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Abstract

Coronavirus disease-2019 (COVID-19) is a rapidly evolving health crisis caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). COVID-19 is a novel disease entity and we are in a learning phase with regards to the
pathogenesis, disease manifestations, and therapeutics. In addition to the primary lung injury, many patients especially the
ones with moderate to severe COVID-19 display evidence of endothelial damage, complement activation, which leads to
a pro-coagulable state. While there are still missing links in our understanding, the interplay of endothelium, complement
system activation, and immune response to the SARS-CoV-2 virus is a surprisingly major factor in COVID-19 pathogenesis.
One could envision COVID-19 becoming a novel hematological syndrome. This review is to discuss the available literature
with regards to the involvement of the complement system, and coagulation cascade and their interaction with endothelium.
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Highlights

e SARS-CoV2 viral infection has been associated with
a high incidence of venous thromboembolism and
pulmonary embolism.

e The pathophysiology and risk of thrombosis and
embolism in patients with COVID-19 need elaborative
research and discussion considering a higher morbidity
and mortality risk.
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Introduction

Currently, the World is facing an unparalleled public health
challenge [1]. Since December 2019, the coronavirus disease
2019 (COVID-19), caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has relentlessly
marched around the globe. Early reports from China revealed
evidence of abnormal coagulation parameters associated
with COVID-19 and its correlation to a more severe clinical
course [2-4]. As the pandemic continues to spread in
various parts of the World, frontline clinicians have quickly
recognized an unusually high incidence of thromboembolic
events in COVID-19 patients, including venous and arterial
thrombosis [5]. Middeldorp et al. reported cumulated venous
thromboembolism (VTE) incidences of 16%, 33%, and
42% in hospitalized COVID-19 patients on days 7, 14, 21,
respectively, and a significant positive correlation between
VTEs and disease severity and mortality [6]. Another
multicenter analysis noted a significantly higher incidence
of thrombotic complications in patients with COVID-19-
related acute respiratory distress syndrome (ARDS) when
compared to the matched non-COVID-19 ARDS population
(11.7% vs. 2.1%, p<0.008) [7]. So, both length and intensity
of the infection and related illness play a role. For optimal
management of COVID-19-associated coagulopathy
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(CAC), we need better understanding of the underlying
pathophysiology [8].

Coagulation and COVID-19
Thromboinflammation

The concept of “thromboinflammation” means the activation
of coagulation and thrombin generation as a result of
systemic inflammatory responses induced by host defense
system activation in the setting of viral, bacterial, or
fungal infections and malignancies [9, 10]. The activation
of coagulation in the setting of infection is a complicated
multi-pathway process through extensive crosstalk
pathways. When exposed to injury or infection, monocytes
and subendothelial cells are activated and tissue factors
are released to the blood, which triggers the generation of
factor Vlla, factor Xa, and thrombin and plays a central role
between the inflammation and coagulation pathways [11].
Proinflammatory cytokines and procoagulant microparticles
are released by leukocytes, platelets and endothelial
cells, promoting the upregulation of leukocytes adhesion
molecules and suppression of vasculo-protective molecules
[12]. These products ultimately promote the recruitment,
adhesion and activation of platelets and leukocytes by
forming neutrophil extracellular traps, which further recruit
inflammatory leukocytes and promotes clotting and cytokine
release [10, 12]. Disseminated intravascular coagulation
(DIC) occurs when the localized adaptive hemostasis loses
control and progresses into diffused microvasculature
damage and subsequently, multiorgan failure [13].

It is important to note that although many COVID-
19 patients do meet criteria for DIC or sepsis-induced
coagulopathy (SIC) based on the International Society on
Thrombosis and Haemostasis (ISTH) scoring systems [14],
the coagulation parameters in COVID-19 differ from one
seen in typical DIC [15]. The coagulopathy in COVID-19
presents with prominent elevation of d-dimer and fibrinogen
degradation product (FDP) higher than what seen in SIC,
while the hallmarks of decreased fibrinogen and profound
thrombocytopenia in DIC are lacking [10, 15, 16]. Bleeding
complications also appear to be uncommon in COVID-19
[15]. Increased level of proinflammatory cytokines, such as
tumor necrosis factor-o (TNF-a), interleukin-1 (IL-1) and
IL-6 are associated with severe COVID-19 [17]. IL-6is a
potent driver for tissue factor expression. TNF-a and IL-1
further mediate the suppression of endogenous anticoagulant
pathways [15]. Although not fully understood at the moment,
the coagulopathy in COVID-19 appears to be linked to the
extensive inflammatory responses leading to endothelial
damage and significant activation of the fibrinolytic system
[10, 15]. The coagulation proteins FXa and FIla interact
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with SARS-CoV-2 Spike protein and induce conformal
changes, which facilitate viral entry (infectivity). Hence
anticoagulation especially during the early phase of viremia
might inhibit SARS-CoV-2 replication [18].

Endothelial dysfunction and thrombotic
microangiopathy

SARS-CoV-2 uses angiotensin-converting enzyme-2
(ACE2) as a cell receptor to invade human cells. ACE2
is ubiquitously expressed in airway endothelial cells
and also vascular endothelial cells [19]. Aside from the
systemic inflammatory response, evidence also supports
direct SARS-CoV-2 invasion to the vasculature. Monteil
et al. demonstrated that SARS-CoV-2 could directly infect
engineered human blood vessel organoids and human kidney
organoids [20]. Autopsy of the lungs of severe COVID-
19 patients showed severe endothelial injury associated
with the presence of the intracellular virus and disrupted
cell membranes [21]. Post-mortem analysis revealed viral
inclusion structures, prominent endothelialitis, and apoptotic
bodies in the vascular beds of several organs, including
the kidney, heart, lung, and intestine [19]. The vascular
endothelium is the principal organ in maintaining vascular
tone and vascular homeostasis. The direct viral involvement
and the profound host inflammatory response in COVID-19
cause endothelial dysfunction, which leads to inflammation
with tissue edema and further triggers a prothrombotic state
[22]. This correlates closely with the clinical observation
that patients with chronic comorbidities which are associated
with pre-existing endothelial dysfunctions, i.e. hypertension,
diabetes, obesity, cardiovascular disease, chronic kidney
disease, are at an increased risk for severe COVID-19
infection and adverse outcomes [23, 24].

In the setting of impaired microcirculation in vascular
beds, diffused microvascular thrombi in the lung and
multiple other organs have been described on autopsy review
of COVID-19 non-survivors [21, 25]. The multisystem
microvascular thrombosis, combined with laboratory
abnormalities such as elevated lactate dehydrogenase (LDH),
high ferritin concentration, low haptoglobin, mild anemia,
elevated bilirubin level, schistocytes on peripheral blood
smear and high prevalence of renal and cardiac injuries
suggests that the coagulopathy in COVID-19 resembles
thrombotic microangiopathy (TMA) [25-27].

TMA can occur in many different clinical scenarios,
among which, transplant-associated TMA (TA-TMA)
is a complication of allogeneic hematopoietic stem cell
transplantation (allo-HSCT) where a diffused endothelial
injury causes microangiopathic hemolytic anemia and
platelet consumption, resulting in microvascular thrombosis
[28]. Evidence has suggested that high dose chemotherapy,
radiation, calcineurin inhibitor exposure, graft-versus-host
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disease, and viral infections, i.e. BK virus and human
herpesvirus 6, might be potential causative factors of
TA-TMA [29, 30]. A relative ADAMTS13 deficiency
[31], increased circulating endothelial cell (CEC) counts
and serum levels of IL-6 and IL-8 [32] are observed in
COVID-19, reminiscent the findings in TMA. Urokinase
plasminogen activator receptor (uPAR) is bound on the
endothelium and released into the blood stream as a soluble
counterpart, named suPAR, in the setting of inflammation
and endothelial damage [33]. Elevated suPAR level has
been associated with severe COVID-19 and may serve as
a prognostic factor for ARDS-associated with COVID-19
[33], which further supports the presence of endothelial
injury and microangiopathy in COVID-19.

Complement activation in COVID-19

For any new infection, the initial immune response is
provided by the innate immune system, which comprises of
white cells (neutrophils, natural killer cells, macrophages,
and dendritic cells) and complement. The innate immune
responses are the first-line defensive mechanism against
of pathogen invasion. They are also required to trigger the
specific adaptive immune responses [34]. Complement
cascade activation is therefore one of the earliest immune
responses to infection [35, 36]. In early infection, pathogens
prompt a local complement activation and inflammatory
response. Depending upon the intensity of the initial injury
and exposure over time, there might be over activation
or dysregulation of the complement cascade, which
could cause collateral damage of cells and tissues further
leading to multiorgan dysfunction. Similar activation of
complement cascade has been noted in the case of SARS-
CoV-2 infection. The disseminated thrombotic phenomenon,
cytokine release syndrome, and the overactivated
complement system are amongst the major pathological
mechanisms which in variable proportions are contributing
towards worsening critical conditions of patients requiring
intensive care support [37, 38]. This has been demonstrated
in murine model studies conducted in SARS, and MERS
[39, 40]. Gralinski et al. found that in the murine model
lacking C3, the SARS-CoV infection severity, respiratory
dysfunction, and cytokine levels were lower when compared
to the ones with an intact complement system [1]. Similarly,
in another murine model, Jiang et al. reported that blockade
of C5 resulted in improved pulmonary functions, diminished
cytokine response, and reduced viral load when compared
no C5a blockage [39].

Also, data suggests that the pathological damage and
organ dysfunction is likely due to the downstream effects
of SARS-CoV-2 viral replication and further activation of
immune pathways. Jiang et al. in their murine model on
MERS infection noted a high concentration of C5a and

soluble terminal complement complex activity (C5b-9) in
sera and lung tissues suggesting the impact of excessive
complement activation at the tissue level [39]. Similarly,
Magro et al. did a histologic examination of the patients
with COVID-19 and reported the presence of SARS-
CoV-2 spike glycoproteins along with C4d and C5b-9 in
the interalveolar septa and the cutaneous microvasculature
[41]. The presence of complement activation products was
detected on circulating erythrocytes in hospitalized patients
with COVID-19 [42]. A recent preprint study reported that
the highly pathogenic coronavirus N protein aggregated
the lung injury caused by SARS-CoV-2, SARS-CoV, and
MERS by binding to mannan-binding lectin-associated
protease (MASP-2), a key serine protease that could directly
activate the complement cascade. By blocking the N protein-
MASP-2 interaction or suppressing complement activation,
the lung injury could be significantly alleviated in vitro and
in vivo [43]. Patients with severe COVID-19 treated with
narsoplimab (anti-MASP-2 antibody) under compassionate
use displayed rapid and sustained reduction in markers
of endothelial damage (CECs, IL-6, IL-8, CRP and LDH
levels). All patients treated with narsoplimab recovered and
the agents is being evaluated further in patients with severe
COVID-19 [32]. As mentioned above, the laboratory and
autopsy findings in COVID-19 reminiscent of one seen
in TMA, which is also highly associated with pathogenic
complement activation [25]. Atypical hemolytic-uremic
syndrome (aHUS) is one such rare immunological condition
that is characterized by microangiopathy, hemolysis, low
platelets, and acute renal failure. Amongst the infections,
viral infections have also been studied as a potential trigger
for TMA [44, 45]. Direct endothelial injury, cytokine storm-
mediated endothelial injury, immune complex-mediated,
complement dysfunction, and ADAMTS13 deficiency
are amongst the major proposed mechanisms for the
development of TTP/HUS type picture in viral diseases.
Complement overactivation, measured as elevated C5b-9 in
the blood, is a high-risk feature in TA-TMA and is associated
with multiorgan injury and dismal outcomes [46]. Jodele
et al. recently reported in the largest ever cohort series that
terminal complement blockage with C5 inhibitor eculizumab
significantly improved 1-yr post-allo-HSCT survival in
patients with high-risk TA-TMA [46]. In COVID-19 disease,
there is evidence suggesting complement dysregulation
related TMA as one of the important pathophysiological
mechanism in addition to or as part of thromboinflammation
[25, 27, 47].

Recent data from Ramlall et al. observed that patients
with macular degeneration, one of the most prevalent
complement-mediated diseases resulting in enhanced
complement activation, were at significantly higher risks
for mechanical ventilation and mortality associated with
COVID-19 [48]. Toll-like receptor 3 (TLR3) is one of
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the receptors of innate immunity that recognizes viral
genomic RNA or the intermediates during viral replication,
including double-stranded RNA (dsRNA). TLR3-knockout
mice were more susceptible to SARS-CoV than wild-
type mice but experienced only transient illness with no
mortality [49]. Also, specific TLR3 polymorphism can
be protective of age-related macular degeneration [50].
Evolving evidence indicates that extensive crosstalk
exists between complement and TLR signaling pathways
that may reinforce innate immune response and regulate
inflammation [51]. Ramlall et al. also noted that none of
the (only) four patients with complement deficiency in the
whole cohort required ventilation or died after contracting
SARS-CoV-2 [48]. Although exceedingly small in number,
these findings are hypothesis-generating. Since patients
with complement deficiency are typically considered
severely immunocompromised, but in COVID complement
deficiency or blockage might be protective.

Role of complement inhibitors in COVID-19

With increasing evidence linking COVID-19, complement
system and the resultant TMA together, and the emerging
role of complement inhibition recognized in TA-TMA
management, the next step for the research community is
to test complement inhibitors in COVID-19 [46]. While
multiple institutional experiences with investigational drugs
such as tocilizumab, remdesivir, and convalescent plasma
therapy in patients with COVID-19 have been reported
[52-55], the data remain sparse with use of complement
inhibitors. Eculizumab, an anti-C5 inhibitor, has shown
some encouraging results in a small study in COVID-19
patients as recently reported by Diurno et al. [56]. Four
critically ill patients with COVID-19 ARDS received
injection eculizumab 900 mg for 2 doses, in addition to
the other agents. There was a complete recovery in all four
patients with a reduction in inflammatory markers.
Proximal complement inhibitors that target C3 or its
upstream activators, which could theoretically provide
broader complement inhibition, are currently under clinical
development [57]. AMY-101, one of the next-generation C3
inhibitors, has been shown to interfere interleukin-6 release,
a hallmark for CRS and severe COVID-19 infection, in
ex vivo whole blood infection models [58, 59]. The first case
report from Italy demonstrated successful compassionate use
of AMY-101 in a patient with severe ARDS due to COVID-
19 [60]. The limitations of these observational studies are
the small patient population, lack of control arms, and
concomitant use of other anti-COVID-19 drugs. SOLID-C19
(NCT04288713), CORIMUNO19-ECU (NCT04346797)
and SAVE (NCT04395456) trials are amongst the few
ongoing trials exploring the therapeutic effect and tolerance
of complement inhibitors in patients with COVID-19.
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Medications targeting TLR signaling pathway, and thus its
synergetic crosstalk with complement activation, maybe a
potential treatment option as well [61].

Conclusion

Taken together, COVID-19-associated coagulopathy appears
to be a complex pathological process caused by a cascade of
thromboinflammation, endothelial injury, and complement
activation, which results in a TMA. Current evidence
supports that early use of corticosteroid [62], remdesivir
[55] and/or convalescent plasma [52] is associated with
improved outcome. The best therapy for critically ill
COVID-19 patients who are beyond the reach of the three
therapies is not known. Complement pathway inhibition
may become the new target in treating critically ill patients
in whom significant complement activation has occurred.
One hopes that properly designed clinical trials will provide
us with insight into the proper timing of complement
inhibition, reliable clinical indicators to identify patients
who would benefit the most from complement inhibition,
and optimal usage of complement inhibition whether in a
combination of anti-viral therapy or other anti-inflammatory
or immune-based therapies that mitigate the cytokine storm
in COVID-19.
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