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Abstract

In December 2019, the world was introduced to a new betacoronavirus, referred to
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) for its propensity
to cause rapidly progressive lung damage, resulting in high death rates. As fast as
the virus spread, it became evident that the novel coronavirus causes a multisystem
disease (COVID-19) that may involve multiple organs and has a high risk of thrombo-
sis associated with striking elevations in pro-inflammatory cytokines, D-dimer, and
fibrinogen, but without disseminated intravascular coagulation. Postmortem studies
have confirmed the high incidence of venous thromboembolism, but also notably
revealed diffuse microvascular thrombi with endothelial swelling, consistent with a
thrombotic microangiopathy, and inter-alveolar endothelial deposits of complement
activation fragments. The clinicopathologic presentation of COVID-19 thus paral-
lels that of other thrombotic diseases, such as atypical hemolytic uremic syndrome
(@HUS), that are caused by dysregulation of the complement system. This raises the
specter that many of the thrombotic complications arising from SARS-CoV-2 infec-
tions may be triggered and/or exacerbated by excess complement activation. This is
of major potential clinical relevance, as currently available anti-complement therapies
that are highly effective in protecting against thrombosis in aHUS, could be effica-
cious in COVID-19. In this review, we provide mounting evidence for complement
participating in the pathophysiology underlying the thrombotic diathesis associated
with pathogenic coronaviruses, including SARS-CoV-2. Based on current knowledge
of complement, coagulation and the virus, we suggest lines of study to identify novel
therapeutic targets and the rationale for clinical trials with currently available anti-

complement agents for COVID-19.
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1 | INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic® continues to spread, a rising cause of morbidity and mor-
tality.2 Although the course of the resultant disease, COVID-19, varies,
the most severe manifestations are catastrophic multiorgan failure with
widespread inflammation, microvascular thrombosis, and increased risk
of venous thromboembolism.>? In spite of comprehensive intensive care
with cardiorespiratory support, anti-inflammatory agents, antibiotics
where needed, and anticoagulants,10 there are still no proven effective

therapies,n’12

and death rates remain high. This highlights the critical
need to expand our knowledge of the pathophysiological mechanisms
underlying the dramatic host response to SARS-CoV-2 infection toward
the design of urgently needed diagnostic and therapeutic strategies.

The aggressive nature of COVID-19 is reminiscent of other
rapidly progressive, organ-damaging, thrombotic disorders where
innate immune host responses escalate out of control. This is exem-
plified by the thrombotic microangiopathy (TMA), atypical hemolytic
uremic syndrome (aHUS), where the major multiprotein, bloodborne
component of the innate immune system, complement, is overacti-
vated because of loss-of-function or gain-of-function mutations in
complement regulatory genes.'® Before the introduction of the an-
ticomplement drug, eculizumab,***> aHUS episodes, often triggered
by a preceding viral illness, commonly resulted in accelerated micro-
vascular thrombosis and multiorgan damage, with a high mortality
rate, similar to what is all too often seen with COVID-19. There are
compelling arguments to support the notion that complement over-
activation also participates in SARS-CoV-2-triggered thrombosis and
multiorgan failure. We hypothesize that many of the manifestations
of COVID-19 are mediated in part by excess activation of comple-
ment, initiated directly by virus surface constituents and infected
cell modulation, overall contributing to the thromboinflammatory
tempest. If this is true, administration of available and/or newly de-
veloped anti-complement therapies might be beneficial toward im-
proved outcomes for COVID-19.

In this review, we describe the links between complement and
coagulation, the evidence that supports a role for complement in
COVID-19, potential mechanisms by which SARS-CoV-2 triggers
complement activation and thromboinflammation, underline some
of the challenges and inconsistencies to this hypothesis, and propose
several therapeutic strategies using existing drugs and new potential

targets.

2 | COMPLEMENT ACTIVATION

The complement system comprises >40 soluble and membrane-
bound proteins, eliciting innate immune responses via opsonization,
destruction and elimination of pathogens and damaged/apoptotic/
infected host cells, and recruitment of inflammatory cells and
adaptive immunity.2®” Following recognition of pathogen- and/or
danger-associated molecular patterns (DAMPs), complement is ac-

tivated in a cascade-like fashion via three pathways. These have in
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FIGURE 1 Complement pathway overview and therapeutic
intervention. The three pathways of complement initiation are
depicted. The alternative pathway (AP) is initiated by spontaneous
hydrolysis of the intramolecular thioester within C3, thus
providing a continuous source of the C3b-like cofactor C3(H,0)
that accelerates the proteolytic generation of the cofactor C3b
for pathway propagation and anaphylatoxin C3a generation. The
classical pathway (CP) is initiated by association of the C1q/r/s
complex with antibody bound to a multivalent foreign particle,
resulting in generation of the cofactor C4b, which accelerates
enzymatic generation of C3a and C3b and mild anaphylatoxin C4a.
Like the CP, initiation of the lectin pathway (LP) by recognition

of foreign lectins by the MBL/MASP complex results in C3b/C3a
production via C3 convertase. Once enough C3b accumulates,

its cofactor activity produces the cofactor C5b, which triggers
MAC assembly and foreign membrane permeabilization. The most
potent complement anaphylatoxin, C5a, is a by-product. Several
complement loci have been targeted for therapeutic intervention:
(@), CP/LP pathway initiation is inhibited by the serpin, CI-INH, at
the level of MASP and C1r; (2), C3a and C3b product formation

is inhibited by the compstatin derivatives AMY-101 and APL-2;

(3®), the anaphylatoxin C5a interaction with its cellular receptor is
prevented by the humanized monoclonal antibody, BDB0O01; and (4)
C5b and C5a generation is inhibited by the humanized monoclonal
antibodies, eculizumab and ravulizumab, thus preventing MAC
assembly [Colour figure can be viewed at wileyonlinelibrary.com]

common the generation of potent biological effectors, including the
covalent deposition of C3b onto foreign particles for macrophage
targeting; the production of chemotaxins and anaphylatoxins, C3a,
C4a and C5a; and the membrane insertion of a lytic membrane at-
tack complex (MAC). These trigger an inflammatory response and

destruction of the invading pathogen (Figure 1).
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The lectin and classical pathways (LP and CP, respectively) are
triggered by interactions of mannose binding lectin (MBL) and Clq,
respectively, to pathogens and damaged cells. This leads to genera-
tion of MBL-associated serine proteases (MASPs)® for the LP, and
Cir and C1s for the CP. MASP-2 and C1s have in common that they
cleave C2 and C4 to generate the CP/LP C3 convertase, C4b2b, with
liberation of C3a and C4a. The alternative pathway (AP) is consti-
tutively "on" by virtue of continuous hydrolysis of C3 to C3(H,0),
generating the C3 convertase, C3bBb, when factor B is cleaved
by factor D. Thus, all pathways converge to form a C3-convertase,
which proteolyses C3 into C3a and C3b, subsequently shifting in
specificity to C5-convertase, proteolyzing C5 to liberate C5b and
C5a. C5b assembles with C6, C7, C8, and C9 molecules to yield the
MAC comprising C5b-9. Mediated primarily by binding and signal-
ing via their respective cognate receptors, C3aR and C5aR1/2, the
anaphylatoxins C3a and C5a are potent biological effectors of the
complement system. A thrombo-inflammatory response may be elic-
ited by a broad range of effects, including recruiting leukocytes, and
activating platelets and endothelial cells.**2°
Several fluid-phase and membrane-anchored regulators strictly
moderate and localize complement, including, for example, factor H
(FH), C4bBP, CD46, CD55, CD59, and thrombomodulin.?*%’ Excess
complement activation from loss-of-function or gain-of-function
mutations in these factors notably causes thrombosis and resultant
tissue damage as seen in aHUS and paroxysmal nocturnal hemoglo-
binuria (PNH).283 This is relevant to COVID-19, which is similarly

strongly associated with vascular thrombosis and inflammation.32-°

3 | SPIRALLING ACTIVATION OF
COMPLEMENT AND COAGULATION

Several molecular and cellular mechanisms by which complement ac-

d36,37 (

tivation promotes coagulation have been delineate Figure 2).

For example, the MASPs activate prothrombin, cleave fibrinogen to
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fibrin, enhance factor Xllla activity, and activate protease activated
receptors (PARs)®#! (Figure 3). C5a triggers release of prothrom-
botic factors from platelets, induces expression of the coagulation
initiator tissue factor (TF) on endothelial cells and monocytes,“z'43
and suppresses expression of natural anticoagulant proteins. C5a
furthermore induces P-selectin exposure, which is a C3b receptor,20
thus providing a site on the platelet for C3/C5 convertase assembly,
amplifying complement activation. C5b-7 activates TF on mono-
cytes,** and C5b-9 activates platelets and endothelial cells and
promotes TF procoagulant function.*>*” Notably, the key comple-
ment-induced procoagulant factors, thrombin and TF,*®%7 feed back
and amplify complement activation, thereby sustaining a vicious, es-
calating, and tissue-damaging cycle. This is further exacerbated by
the virus itself, which may acquire and express host TF.*°>3 Overall,
there is an often-overlooked but relevant bidirectional interplay
between complement and coagulation, which may help explain the
high incidence of thrombosis in COVID-19.

4 | SARS-COV-1 AND MERS-COV:
TRIGGERS FOR COMPLEMENT-MEDIATED
THROMBOPATHY?

Serious epidemics have recently been caused by betacoronaviruses,
with significant homology to SARS-CoV-2, these being SARS-CoV-1
and Middle East respiratory syndrome (MERS)-CoV. A review of the
clinical and pathological findings in survivors and nonsurvivors of
SARS-CoV-1 infection revealed a high incidence of venous throm-
boembolism (VTE), as well as microvascular thrombosis involving
multiple organs,® like COVID-19. Although data are more limited,
the epidemic resulting from MERS-CoV was also associated with a
high risk of VTE.? Interestingly, transgenic overexpression in mice of
the receptor responsible for MERS-CoV entry into cells, resulted in a
virus-triggered, rapidly progressive pulmonary disease, with diffuse

microvascular thrombosis.”* Combined with SARS-CoV-2, these

FIGURE 2 The humoral MASP-
thrombin coagulation amplification cycle
and reciprocal thrombin-complement
crossover. When associated with a
mannose-rich foreign particle (such

as a virus-infected cell surface), MBL
triggers MASP-mediated prothrombin
(F11) activation to thrombin (Flla), which
feedback amplifies its own generation
via the coagulation cascade (black lines).
MASP and thrombin share substrate
specificity resulting in cell modulation
and crosslink-stabilized clot formation.
Thrombin crosses over into complement
by cleaving C3 and C5, propagating
inflammation and anaphylaxis [Colour
figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 3 Complement- and coagulation-mediated cell activation in COVID-19. SARS-CoV-2-encoded spike (SP) and nucleocapsid (NP)
proteins can directly induce LP stimulation via MBL and MASP, respectively, triggering the complement-coagulation crossover pathways
and deposition of membrane attack complex (MAC) on infected cell surfaces. Perturbation of the cell membrane by MAC is known to induce
extracellular vesicles (EV), which contain TF, thus further amplifying thrombin generation. Thrombin and MASP directly cleave protease
activated receptors (PAR) leading to activation of endothelial cells, leukocytes, and platelets and additional production of thrombin. Ligand
engagement by C5a (C5aR) and C3a (C3aR) receptors induces numerous cell changes including P-selectin (P-Sel) stimulation, which can
localize complement cofactors C3b and C3(H,0) on the endothelium and platelets. C5aR and C3aR on leukocytes also trigger activation

of complement receptors (CR), which bind C3b and its degradation products that modulate cell function. The stimulation of anaphylatoxin
receptors and PARs can cause release of pro-inflammatory intracellular granule contents. Thus, virus-induced provocation of complement
cofactors and anaphylatoxins and thrombin, cause cellular amplification of thromboinflammation [Colour figure can be viewed at

wileyonlinelibrary.com]

findings imply that thrombosis of large and small vessels are typical
clinical characteristics of the betacoronavirus genus. But does com-
plement participate, and if so, how?

Preclinical studies with SARS-CoV-1 and MERS-CoV support the
notion that complement activation is not only associated with vi-
rus-related organ damage, but also is likely causative. In mouse mod-
els, intranasal administration of MERS-CoV°® triggered inflammatory
lung damage, with increased deposition of C5b-9, and elevated cir-
culating levels of C5a, IL-1B, tumor necrosis factor-a (TNF-a) and
interferon-y. Inhibition of C5aR with specific antibodies, reduced
complement activation, alleviated the lung damage, and limited viral
replication. By a similar approach, Gralinski et al’® administered
SARS-CoV-1 to mice, inducing lung damage with increased tissue
deposition of C5b-9, C3b, and C4d, amounts of which correlated
with severity of injury. A role for complement activation in this ad-
verse viral response, was confirmed by the marked reduction in lung
pathology and cytokine release when the virus was administered to

mice deficient in C3. Protection was also afforded to mice lacking C4

and factor B, but to a lesser extent than with C3 deficiency. These
data implicated both the AP and the CP/LP as mediating the SARS-
CoV-1-triggered lung injury.>®

Other studies have revealed direct interactions of these coro-
naviruses with components of the LP. In vitro, MBL binds to im-
mobilized SARS-CoV-1 likely via surface glycans, and enhances
C4 deposition on the virus in a mannan-dependent manner.®” The
group of Gao et al®® has performed the most extensive studies
(albeit reported in a non-peer-reviewed publication) that under-
score the role of the LP. Expanding on the work of Ip et al,*” they
showed that a site of N-glycosylation within the spike protein of
SARS-CoV-1 binds to and activates MBL, thereby enhancing the
cleavage of C3 via the LP. They further demonstrated that there
is a highly conserved motif within the nucleocapsid (N) protein of
SARS-CoV-1, MERS-CoV, and SARS-CoV-2 that binds to MASP-2
and triggers its dimerization and autoactivation, resulting in en-
hanced C4 cleavage and generation of the LP C3 convertase in

the presence of mannan and MBL (Figure 3). They also showed
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that the N-protein resides in close proximity to MASP-2 on SARS-
CoV-1-infected pulmonary cells. Thus, these complement-linked
adaptations of the N-protein may have evolved to contribute to
the virulence of the betacoronaviruses.

That the N-protein has been found in the serum of patients acutely
infected with SARS-CoV-1°7¢° raises the likelihood that the preced-
ing observations are pathophysiologically relevant. In an LPS-triggered
lung injury model in mice, gene delivery of the SARS-CoV-1 N-protein
caused profound damage/inflammation, with increased neutrophil
accumulation, and C3 fragment and C4b deposition.’® Consequently,
Masp-2 deficient mice were relatively resistant to this LPS-N-protein
challenge, experiencing less severe pneumonia and a shorter course
of illness. Mortality and lung damage were also significantly reduced
by coadministration of anti-N antibodies, anti-MASP-2 antibodies, or
Cl-esterase inhibitor (C1-INH), all consistent with the LP mediating
the N-protein triggered disease. Similar findings were obtained when
the MERS-CoV N-protein was administered, with partial rescue of the
mice achieved with C1-INH and anti-MASP-2 antibodies, indicating a
general response to betacoronaviruses by the LP.

5 | EVIDENCE SUPPORTING A ROLE FOR
COMPLEMENT IN COVID-19-ASSOCIATED
THROMBOSIS

Taken together, the preceding evidences strongly suggest that there
is a direct correlation between the complement overactivation and
thrombopathies associated with infections with SARS-CoV-1 and
MERS-CoV. Similarly, the data for complement participating in the
pathogenesis of thrombosis and end-organ damage associated with
COVID-19, albeit less abundant, are nonetheless supportive. In the
few postmortem studies of COVID-19 patients that have been pub-
lished, there were increased inter-alveolar endothelial deposits of
MBL, MASP-2, C4b, C3b, and C5b-9,3! as well as C5b-9 deposits
in the glomeruli of kidneys.®? These reports are in line with excess
activation of the LP, as appears to occur with the other pathogenic
coronaviruses.”® This is not surprising, as the spike protein of SARS-
CoV-2 is heavily glycosylated with L-fucose and mannose,®® thereby
providing recognition sites for MBL binding and activation of the LP.
Providing a direct link to the thrombotic diathesis of patients with
COVID-19, complement hyperactivation was accompanied by histo-
pathologic evidence, particularly in the lungs, comprising diffuse mi-
crovascular thrombi and endothelial swelling consistent with TMA,
which is a hallmark of aHUS.3%%! This was not an isolated finding, as
similar small vessel changes with microthrombi were also observed
in the largest autopsy series reported (12 patients).” These distur-
bances of the vasculature may also be caused by direct endothe-
lial invasion by SARS-CoV-2 via the ACE-2 receptor,®* which would
promote a prothrombotic and pro-inflammatory phenotype, with
exposure of DAMPs and activation of the CP. Interestingly, although
anemia, thrombocytopenia, and particularly elevations in lactate hy-
drogenase are frequently observed in patients with COVID-19, frag-

mentation hemolysis is not a major feature. This does not, however,

exclude a diagnosis of complement-mediated TMA, as even in ac-
tive aHUS, schistocytes are not always detected on peripheral blood
smear examination.®>¢¢

Overall, we propose that SARS-CoV-2 triggers complement acti-
vation through its recognition by the host as a foreign pathogen, by
its acting as a cofactor to enhance LP activation, and by its invading
and injuring ACE-2 receptor-expressing host cells. This inevitably
promotes a thromboinflammatory response, which in turn, cycles
back to further amplify complement activation and clotting. Proving
this hypothesis will require clinical trials with anti-complement ther-
apies, several of which are under way. These will be discussed in the

following section.

6 | OTHER CONSIDERATIONS

Despite the evidence that rapid onset of microvascular thrombosis
and multiorgan failure following SARS-CoV-2 infections may at least
in part, be mediated via hyperactivation of complement, major gaps
remain in our understanding of the mechanisms and the reasons for
the varied manifestations. For example, is the CP also involved? Is
the increased risk of VTE and large vessel arterial thrombosis®* in
COVID-19 patients also complement-mediated? Does SARS-CoV-2
cause direct dysregulation of complement and is this an advantage
to the virus? Can the often-profound pro-inflammatory response
that accompanies thrombosis in COVID-19 be explained by comple-
ment activation? Why do children appear to either be spared from
disease or sometimes follow a different course? Are there genetic
variants in complement regulatory genes that determine severity of
outcome? Finally, which therapeutic anti-complement interventions
should be considered to best prevent/treat the thromboinflamma-
tory response to SARS-CoV-2 infection?

6.1 | CP, coagulation, and COVID-19

It has been speculated that following exposure to SARS-CoV-2, anti-
viral 1IgM and IgG antibodies may be generated, resulting in immune
complexes on the virus or the infected cell(s), thereby triggering com-
plement activation via the CP.%” Although reasonable, to our knowl-
edge, this has not yet been demonstrated with any of the pathogenic
coronaviruses, using available in vitro or in vivo models. This would be
important to determine, as there are clinically tested, safe and avail-
able anti-complement therapies that specifically target C1s,°8 or both
C1s and the MASPs, the latter through the use of C1-INH.®

6.2 | Does complement activation trigger venous
thromboembolism and arterial thrombosis in
COVID-19?

The incidence of VTE in COVID-19 ranges from ~10% to 35%’°,

with autopsies indicating that it may exceed 50%.” The mechanisms
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underlying the thrombosis are entirely unknown. Although many
of these patients have elevated D-dimer and fibrinogen, they also
commonly have increased C-reactive protein and IL-6, consistent
with a vigorous inflammatory response.®> The thrombopathy may
be a response to direct virus-induced damage to vascular endothe-
lial cells®* and/or the virus acquiring TF from host cells, both trig-
gering coagulation activation.’®°25371 However, it is also possible
that complement contributes. In contrast to aHUS, which causes a
TMA with microvascular thrombi, the complement-mediated dis-
order, PNH, is strongly associated with VTE and arterial thrombo-
sis.3%31 PNH is caused by somatic mutations in the PIGA gene that
result in loss of glycosylphosphatidylinositol-anchored proteins,
including complement negative regulators CD55 and CD59 on he-
matopoietic stem cell clones. There are multiple mechanisms by
which thrombosis in PNH may occur, but the strong protection af-
forded by eculizumab is overwhelming evidence of the central role
of complement.3%%!

SARS-CoV-2 infection might impart a PNH-like thrombotic
phenotype through one of several proteases encoded by the viral
genome, including the nonstructural protein MP™ (also known as
3CLP™ or Nsp5) that has chymotrypsin-like activity. MP™ in turn,
generates multiple additional nonstructural proteins from the virus,
several of which also possess proteolytic properties.”?> Complement
activation products have been detected on erythrocytes of patients
with COVID-19,”® but the relevance of these findings have not been
explored. It is conceivable that one or more of the SARS-CoV-2 pro-
teases cleave glycosylphosphatidylinositol-anchored complement
regulatory proteins from the surface of circulating or vascular endo-
thelial cells, resulting in a PNH-like phenotype predisposing to large
vessel thrombosis.

6.3 | SARS-CoV-2 proteases, complement,
coagulation, and the cytokine storm

The detection of SARS-CoV-1 proteins in the serum of acutely in-

fected patients,””¢°

and the proteolytic activities of some of the
SARS-CoV-2-encoded proteins, raises other considerations that
may help explain heightened cyclical activation of complement and
coagulation. It is possible that one or more SARS-CoV-2-encoded
proteins released into the blood following lysis of infected cells,
augment complement activation and the resultant risk of TMA and/
or large vessel thrombosis by altering the function of complement
factors and/or coagulation factors, similar to what may occur when
the N-protein interacts with MASP-2.%8 Like thrombin, plasmin, and
other serine proteases, it is also possible that SARS-CoV-2-encoded
proteases cleave and activate C3 and/or C5,%7* liberating more
of the pro-inflammatory/pro-coagulant C5a and augmenting the
amount and/or activity of the prothrombotic MAC. Alternatively,
SARS-CoV-2 proteins may bind to and/or cleave/inactivate negative
regulators of complement, such as occurs with FH in its interactions
with multiple microorganisms.”®> Such phenomena may not be re-

stricted to the extracellular environment.
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The long-held view that complement activation occurs only in
the circulation and on the surface of cells, pathogens, and foreign
surfaces has recently been supplanted by recent studies that reveal
roles also for intracellular complement (referred to as the complo-
some) in immune cell regulation.”® Indeed, most complement com-
ponents, including C3, C5, and FH, may be synthesized by many
immune and nonimmune cells, including epithelial and endothelial
cells. Intracellular activation of complement via cleavage of C3 and
C5 can be triggered by pathogens such as viruses, leading to a strong
proinflammatory cytokine response, with the release of, for exam-
ple, IL-6, IL-1p. and TNF-o.”” Notably, it is these pro-inflammatory
cytokines that are characteristically elevated in severe COVID-19,
eliciting the so-called "cytokine storm."%>

The mechanisms underlying the prominent COVID-19-associated
hyper-inflammatory response are not well understood. However, ex-
cess complement activation by itself is not a plausible explanation,
as this phenomenon is not observed in aHUS. Extensively reviewed

by others,’87?

it has been proposed that SARS-CoV-2 invasion of
ACE-2 receptor expressing cells (airway epithelial cells, vascular
endothelial cells, circulating monocytes), causes cellular damage,
exposure of DAMPs, release of pro-inflammatory chemokines and
chemoattractants (including C3a and C5a), resulting in recruitment
of inflammatory leukocytes that release for example, IL-1p, IL-6, IL-
18, TNF-a, and interferon-y, all of which work in concert to trigger
a self-amplifying pro-inflammatory cascade with massive release of
cytokines. In addition to promoting widespread vascular and organ
damage, these cytokines also exhibit prominent prothrombotic
properties, triggering platelet activation, the release of reactive oxy-
gen species by neutrophils, upregulated expression of monocyte TF,
and reduced synthesis and function of vasculoprotective molecules,
such as thrombomodulin.8%8 Although suppressing complement
alone may not be sufficient to halt this virus-triggered cyclone of
organ-damaging events, such a therapeutic strategy may have value

when given in conjunction with other therapeutic modalities.®?

6.4 | Age-dependent differences in COVID-19:
thrombosis in children?

The clinical spectrum following SARS-CoV-2 infection ranges
from asymptomatic to critically ill, with severity highest in the
very elderly, particularly in those with preexisting comorbidities,
and lowest in children. Although children and adolescents have
a low incidence of symptomatic infections compared to adults,
those who do require hospitalization, may suffer from what has
been termed a "multisystem inflammatory syndrome in children
(MIS-C)."8% Sharing features with other rare disorders, including
Kawasaki disease, toxic shock syndrome, and hemophagocytic
lymphohistiocytosis,®* the presentation is distinct from adult
COVID-19. Although varied, these patients suffer from cardio-
vascular shock with myocardial dysfunction, fever, mucocutane-
ous lesions, rash, gastrointestinal disorders, thrombocytopenia,

neutrophilia, evidence of acute kidney injury, and biochemical
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evidence of hyperinflammation. Strikingly, these younger indi-
viduals often lack severe pulmonary manifestations, and equally
enigmatic, thromboembolic events are rarely seen.® Complement
activation has not reportedly been measured in these patients.
Among various proposed explanations for the differing responses
in children and adults, it is possible that age-dependent differ-
ences in circulating ACE-2 and expression of the ACE-2 receptor
by host cells may contribute to the lower incidence of lung disease
and thrombosis.®>"®” Elucidating the pathogenic mechanisms for

MIS-C will be key for optimal treatment and prevention.

6.5 | Molecular determinants of outcome in
CoVID-19

As is evident, the determinants of susceptibility to infection, and the
pattern and severity of illness remain poorly understood. Ramlall

etal®®

evaluated the linkage between severe COVID-19 and genetic
variations associated with complement and coagulation pathways
by performing a candidate-driven analysis of the United Kingdom
Biobank® that comprises genetic, physical, and health data from
~500 000 individuals. Their analyses identified variants in CD55,
FH, and C4bBP,%8 all of which conferred a significantly increased risk
of an adverse clinical outcome. Interestingly, these negative regu-
lators of complement have also been linked to age-related macular
degeneration, another disorder that is most commonly manifest in
the elderly.”® Such information is not only further evidence of the
important role that complement likely plays in COVID-19, but if vali-
dated, may be of value in risk assessments which in turn will impact

on clinical decision making.

6.6 | Therapeutic considerations

While the world searches for effective means of halting the spread of
SARS-CoV-2, an array of strategic therapeutic approaches are being
tested to shorten the course of COVID-19 and to limit the complica-
tions, including for VTE, inflammation and end-organ damage from
microvascular thrombosis. Because of the complexity of the disease,
it is readily apparent that multiple interventional strategies will be
necessary to abrogate progression and to effect recovery and heal-
ing. Itis also evident that current anticoagulant strategies will not be
adequate to fully protect these patients from thrombosis; however,
anti-complement drugs might be of benefit.

There are numerous potential sites in the complement system
that may be targeted to help treat COVID-19 (Figure 1). Several
anti-complement drugs are currently in the clinic, being evaluated
or used for a variety of complement mediated disorders. One or
more of these may be well-suited for evaluation of efficacy for
COVID-19.

Activation of the primary effector of complement, C3, would
seemingly be a logical target to attenuate the thrombopathology in

COVID-19. Compstatin derivatives that interfere with C3 convertase

activity, include, for example APL-2 (Apellis Pharmaceuticals) and
AMY-101 (Amyndas Pharmaceuticals). The safety of an approach
that would suppress activation of all three pathways’? in the set-
ting of a viral infection has been reasonably questioned. However,
such fears may be partly allayed by several lines of evidence: First,
although children with inherited deficiency of C3 are more suscep-
tible to infections, for unexplained reasons, they do not carry that
risk into adulthood.”? Second, pharmacologic suppression of C3 in
nonhuman primates did not result in adverse effects. In fact, skin
wounds of the C3-deficient animals tended to heal more rapidly.”®
Third, C3-deficient mice were protected against tissue damage trig-
gered by SARS-CoV-1 infection.*® Finally, AMY-101 has been used
safely and apparently with benefit in a single adult patient with
COVID-19.%% It may be prudent to avoid using this approach in chil-
dren with COVID-19.

The apparent prominent role of the LP in mediating the lung
damage and thromboinflammatory response to all three of the
pathogenic coronaviruses, suggests that this pathway might also
be an ideal therapeutic target.95 MASP-2 is the only LP protease
that cleaves C4, and as noted previously, also has direct procoag-
ulant properties. Anti-MASP-2 monoclonal antibodies (OMS721,
Narsoplimab) have been deemed to be safe for aHUS, and are being
evaluated by Omeros Corporation in phase 3 studies.”” It would be
interesting to test its efficacy in COVID-19.

A naturally occurring LP inhibitor, C1-INH, has broader specific-
ity and is additionally a potent suppressor of the CP. It is widely and
safely used for patients with C1-INH deficiency, the basis of hered-
itary angioedema.®’ For treatment of COVID-19 and other throm-
bo-inflammatory diseases, C1-INH may also have the added benefit
of reducing activation of the contact pathway of coagulation and
generation of kallikrein and bradykinin, and thus controlling pulmo-
nary vascular permeability.”®

Anti-C5a and anti-C5aR blocking antibodies are also thera-
peutic options, inhibiting downstream in the complement cas-
cade, but without affecting assembly of the MAC. Administration
of anti-C5a antibodies (BDB0O01) to two patients with COVID-19
was associated with rapid resolution of fever, respiratory symp-
toms, hepatic dysfunction, and systemic inflammation (C-reactive
protein).58

Eculizumab and its long-acting form, ravulizumab, are well-es-
tablished for their efficacy in aHUS and PNH and are the only an-
ti-complement drugs for which clinical trials have been initiated
for patients with severe COVID-19. These target the terminal
pathway of complement, interfering with cleavage of C5, thereby
reducing the generation of the most potent anaphylatoxin,
C5a, and the MAC, both of which have pro-inflammatory and
pro-thrombotic properties, while allowing the formation of op-
sonic C3 and C4 by-products. In an uncontrolled trial, complicated
by other therapies, four patients with severe COVID-19 appeared

to derive benefit.””

Too early to draw conclusions, eculizumab has
the advantage of retaining generation of upstream C3 activation
products, and several years of clinical experience with the drug for

aHUS and PNH.
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The anecdotal nature of all of the reports to date necessitates
cautious optimism that dampening complement activation is a valid
therapeutic strategy to abrogate the thromboinflammatory sequelae
of SARS-CoV-2 infections. And whichever anti-complement drug is
selected, one must consider the potential increased risk of infection
from loss of one or more components of the complement system,
with early introduction of appropriate antibiotic and/or vaccination
protocols.”®

In terms of when to treat, we are of the opinion that early
intervention for COVID-19 with anti-complement agents may be
important to limit cell/tissue damage. Although a systematic eval-
uation of complement activation during COVID-19 has not yet
been performed, preliminary data from our laboratory (unpub-
lished) and others?’ indicate that complement activation occurs
early, with elevations in C5a and C5b-9 in patients with moderate
disease. Could early dampening of complement activation, and
thus the innate immune response to the virus, worsen the dis-
ease? Theoretically, this could occur if intervention is too early
(ie, when SARS-CoV-2-infected individuals are asymptomatic or
have mild disease). This should certainly be a consideration. At
the least, when the disease is at a mild stage, it might be a good
opportunity to vaccinate against encapsulated organisms or start
the appropriate antibiotic coverage, in the case that more aggres-
sive interventions, including anti-complement therapies, become
necessary.

Overall, the question as to when to administer anti-complement
agents and which ones to use, will only be answered with well-con-
trolled clinical trials, informed in part by comprehensive studies that
correlate severity of disease and outcomes, with biological markers

of complement activation.

7 | CONCLUSION

There is overwhelming evidence that the complement-thrombo-
sis axis is a successful therapeutic target to mitigate disease in
aHUS. Although the pathogenesis and progression of the multior-
gan damage resulting from SARS-CoV-2 are different from aHUS,
the clinicopathologic similarities justify consideration of comple-
ment as a therapeutic target to help to ameliorate the thrombo-
inflammatory and organ-damaging manifestations of COVID-19.
The deployment of existing anti-complement drugs with the aim
of dampening the severity of COVID-19 may have obvious advan-
tages. Using investigations with other betacoronaviruses and pre-
liminary evidence gathered from SARS-CoV-2 as a paradigm, will
furthermore spur the emergence of novel therapies. These may
interfere with interactions between the SARS-CoV-2-encoded
N-protein and MASP-2, the spike protein and MBL, or various
other SARS-CoV-2-encoded proteins that are found to promote
complement activation. The development of small animal models
to quickly assess efficacy in abrogating virus-induced thrombo-
inflammation will move these rapidly into the clinic for careful

evaluation.
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TABLE 1 Abbreviations

ACE-2 Angiotensin converting enzyme-2

aHUS Atypical hemolytic uremic syndrome

AP Alternative pathway of complement

C1-INH C1 esterase inhibitor

Cis, Cir CP serine proteases

C3a, C4a,C5a Complement anaphylatoxic peptides

C4b2b CP/LP C3 convertase

C5aR Receptor for C5a

CP Classical pathway of complement

DAMP Danger associated molecular pattern

FB FACTOR B

FH Factor H

IFN Interferon

IL Interleukin

LDH Lactate dehydrogenase

LP Lectin pathway of complement

LPS Lipopolysaccharide

MAC Membrane attack complex (C5b-9)

MASP MBL associated serine protease

MBL Mannose binding lectin

MIS-C Multisystem inflammatory syndrome in children

N-protein Nucleoplasmid protein of SARS-CoV-2

PAMP Pathogen associated molecular pattern

PAR Protease activated receptor

PNH Paroxysmal nocturnal hemoglobinuria

ROS Reactive oxygen species

SARS-CoV-2 Severe acute respiratory syndrome coronavirus- 2

TF Tissue factor

TMA Thrombotic microangiopathy

TNF Tumor necrosis factor

VTE Venous thromboembolism
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