatory cells to the infection site, these
proteins trigger a proinflammatory feedback loop. The expo-
sure of hidden TFs of subendothelium during the inflam-
mation results in the upregulation of Plts, leukocytes, and
ECs, thereby leading to thrombin generation following the
activation of both the extrinsic and intrinsic coagulation
pathways [34, 119]. There is an increasing recognition that
endothelial activation is the primary cause of thrombosis.
The presence of viral inclusion bodies in ECs of various
organs including the lung emphasizes this point [118]. It is
shown that the intense inflammation of ECs of the lungs due
to activation by high levels of pro-inflammatory cytokines
(IL-1, IL-6, and TNF) and ferritin may result in “in situ”
microvascular thrombosis in patients with COVID-19 [9,
119]. Interestingly, reversely direct infection of vascular ECs
by the virus, and thus cellular damage and apoptosis, leads
to continuous decreases in the antithrombotic activity of the
normal endothelium [9].

Endothelial injury and dysfunction is a commonplace
finding in patients with COVID-19. The presence of viral
particles in the ECs of the lungs as the primary site of
viral infection and resulting occurrence of endotheliitis,
cell degeneration, and necrosis underscore this problem.
However, this process may later spread to other organs via
the blood vessels [56]. By and large, the decrease in the
antithrombotic activity of the endothelium results in throm-
bosis formation. Further details of EC injury have been
studied in patients with COVID-19, which are as follows:
(1) increased levels of soluble P-selectin in ICU patients
compared with non-ICU patients; (2) increased levels of TM
which is generally released during EC damage and its asso-
ciation with higher mortality rate; (3) increased numbers of
circulating ECs, particularly in ICU patients; and (4) con-
sequently, increased plasma levels of soluble vascular cell
adhesion molecule 1 (sVCAMI; as a classical endothelial
marker) [120]. The above results are corroborated by the fact
that a high number of ECs has a positive correlation with
lymphocyte and PIt counts and with high levels of soluble
sICAM1 and sVCAMI, all of which support EC activation
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in COVID-19 [9]. In this context, direct multi-organ damage
associated with COVID-19 infection has been observed in
postmortem studies, accompanied by diffuse inflammation
implicating endotheliitis. Therefore, apoptosis and pyropto-
sis have been considered possible mechanisms of endothelial
damage. It is worth mentioning that in addition to the direct
disruption of microvascular function and occlusion by the
inflammatory endothelial cascade, a hypercoagulable state
can also be induced, which in turn results in microvascular
thrombosis. In addition to a likely driver of vasoconstric-
tion, and inflammation, profound hypoxemia especially in
severe COVID-19 has been shown to stimulate thrombosis
through the expression of hypoxia-inducible transcription
factors, which in turn can target several genes involved in
thrombosis [119, 121]. Interestingly, the release of TM in
plasma which represents lung endothelial injury and disease
severity may be associated with reduced generation of APC.
Concomitantly, elevated levels of soluble EPCR may also
cause protein C pathway dysfunction (due to reduced APC
generation as well as the reduced ability of APC to induce
cytoprotective signaling) [122].

In patients with severe COVID-19, the presence of
profoundly high levels of D-dimer and fibrin split prod-
ucts in absence of DIC suggests pulmonary microvascular
thrombosis. In this regard, extensive microthrombosis that
promotes and aggravates due to endothelial dysfunction
could elucidate the role of inflamed endothelial in the ele-
vation of D-dimers and thrombocytopenia in severe forms
of COVID-19 [25]. Moreover, the small-vessel hyperpla-
sia, wall thickening, focal pulmonary hemorrhage, and
vascular hyaline thrombosis possibly due to venous con-
gestion have been observed [121, 123]. Relying on the
Johnson et al. study on heart autopsy tissue of 7 succumb
patients, frequent and extensive thrombosis in small and
large heart vessels in the context of no evidence of viral
involvement or lymphocytic infiltration has been observed.
However, they showed that endothelial activation may not
be the primary cause of increased thrombotic diathesis in
COVID-19 patients’ hearts and alterations in circulating
neutrophils may have more roles in this phenomenon. In
this setting, they do not observe any evidence of cytokine-
or inflammatory-mediated endothelial activation with little
evidence of cell death or desquamation while in contrary
manner, they indicated the frequent markers of neutrophil
activation as well as evidence of NET formation [124].
However, Varga et al. in a postmortem study on 3 cases
with multiorgan failure showed viral inclusion structure
beside lymphocytic endotheliitis [118]. In another autopsy
study, Copin et al. identified cytoplasmic vacuolation in
EC and its detachment in small- and medium-sized pulmo-
nary arteries [125]. In large postmortem study by Su et al.,
the presence of variable foamy-like degeneration of renal
ECs along with fibrin thrombus in glomerular capillary has
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revealed in some of patients with COVID-19 [126]. Of note,
endothelial dysregulation may occur by loss of EC barrier
integrity, leading to a procoagulant state. Interestingly, not
only elevated circulating EC was observed in critically ill
COVID-19 patients, but this biomarker was identified to be
significantly increased even in the convalescent patients in
comparison with healthy groups [120, 127]. In this context,
direct viral infection, endotheliitis, and occasionally other
coinfections seem to contribute to thrombotic events in dif-
ferent patients [118, 128]. All these data reflect the role of
altered ECs injury and dysfunction in patients with COVID-
19 especially in those with severe conditions, resulting in
thrombotic events [129]. Currently, abnormal coagulation
and thrombotic complication have obviously been per-
ceived. Generally, the vascular endothelium (EC injury
and/or dysfunction), the innate immune response (hyper-
inflammatory immune response), and the coagulation and
fibrinolytic pathways (hypercoagulability) are considered
to be the main causes of the procoagulant condition [122].

Effects of COVID-19 on the complement system

The proteins of the complement system, which are liver-
derived and function in plasma and interstitial fluids, play
an important role in the innate immunity by recognizing
invading pathogens, inducing lysis, and causing inflam-
matory cells to come to the infection site [8, 130]. The
complement system and the coagulation system may have
a common origin and are closely related to each other. Both
systems rely on an amplifying enzyme waterfall to func-
tion. Proteins of the complement system, such as the mem-
brane attack complex (MAC) and mannose-binding lectin
(MBL)-associated serine proteases (MASPs), can also pro-
mote coagulation. Additionally, C5a can upregulate TF and
PAI-1 expression of ECs, while the serine protease inhibi-
tor Cl-inhibitor inhibits coagulation. The concentration of
C4b-binding protein bound protein S is also related to the
level of free protein S. Conversely, coagulation proteins
can participate in the activity of the complement system,
with multiple coagulation factors (e.g., FXIa, FIXa, FXa,
and FlIIa) able to cleave C3. Surface-bound factors such
as FXII and Kallikrein and anticoagulant components like
TFPI and TM support activation and inactivation of com-
plement, respectively. Several clinical disorders, including
paroxysmal nocturnal hemoglobinuria, atypical hemolytic
uremic syndrome, and antiphospholipid syndrome, exhibit
combined engagement of both complement and coagula-
tion [7, 131]. SARS-CoV-2 can directly trigger the comple-
ment cascade through the classical, alternative, and MBL
pathways [8, 9]. Additionally, SARS-CoV-2 can indi-
rectly activate the complement system due to EC damage,

coagulation activation, and thrombosis [8, 130]. Histo-
pathological, preclinical, transcriptomic, proteomic, mul-
tiomics, bioinformatic, and observational studies identified
that over-activation of the complement system is involved
in the pathogenesis, disease severity, and mortality of
COVID-19 [130]. SARS-CoV-2-infection of airway epi-
thelial cells causes overexpression of complement genes,
particularly C3 and complement factor B. Factor B induces
an intracellular convertase formation, which leads to con-
version of C3 to C3a in the infected cells [132]. Patients
with severe COVID-19 show increased circulating values
of C3 fragments, C5a, and C5b-9 MAC, which associate
with advanced disease severity and death [133—-135]. Histo-
pathological studies of tissues from patients with COVID-
19 showed widespread microvascular deposition of com-
plement components, such as C5b-9, C4d, and MASP2
throughout the skin, lungs, and kidneys [130, 136], and
distinctive cytomorphological alterations of ECs in these
patients are specifically characteristic of injury induced by
MAC formation [8].

Complement activation can contribute to COVID-19-in-
duced coagulopathy by affecting various components of home-
ostasis, such as ECs, leukocytes, Plts, and coagulation proteins.
When SARS-CoV-2 affects ECs, it can increase the expression
of C5areceptor 1 (C5aR1), which makes them more suscepti-
ble to pathological activation of C5a and formation of MAC.
This can lead to EC death and a loss of resistance to throm-
bosis [8]. Microvasculature thrombosis associated with dam-
aged EC is associated with deposits of complement activation
products within injured microvasculature (positive fibrin and
MAC immunostaining) [137]. In the site, where SARS-CoV-2
has infected capillaries, the increase in C3a and C5a produc-
tion can cause the recruitment of neutrophils and monocytes,
which can then adhere to ECs and participate in the throm-
bosis formation by the releasing NETs and MDMs [51, 138].
Complement activation can also stimulate Plts and coagula-
tion factors, mainly through the action of MAC and MASPs,
respectively, which supports the construction of thrombosis
[7, 8]. Increase of coagulation factors in COVID-19, includ-
ing FXa, Flla, and FXII, and decrease of anti-thrombogenic
components, including TM and TFPI, may also support activa-
tion of complement. Therefore, SARS-CoV-2-induced com-
plement activation can amplify coagulation activation, while
SARS-CoV-2-induced upregulation and downregulation of the
coagulation and anticoagulant factors, respectively, as positive
feedback loop enhance complement activation. Overall, the
complement system and the coagulation system are function-
ally dependent and play important roles against SARS-CoV-2
infection. Complement activation is one of the main drivers of
COVID-19-associated coagulopathy, and its overactivation is
involved in severity and mortality of the disease.
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