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ABSTRACT

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is associated with specific coagulopathy that frequently
occurs during the different phases of coronavirus disease 2019 (COVID-19) and can result in thrombotic complications and/
or death. This COVID-19-associated coagulopathy (CAC) exhibits some of the features associated with thrombotic microangi-
opathy, particularly complement-mediated hemolytic-uremic syndrome. In some cases, due to the anti-phospholipid antibod-
ies, CAC resembles catastrophic anti-phospholipid syndrome. In other patients, it exhibits features of hemophagocytic
syndrome. CAC is mainly identified by: increases in fibrinogen, D-dimers, and von Willebrand factor (released from activated
endothelial cells), consumption of a disintegrin and metalloproteinase with thrombospondin type 1 motifs, member 13
(ADAMTS13), over activated and dysregulated complement, and elevated plasma cytokine levels. CAC manifests as both
major cardiovascular and/or cerebrovascular events and dysfunctional microcirculation, which leads to multiple organ dam-
age. It is not clear whether the mainstay of COVID-19 is complement overactivation, cytokine/chemokine activation, or a com-
bination of these activities. Available data have suggested that non-critically ill hospitalized patients should be administered
full-dose heparin. In critically ill, full dose heparin treatment is discouraged due to higher mortality rate. In addition to anti-coag-
ulation, four different host-directed therapeutic pathways have recently emerged that influence CAC: (1) Anti-von Willebrand
factor monoclonal antibodies; (2) activated complement C5a inhibitors; (3) recombinant ADAMTS13; and (4) Interleukin (IL)-1
and IL-6 antibodies. Moreover, neutralizing monoclonal antibodies against the virus surface protein have been tested. How-
ever, the role of antiplatelet treatment remains unclear for patients with COVID-19.

Keywords: SARS-CoV-2; COVID-19; Coagulopathy; Microangiopathy; Endothelial dysfunction. [Am J Med Sci 2022;363
(6):465–475.]
INTRODUCTION
Severe Acute Respiratory Syndrome Coronavirus-
2 (SARS-CoV-2) infections, or Coronavirus dis-
ease 2019 (COVID-19), is associated with signifi-

cant morbidity and mortality.1 The fatality rate was 2.3%
in a non-selected population and up to 49% among criti-
cally ill patients. In 10% of fatal cases, the most impor-
tant risk factor was a pre-existing cardiovascular
disease.1 Additionally, a non-negligible proportion (20
−30%) of patients with SARS-CoV-2 infections experi-
ence thromboembolic complications.2−4 Thrombotic or
thromboembolic complications related to SARS-CoV-2
hern Society for Clinical Investigation. Published by Elsev
� www.ssciweb.org
infections have been observed in arteries/arterioles, the
microcirculation, and the venous system.5,6 With more
extensive coagulation disorders, the course of the dis-
ease is expected to be more severe. The pathogenesis
of SARS-CoV-2-induced coagulopathy is not completely
understood.

Interestingly, many patients experience an asymp-
tomatic or mild disease course. Additionally, patients
that become seriously ill with multiple-organ failure do
not always exhibit the generally accepted risk factors.
Furthermore, disease severity does not correlate with the
viral load.7 To improve COVID-19 management, there is
ier Inc. All rights reserved. 465
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an urgent need to understand the mechanisms that lead
to thrombotic events. This review aimed to summarize
the known pathophysiologic mechanisms underlying
COVID-19-associated coagulopathy and to comment on
current and emerging therapeutic options that are rele-
vant at different stages of disease development.
VIRUS ENTRY
SARS-CoV-2 enters the host via the angiotensin con-

verting enzyme receptor 2 (ACEIIr), which is expressed in
many organs (heart, lung, kidney, intestine) and some
cells, including endothelial cells and hematopoietic cells,
like macrophages. Although the virus most often enters
the host pneumocytes,8 there is evidence that the virus
can infect endothelial cells directly and cause diffuse
endothelial inflammation.6 The recruitment of immune
cells, either directly by the virus or immune-mediated, in
the presence of locally dysregulated inflammation, can
lead to diffuse endothelial activation and dysfunction.6

Activated endothelial cells express different communica-
tion glycoproteins and release high numbers of ultra-
large von Willebrand factor (vWF) multimers from Weibel-
Palade bodies.9
MICROCIRCULATION DAMAGE
Under normal circumstances, platelets, leukocytes,

and erythrocytes flow in intact vessels, together with
vWF. However, vWFs do not bind to any blood
elements10,11; even though platelets express two glyco-
protein (GP) receptors capable of binding vWF: the Ib/IX/
FIGURE 1. Pathways leading to immunothrombotic response.
Abbreviations: ADAMTS13: A Disintegrin And Metalloproteinase with a

Willebrand factor; DAMPS: danger-associated molecular patterns; IL: interle
lar adhesion molecule; MAC: membrane attack complex; MBL: mannose bi
kappa-light-chain-enhancer of activated B cells; NETs: neutrophile extrace
brand factor.
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V complex and aIIbb3 integrin. Indeed, vWF only inter-
acts with aIIbb3 integrin after conformational changes
occur in activated platelets, and vWF binding to GP Ib/
IX/V is probably regulated by non-linear flow in arterioles
and capillary beds.12,13 Capillary beds and arterioles
cause shear stress, which leads to a transitional change
in vWF where vWF unfolds from a globular structure and
assumes an extended chain structure.13,14 In the
extended vWF conformation, binding sites are exposed
for collagen, GP Ib/IX/V, and a disintegrin and metallo-
proteinase with thrombospondin type 1 motifs, member
13 (ADAMTS13).13 Long strands of vWF multimers are
very effective in attracting and binding platelets. This
activity leads to an obstruction in the microcirculation,
which results in tissue ischemia and organ injury (Fig. 1).

A functional imbalance in vWF multimer sizes can lead
to either microcirculation bleeding or thrombosis. Both the
size and the platelet-tethering function of vWF multimers
are regulated by ADAMTS13, a plasma metalloprotei-
nase.15 In turn, ADAMTS13 activity is not controlled by
inhibitors, but by conformational changes in its sub-
strate.15 Endothelium-bound vWF interacts with platelets
by binding to GP Ib/IX/V. Then, in an environment with ele-
vated shear forces, this binding results in the aggregation
of vWF multimers and platelets. GP Ib/IX/V is connected
to the platelet cytoskeleton; consequently, vWF binding
influences the platelet shape.16 Nonetheless, the interac-
tion between platelet GP Ib/IX/V and vWF only produces
weak intracellular signaling, with limited activation of
aIIbb3 integrin, which orchestrates the platelet conforma-
tional change.17 Only activated aIIbb3 integrin is capable
ThromboSpondin type 1 motif, member 13; A1−A3: domains of von
ukin; Gp: glycoprotein; TNF: tumor necrosis factor; ICAM: intercellu-
nding lectin; MASP: MBL associated protease; NF-KB: nuclear factor
llular traps; VCAM: vascular cell adhesion molecule; vWF: von Wille-
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of binding fibronectin, fibrinogen, and vWF, which leads to
platelet aggregation and the generation and stabilization
of a thrombus in rapid blood flow conditions.18 Thus, it is
highly questionable whether prophylactic antiplatelet treat-
ment would be effective in this scenario.

Platelets isolated from patients with COVID-19 exhib-
ited reduced procoagulant properties compared to plate-
lets from healthy volunteers. For example, after dual
stimulation with both thrombin and convulxin, COVID-19
platelets showed reduced mitochondrial depolarization
and a reduced abundance of phosphatidylserine mole-
cules exposed on the surface.19 Platelets also play impor-
tant roles in inflammation-induced thrombosis; in
particular, they support the generation of thrombin.19

Mouse platelets that could not generate cyclophylin D had
reduced procoagulant activity, and thus, they mimicked
platelets from patients with COVID-19. After pulmonary
microvascular thrombosis was induced, mice deficient in
cyclophylin D showed increased mortality compared to
mice that expressed wild-type cyclophylin D.19

Neutrophil extracellular traps (NETs) and platelets
accumulate in the lung microvasculature of patients with
COVID-19. NETs are believed to contribute to the
FIGURE 2. Thrombus extracted from COVID-19 patient, histopathology (1
fibrin deposition and neutrophiles. (B) vWF staining, large deposition of v
staining), polymorphonuclears, neutrophiles, monocytes with large fibrin co
monocyte lineage) staining with neutrophiles on the thrombus surface.

Copyright © 2021 Southern Society for Clinical Investigation. Published by Elsev
www.amjmedsci.com � www.ssciweb.org
development of acute respiratory distress syndrome
(ARDS).20 In patients with COVID-19, intravascular pul-
monary thrombosis occurs concomitantly with ARDS
and mortality.21 Platelets from patients with COVID-19
exhibit hyperreactivity to agonist stimuli and elevated
interactions with leukocytes.22 When neutrophils are
trapped in vWF multimers in the microcirculation, NETs
develop.22 From our own experience with cerebrovascu-
lar thrombi, COVID-related thrombi are rich in neutrophile
elements, deploy more fibrin strands and vWF is not only
on the surface but dispersely in thrombi (for more details
see Figs. 2 and 3).

The cumulative incidence of SARS-CoV-2 infection in
patients with congenital blood disorders (CBD) was
1.73% from a small survey, and the course of the disease
was mild.23 We may speculate that a severe hypocoagu-
lation state (i.e., lower vWF/ADAMTS 13 ratio) may pro-
tect against COVID-19 associated hypercoagulability
state. There is scarce evidence that patients with CBD,
affecting 0.1 to 1% of the total population, appear to be
less affected by COVID-19 infection.24

Thus, a dysregulation of the platelet coagulation
response may increase the susceptibility to thrombotic
00x, Olympus BX 43). (A) Hematoxylin-eosin staining, thrombus with
Wf on the thrombus surface. (C) CARSTAIRS staining (fibrin-aimed
ntent. (D) CD68 (cluster of differentiation, protein highly expressed by
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FIGURE 3. COVID-19 thrombus electron microscopy - (TEM, Jeol JEM 12 EX). (A) Polyhedrocytes with neutrophile in the center. (B) deposition
of large amount of fibrin between neutrophiles, polyhedrocytes at the periphery in detailed view- high magnfication. Polyhedrocytes − defor-
mated erytrocytes (cubic deformation with compression).
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complications in patients with COVID-19. The dynamic
functional changes in platelets, often conflicting, may
contribute to an increased susceptibility to thrombotic
and/or thrombo-hemorrhagic complications in patients
with COVID-19.
The complement theory
Intracellular pathogens, like viruses, must penetrate

the mucosa/respiration epithelium and disseminate
through the extracellular fluid.25 The humoral part of
innate and adaptive immunity responses includes the
heat-labile complement system and antigen-specific anti-
bodies, respectively, and both provide a variety of reac-
tions against multiple pathogens. Antibodies attach to
virus particles and are carried into the cell with the virus.
There, the antibodies act as danger-associated molecular
patterns (DAMP) to activate an innate immune reaction,
the coagulation cascade, and the release of cytokines/
chemokines to stop replication of the virus (Fig. 1).26

Complement comprises of more than 40 proteins,
both membrane-bound and soluble. The main function
of complement is to opsonize pathogens and induce the
innate immunity response, which leads to the elimination
of pathogens.27 Generally, complement can be activated
through three pathways: (1) the classical (antibody-
directed) pathway; (2) the lectin (mannan-binding lectin
or ficolin-directed) pathway; and (3) the alternative, spon-
taneous pathway, which leads to the covalent deposition
of C3b on the pathogen surface for macrophage target-
ing.25 The deposition of C3b on the pathogen surface
prevents receptor engagement, acts as an opsonin, and
cleaves C5 to C5a and C5b, which is a cofactor for the
assembly of the lytic membrane attack complex
(MAC).25,28 All three complement activation pathways
converge to form C3-convertase, which releases C3a
and C3b, and subsequently, C3b forms C5-conver-
tase.28 Moreover C3a, C4a, and C5a are potent
468
chemotaxins and anaphylatoxins that induce inflamma-
tion and destroy invading pathogens.28

Proteins encoded by SARS-CoV-2 are released into
the blood stream after the infected cell dies. These pro-
teins may activate complement, which leads to both
small (microangiopathy) and great vessel involvement
(pulmonary or systemic embolism). One mechanism
might be the interaction between N-protein and man-
nose-binding lectin-associated serine protease 2, which
results in (1) the generation of the terminal complex (i.e.,
the C5b-9, membrane attack protein) and (2) the release
of anaphylatoxins, C3a and C5a, which leads to the pro-
duction of proinflammatory cytokines, like interleukin
(IL)-6, IL-1ß, tumor necrosis factor (TNF)-a, IL-18, and
interferon gama.29 In general, recruiting leucocytes and
activating platelets and endothelial cells with the potent
biological effectors, C3a and C5a, might stimulate an
immunothrombotic response in patients with COVID-19.
C5a triggers the activation of platelets and the release of
prothrombotic factors from platelets. C5a also induces
the expression of tissue factor (TF) in monocytes and
endothelial cells. Subsequently, TF acts as initiator of
coagulation. In addition, C5a suppresses the expression
of natural anticoagulant proteins.30 Furthermore, C5a
induces the expression of P-selectin (a C3b receptor)
and enhances the assembly of C3/C5 convertases on
the surface of platelets.31 Moreover, the principal com-
plement-induced procoagulant factors, thrombin and TF,
provide feedback, which amplifies complement activa-
tion, and thus, escalates the tissue damage process.32

The interplay between the complement and coagulation
pathways is bidirectional.28

Cheng et al identified elevated C3 plasma level at
admission as an independent risk factor for develop-
ing severe COVID-19 infection among younger
patients with a median age of 47 years.33 A different
group from Wuhan demonstrated lower C3 plasma
level and higher D-dimer level as a higher risk factor
THE AMERICAN JOURNAL OF THE MEDICAL SCIENCES
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for in-hospital death.34 These conflicting observations
may be associated with different times of blood sam-
pling resulting in the capture of different levels of
development of CAC.

Patients with atypical hemolytic-uremic syndrome or
paroxysmal nocturnal hemoglobinuria exhibit excess
complement activation, due to loss-of-function or gain-
of-function gene mutations in several regulatory proteins
(e.g., thrombomodulin, factor H, C4bBP, CD46, CD55,
CD59).35−37 This excess complement activation might
explain why patients with these conditions display similar
reactions to COVID-19. Moreover, the virus surface is
known to have procoagulant activity, similar to historic
descriptions of herpesviruses.38,39 Additionally, the Mid-
dle East respiratory syndrome (MERS) was associated
with a high incidence of venous thromboembolism.40

Transgenic overexpression of the receptor responsible
for virus entry (MERS-CoV) into the cell in mice resulted
in progressive pulmonary damage, with diffuse micro-
vascular thrombosis.41 Moreover, intranasal administra-
tion of MERS-CoV in mice led to pulmonary tissue
damage, with C5b-9 deposition and increases in plasma
C5a levels.42 Thus, thrombosis in both small and
large vessels is apparently a common characteristic of
betacoronaviruses.28 Therefore, the complement system
might play a causative role in virus-related organ
damage.
The role of anticoagulation treatments
Among patients with COVID-19, one of the most

common laboratory findings is an elevation in plasma D-
dimer levels.43 Unsurprisingly, older patients and
patients with co-morbidities are more likely to die from
COVID-19 infections, and both groups have elevated D-
dimer levels. In a large cohort of 1099 patients with con-
firmed COVID-19 infections in China, 46.4% had D-
dimers ≥0.5 mg/L, and of those, 60% had a severe case
of the illness.44 In a trial by Tang et al., markedly elevated
D-dimers were identified as a predictor of mortality in
patients with COVID-19.2 Similarly, Huang et al.
observed elevated d-dimer levels in patients that
required further critical care.45 When plasma D-dimer lev-
els increase in the absence of any severe symptoms, it is
a sign of elevated thrombin generation, and thus, D-
dimer levels also serve as a marker of the prothrombotic
state.43 Of note, the prothrombin time (PT) at admission
was rather modestly prolonged in patients that required
critical care and in non-survivors. 2

Chronic therapeutic anticoagulation treatment at the
time of infection may protect against thrombotic compli-
cations and reduce disease severity.46 Indeed, multi-
organ failure in patients with sepsis occurred more often
in patients that developed a coagulopathy.43 Thus, inhib-
iting thrombin generation may reduce mortality in
patients with COVID-19.47 According to the International
Society for Thrombosis and Hemostasis guidelines, pro-
phylactic doses of low-molecular-weight heparin
Copyright © 2021 Southern Society for Clinical Investigation. Published by Elsev
www.amjmedsci.com � www.ssciweb.org
(LMWH) is recommended for all patients that require hos-
pital admission due to a COVID-19 infection, irrespective
of disease severity.43 However, the main question to
address is whether a therapeutic dose of anticoagulation
treatment should be given to all patients or whether it
should only be given to pre-specified subgroups; i.e.,
based on the plasma D-dimer level or the clinical disease
severity (severe disease indications: high-flow oxygen
treatment, mechanical ventilation, and an inflammatory
response). Of note, in a New York retrospective cohort of
2773 patients, 395 had received mechanical ventilation.
Among those patients, a full-dose anticoagulation treat-
ment reduced the mortality to 29.1%, compared to
62.7% among those without the treatment.48

Full-dose anticoagulation treatment with heparin
reduced the need for organ support and reduced mortal-
ity better than the usual prophylactic dose given to hos-
pitalized patients that were moderately ill, based on data
from the multiplatform randomized trials (ATTAC,
ACTIVE-4a, REMAP-CAP).49,50 In contrast, among
patients with severe disease that required intensive care
unit admission, full-dose anticoagulation treatment with
heparin is discouraged due to the higher risk of mortality
and bleeding in this subgroup of patients.49,50 In addi-
tion, full dose enoxaparin or rivaroxaban followed by
rivaroxaban to day 30 did not improve clinical outcomes.
Moreover, it increased bleeding risk compared with pro-
phylactic anticoagulation in hospitalized patients with
elevated D-dimers.51 Different outcomes (for details see
Table 1)48−54 of prophylactic vs. full dose anticoagulation
in patients with COVID-19 may be caused by various dis-
ease severity, comorbidities/overall risk profile, co-medi-
cation, anticoagulation regimen/type, patient age, male
to female ratio and sample size. Given the conflicting
results of therapeutic vs. prophylactic anticoagulation
treatment in different subgroups of patients with various
COVID-19 disease severity, more trials have to be con-
ducted.

Heparins, including both unfractionated and LMWH,
exert non-anticoagulation related effects, by attenuating
the inflammatory response, and reducing platelet and neu-
trophil activation.55 First, heparins block P-selectin, reduce
the cross-talk between platelets and neutrophils, and
inhibit the release of IL-1ß, E-selection, and ICAM-1.56

Second, heparins have a direct antiviral effect, because
they inhibit pathogen adhesion to cell surfaces.57 Specifi-
cally, the S1 binding domain of the SARS-CoV-2 virus
undergoes a conformational change upon heparin bind-
ing.58 In addition, in SARS, the protease, factor Xa, facili-
tates virus entry into cells, and it is known that heparins
inhibit several proteases.55,59 Thus, in addition to their anti-
coagulation effects, heparins may act as both anti-inflam-
matory and direct anti-viral agents on multiple levels.

The direct thrombin inhibitor, argatroban, was admin-
istered to 10 critically ill patients that were treated with
extracorporeal membrane oxygenation, due to a COVID-
19 infection and an antithrombin deficiency. All 10
patients survived, but 3 had serious bleeding
ier Inc. All rights reserved. 469
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complications.60 Systemic fibrinolysis was not tested in a
trial for patients with COVID-19, due to potential harm
from bleeding complications. On the other hand, inhaled
thrombolytic therapy, which does not increase the risk of
bleeding, was previously tested in ARDS and is currently
being tested in COVID-related ARDS.61 In ARDS, the
group treated with streptokinase inhalation from day 1 to
day 8 showed significantly higher PaO2/FIO2 ratios com-
pared to the groups treated with heparin and the
standard�of�care.62
The role of antiplatelet agents
Activated platelets play a key role in the thromboin-

flammatory response in patients with COVID-19. They
produce a variety of cytokines and chemokines, which
recruit neutrophils and enhance NETosis.55 These obser-
vations gave rise to the question: can we reduce both
major cardiovascular events and microcirculatory dam-
age by administering antiplatelet agents? In an animal
model of an influenza virus infection, the combination
treatment of eptifibatide (glycoprotein IIb/IIIA blocker), a
protease-activated receptor 4 antagonist, and clopidog-
rel was shown to protect against severe lung injury and
death.63 Moreover, acetylsalicylic acid blocked influenza
virus propagation and diminished immune activation in
patients with HIV infections.64,65

From our anecdotal experience in patient with
COVID-19 infection and left internal carotid artery (ICA)
occlusion was eptifibatide bolus administration effective
in prompt recanalization of ICA (for more details see
Fig. 4).

In a retrospective cohort that included 152 patients
with COVID-19 in Germany, antiplatelet monotherapy
(mostly acetylsalicylic acid) showed no benefit.66 The
patients treated with antiplatelet agents had more pro-
nounced radiological findings on chest X-rays, but those
findings did not translate into a worse clinical outcome.
Despite the pathophysiological links and the animal
models of similar viral diseases that indicated that anti-
platelet treatment could be beneficial against viral infec-
tions, to date, no trial has shown that antiplatelet
treatment provided clinical improvement in patients with
COVID-19. Antiplatelet treatment will be probably more
effective in preventing or treatment of arterial occlusions
than in microcirculatory damage.
Macrovascular complications of COVID-19
COVID-19 infection poses an increased risk of

thromboembolism (TE), resulting in a higher mortality
rate. A meta-analysis including 425 studies/8271
patients showed mortality of 23% in patients with TE and
13% in patients without TE.67 Overall deep vein throm-
bosis rate was 20%, in ICU 28%, pulmonary embolism
13%, in ICU setting 19%.67 For some relevant studies,
mostly on well-documented critically ill patients with
COVID-19 see Table 2, the overall mortality ranges from
8.7 to 24%, depending on age and sample size.68−73 Of
THE AMERICAN JOURNAL OF THE MEDICAL SCIENCES
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FIGURE 4. COVID -19 patient with Left Internal carotid artery (ICA) thrombotic occlusion,Epitifibatide recanalization. (A) Thrombosis of the left
ICA bulbus origin with no distal intracranial perfusion. (B) Rapid recanalization after IIb/IIIa Eptifibatide bolus administration. (C) Distal intracranial
ICA bifurcation recanalization. (D) Anterior cerebral artery (ACA) plus medial cerebral artery (MCA) reperfusion after IIb/IIIa.

COVID-19 coagulopathy: Mechanisms and host-directed treatment
note, there are some alarming reports related to spike
vaccine-induced thrombosis and thrombocytopenia.
Vaccination with ChAdOx1 nCov-19 can result in the rare
development of immune thrombotic thrombocytopenia,
which clinically mimics autoimmune heparin-induced
thrombocytopenia (HIT).74 Similar thrombosis and throm-
bocytopenia were also observed after Ad26.COV2 vac-
cine, a recombinant adenovirus serotype 26 vectors
encoding the SARS-CoV-2 spike glycoprotein.75 These
cases suggest that the occurrence of vaccine-induced
immune thrombotic thrombocytopenia could be related
to adenoviral vector vaccines. The underlying mecha-
nism appears to be the generation of pathologic antibod-
ies to platelet factor 4 (PF4). Based on the PF4
antibodies and clinical similarity with HIT, platelet
Copyright © 2021 Southern Society for Clinical Investigation. Published by Elsev
www.amjmedsci.com � www.ssciweb.org
transfusion has to be avoided, and the administration of
non-heparin anticoagulant and/or intravenous immune
globulin should be considered. 76

New host-directed treatment options
Based on the pathways known to lead to serious ill-

ness and complications in patients with COVID-19, four
main treatment concepts have emerged (Fig. 5): (1) to
diminish the cytokine storm by blocking the activities of
either the interleukins or complement C5; (2) to prevent
or reduce microcirculation damage by blocking the inter-
action between vWF (A1 domain) and platelets (GP Ib-IX-
V); (3) to administer neutralizing monoclonal antibodies
to reduce the viral load; and (4) to administer recombi-
nant ADAMTS13.
ier Inc. All rights reserved. 471
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To date, anti-cytokine monoclonal antibodies that
block IL-6 have been the most intensively studied treat-
ments. The efficacy of tocilizumab (TCZ) was studied in a
meta-analysis by Aziz et al. They stated that TCZ could
potentially reduce mortality and the need for mechanical
ventilation in severe COVID-19 cases, compared to the
standard-of-care.77 However, in a randomized control
trial (RCT) that included 246 patients moderately ill with
COVID-19, TCZ did not effectively prevent intubation or
death.78

In a retrospective, non-RCT trial, high-dose anakinra,
the IL-1 antagonist, was tested in 29 patients with
COVID-19 that exhibited moderate to severe ARDS and
hyperinflammation. High-dose anakinra was associated
with improved respiratory function (72%), delayed or no
intubation, and a reduced death rate (10% vs. 44% in
the standard-of-care group).79 Moreover, mechanical
ventilation-free survival was 72%, compared to 50% in
the standard-of-care group.79

In a proof of concept trial, Eculizumab (ECZ), a C5
inhibitor, was tested as an emergency treatment in 80
patients with severe COVID-19, compared to the stan-
dard-of-care. Patients that received ECZ showed signifi-
cantly better survival on day 28 (80% vs. 51.1%)
compared to patients that received the standard-of-care.
Furthermore, the platelet count and oxygenation were
significantly improved with ECZ, compared to the stan-
dard-of-care.80

Given the fact that the advanced COVID-19 dis-
ease state resembles thrombotic thrombocytopenic
purpura/atypical hemolytic uremic syndrome, we pro-
pose that caplacizumab should be considered as an
experimental treatment option. Caplacizumab is a
humanized immunoglobulin that recognizes the vWF
A1 domain and inhibits the interaction between vWF
and platelet GP1b-IX-V.81 Indeed, breaking vWF-mul-
timer chains might be the solution to COVID-19
microangiopathic thrombosis. However, caution
should be taken to avoid bleeding complications,
because administration of caplacizumab might lead to
platelet-phenotype von Willebrand disease, due to
impaired primary hemostasis.

Bamlanivimab and etesevimab are potent anti-spike
neutralizing monoclonal antibodies that were isolated
from two patients that had recovered from COVID-19
infections.82 In patients with mild to moderate COVID-19
infections, combined bamlanivimab and etesevimab
treatment was associated with a significant reduction in
the SARS-CoV-2 viral load. 82

Imbalance of vWF/ADAMTS13 is associated with
persistence of ultra-long vWF multimers that are highly
trombogenic. Incubation of plasma samples from
COVID-19 patients with rADAMTS13 reduced abnor-
mally high vWF activity and overall multimer size.83 This
ex vivo experiment is by far not a proof of its efficacy in
vivo, but this treatment option should be considered in
clinical trials.
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FIGURE 5. Host-directed treatment options.
Abbreviations: IL-1: interleukin 1; IL-6: interleukin-6; NF-KB: nuclear factor kappa-light-chain-enhancer of activated B cells; fXa: activated factor
X; ACEIIr: angiotensin converting enzyme II receptor; vWf: von Willebrand factor; GPIb: glycoprotein Ib; Endotel: endothelium; rADAMTS13:
recombinant A Disintegrin And Metalloproteinase with a ThromboSpondin type 1 motif, member 13.

COVID-19 coagulopathy: Mechanisms and host-directed treatment
At present, there are no specific drugs for treating
SARS-CoV-2 infections. Over the long term, SARS-CoV-
2 infections induce an excessive host immune response,
with multiple acute consequences that lead to lung dam-
age and fibrosis. The host-directed therapies described
here should be tested further. These approaches may
prevent acute and chronic complications and improve
the overall outcome in patients with COVID-19. 84
CONCLUSIONS
Given the global impact of COVID-19, the associ-

ated dysregulated immune response, and the absence
of a specific therapy, new host-directed treatment
options should be considered. COVID-19 is associ-
ated with significant coagulopathy, which leads to
both macrovascular and microvascular thrombosis
and hyperinflammation. The cornerstones of COVID-
19-associated coagulopathy are the excessive gener-
ation of thrombin and endothelial/immune dysregula-
tion. Available data have suggested that non-critically
ill hospitalized patients should be administered full-
dose heparin. In critically ill full dose heparin treat-
ment is discouraged due to higher mortality rate.
However, heparin alone might be insufficient for pre-
venting and in particular for treating microvascular
Copyright © 2021 Southern Society for Clinical Investigation. Published by Elsev
www.amjmedsci.com � www.ssciweb.org
damage. It is probably necessary to combine heparin
with a host-directed treatment that influences cyto-
kine release, vWf multimers or blocks the complement
cascade. The role of antiplatelet therapy in treating
COVID-19 remains unclear. Ongoing clinical trials are
testing host-directed therapies for treating COVID-19.
To date, anakinra, eculizumab, bamlanivimab, and
etesevimab were shown to improve clinical outcomes
in specific patient populations.
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