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COVID-19: Complement, Coagulation, and Collateral
Damage
Martin W. Lo,* Claudia Kemper,† and Trent M. Woodruff*

Coronavirus disease of 2019 (COVID-19) is a highly
contagious respiratory infection that is caused by the se-
vere acute respiratory syndrome coronavirus 2. Although
most people are immunocompetent to the virus, a small
group fail to mount an effective antiviral response and
develop chronic infections that trigger hyperinflamma-
tion. This results in major complications, including acute
respiratory distress syndrome, disseminated intravascular
coagulation, and multiorgan failure, which all carry poor
prognoses. Emerging evidence suggests that the comple-
ment system plays a key role in this inflammatory reac-
tion. Indeed, patients with severe COVID-19 show
prominent complement activation in their lung, skin,
and sera, and those individuals who were treated with
complement inhibitors all recovered with no adverse reac-
tions. These and other studies hint at complement’s ther-
apeutic potential in these sequalae, and thus, to support
drug development, in this review, we provide a summary
of COVID-19 and review complement’s role in COVID-
19 acute respiratory distress syndrome and coagulopathy.
The Journal of Immunology, 2020, 205: 1488–1495.

C
oronavirus disease of 2019 (COVID-19) has become
a worldwide viral pandemic that has, at the time of
writing, infected over 10 million individuals and caused

over 500,000 deaths (1). In response, governments have taken
unprecedented measures including instituting nationwide
shutdowns and border closures that have impacted economies
to an estimated cost of US $2.5 trillion (3% of global gross
domestic product) (2). This double bind may seem like an
insoluble problem, but only a small percentage of patients
present with the lethal complications of acute respiratory
distress syndrome (ARDS), disseminated intravascular coag-
ulation (DIC), and multiorgan failure (MOF) (3). Thus,
better treatments for severe COVID-19 would allow countries
to operate with substantially fewer restrictions and fatalities.
Emerging evidence suggests that complement plays a key role

in these critical patients, and thus, in this article, we review
COVID-19’s key features and make a case for the use of com-
plement therapeutics in COVID-19 ARDS and coagulopathy.

COVID-19 etiology and pathogenesis

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) first emerged in December 2019 in Wuhan in Hubei
Province in China and is believed to have originated from a bat
reservoir and spread to an intermediate host where it developed
the capacity for human transmission (4). During the infection
process, SARS-CoV-2 targets specific cell types through its
spike glycoprotein (5). Canonically, this protein is proteo-
lytically activated by transmembrane serine protease 2/4 and
binds to the angiotensin converting enzyme II receptor on
pneumocytes, endothelial cells, enterocytes, myocardium, and
kidney cells (6, 7). In addition, the spike glycoprotein can
bind to CD147 on T lymphocytes, which has been linked
to the defective immune response seen in severe COVID-19
(K. Wang, W. Chen, Y.-S. Zhou, J.-Q. Lian, Z. Zhang, P. Du,
L. Gong, Y. Zhang, H.-Y. Cui, J.-J. Geng, B. Wang, X.-X. Sun,
C.-F. Wang, X. Yang, P. Lin, Y.-Q. Deng, D. Wei, X.-M. Yang,
Y.-M. Zhu, K. Zhang, Z.-H. Zheng, J.-L. Miao, T. Guo, Y. Shi,
J. Zhang, L. Fu, Q.-Y. Wang, H. Bian, P. Zhu, and Z.-N. Chen,
manuscript posted on bioRxiv). Once inside the host cell, the
virus uncoats and hijacks its genetic machinery to undergo
genomic replication and translation. This produces copies of
its genome and various proteins (i.e., spike, envelope, mem-
brane, and nucleocapsid), which are then assembled at the cell
membrane to form a mature viral particle that can bud and
propagate infection (8). These processes underpin the path-
ogenicity of SARS-CoV-2 and are key targets for future an-
tiviral therapies.

COVID-19 clinical presentations

The clinical presentation of COVID-19 varies widely in nature
and severity. Currently, there is an unknown number of
asymptomatic carriers in the community (9, 10), whereas
those who become symptomatic have a triphasic clinical
progression. Initially, these patients experience an incubation
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period with a median duration of 5.1 d (11), after which they
present with the archetypal features of fever, cough, fatigue,
myalgia, anorexia, and diarrhea (12). These symptoms persist
for ∼1 wk, at which point most patients recover (∼80%),
whereas a smaller percentage rapidly deteriorate and develop
ARDS (∼20%) (13), DIC, and/or MOF (14). The latter is
heralded by a profound lymphopenia and tends to occur in
those over the age of 65 y and those with comorbidities
(e.g., cardiovascular disease, diabetes mellitus, and obesity)
(15, 16). Unfortunately, this cohort has a poor prognosis.
Compared with ARDS from other causes, COVID-19 ARDS
has an elevated mortality rate of 26–62% that rises to 66–94%
once patients are placed on mechanical ventilation (17). Addi-
tionally, COVID-19 has a number of atypical presentations,
including large vessel thromboses (18, 19) and a Kawasaki-like
disease in children (20) that are likely due to an insidious form of
chronic inflammation. These complications of COVID-19 have
no currently available disease modifying treatments, and thus,
there is an urgent need for therapeutics in this space.

COVID-19 immunophenotypes

The diverse clinical presentations of COVID-19 reflect the
range of immune responses that occur in individuals. In
the majority of cases, patients with mild to moderate disease
experience a self-limiting course of symptoms and develop
an effective immune response that involves all of the so far
known aspects of innate and adaptive immunity. In this
scenario, viral Ags (e.g., RNA) activate endosomal and cyto-
plasmic pathogen recognition receptors (e.g., TLR3/7/8/9)
that initiate an effective viral response (21). This includes
the activation and recruitment of innate leukocytes to the sites
of viral sensing, a robust IFN response (22), and effective Ag
presentation and stimulation of the adaptive immune system,
which is critical for the production of cytotoxic lymphocytes
and antiviral Abs (23). By contrast, those with severe disease
are uniquely susceptible to the virus’ ability to undermine this
response. Specifically, SARS-CoV-2 can suppress IFN in-
duction (Y. Konno, I. Kimura, K. Uriu, M. Fukushi, T. Irie,
Y. Koyanagi, S. Nakagawa, and K. Sato, manuscript posted on
bioRxiv) and drive IL-6, IL-8, and IL-10 production (24), which
to varying degrees inhibits APC maturation (25, 26) and up-
regulates inhibitory receptors on NK and CD8+ T cells (27).
Additionally, severe COVID-19 patients have a profound pan
lymphopenia characterized by lymphocyte dysfunction, apo-
ptosis, and exhaustion (22, 28, 29). This phenomenon is mul-
tifactorial and most likely reflects viral infection of lymphocytes
(K. Wang, et al., manuscript posted on bioRxiv), inhibitory
cytokine production (27), synapse formation with immature
APCs (26, 30), and the age-related depletion of naive T cells
(31). Together, these defective antiviral processes allow the for-
mation of a persistent viral niche, which chronically activates the
innate immune system and causes significant collateral damage.

COVID-19 ARDS

In severe COVID-19, this maladaptive response drives ARDS,
which may be defined as an acute onset noncardiogenic pul-
monary edema requiring mechanical ventilation (32). Without
an effective antiviral response, SARS-CoV-2 causes sustained
pathogen recognition receptors stimulation, which leads to the
production of large quantities of chemokines and cytokines that
recruit various leukocytes and elicit a proinflammatory reaction

(33). Indeed, single-cell transcriptomic studies on bron-
choalveolar lavage fluid from moderate and severe patients
showed the latter group had enrichment of three distinct mac-
rophage subsets including group 1, which expressed monocyte-
like markers (i.e., S100A8, FCN1, and CD14); group 2, which
expressed high levels of chemokines (i.e., CCL2, CCL3, and
CXCL10); and group 3, which expressed immunoregulatory
(i.e., A2M, GPR183, and CCL13) and profibrotic genes
(i.e., TREM2, TGFB1, and SPP1) (33). Collateral damage to
host cells then creates a self-perpetuating cycle of necrosis and
inflammation, which results in hyaline membrane formation,
blood–air barrier breakdown, and fibrinous exudate produc-
tion, which all undermine gas exchange (34, 35). Addition-
ally, unlike in bacterial sepsis and influenza, monocyte and
perhaps other leukocyte production of cytokines is sustained.
Thus, as the disease progresses, excess cytokines (i.e., IL-1b,
IL-1⍺, IL-1ra, IL-2, IL-6, IL-7, IL-10, IL-12, G-GCSF,
M-CSF, TNF-⍺, IFN-⍺2, and IFN-?) (12, 36, 37) and
chemokines (i.e., CCL2, CCL3, and CXCL10) (12) begin to
accumulate in the bloodstream, which at a critical mass causes
MOF in what is termed a cytokine storm (38). Currently,
there are no treatments that can reverse COVID-19 ARDS,
and thus, there is an urgent need for research into anti-
inflammatory medications in this space.

COVID-19 coagulopathy

COVID-19 is also associated with a thrombogenic coagul-
opathy with a range of presentations. In this context, patients
consistently present with mild thrombocytopenia (39) and
increased D dimer levels (40) that correlate with disease se-
verity, whereas other coagulation measurements are more
varied (12, 41). In line with this, thromboses can occur in all
severities of COVID-19 and range from small to large vessel
clots, in which case reports have documented DIC (42),
microvascular thromboses (43), pulmonary emboli (44, 45),
aorto-iliac and mesenteric thrombi (19), and large vessel
strokes (18, 46). However, the mechanisms that underlie this
coagulopathy are enigmatic. Foremost, there is the well-
known connection between chronic inflammation and coag-
ulation (47), but other viral-specific processes may be at play.
For example, SARS-CoV-2 can infect and damage endothelial
cells (48) and cause cytokine storms and systemic inflammatory
syndromes (49), which both promote coagulation. Moreover,
the relationship between COVID-19 liver dysfunction and
coagulopathy has yet to be clarified (50). Nevertheless, given
that severe thrombotic complications occur in up to 85% of
intensive care patients (51), there remains a pressing need for
drug development in this space.

Comparison with severe acute respiratory syndrome coronavirus and
Middle Eastern respiratory syndrome coronavirus

Prior to discussing the role of complement in COVID-19, it
may be necessary to provide some background on the two other
major coronaviruses that offer some related insight. Severe
acute respiratory syndrome coronavirus (SARS-CoV) and the
Middle Eastern respiratory syndrome coronavirus (MERS-
CoV) are closely related to SARS-CoV-2, and together, they
are classed in the b-coronavirus family (52). The former
emerged in 2004 in Southern China, whereas the latter
emerged in 2012 in Jordan, and they share 79 and 50% se-
quence homology with SARS-CoV-2, respectively (52, 53).

The Journal of Immunology 1489
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SARS-CoV, like its contemporary, binds to the angiotensin
converting enzyme II host receptor, whereas MERS-CoV binds
to dipeptidyl peptidase 4, which is expressed on pneumocytes,
vascular endothelium, and a subset of mononuclear leukocytes.
Nevertheless, both cause similar histopathology, including a
thrombogenic coagulopathic state (54–57). In line with this,
SARS and MERS have comparable clinical features, including a
flu-like presentation, a triphasic clinical progression, similar
rates of lympho- and thrombocytopenia, and rare coagulo-
pathic events (14, 58–60). SARS-CoV and MERS-CoV also
have the capacity to undermine IFN responses and the adaptive
immune system (61–65) and induce similar leukocyte and
cytokine profiles to that of SARS-CoV-2. Indeed, patients with
severe SARS show upregulation of IL-1b, IL-6, IL-8, IL-12,
IL-18, IL-33, TNF-⍺, TGF-b, CCL2, CCL3, CCL5, CXCL8,
CXCL10, and IFN-g (38, 66), whereas those with severe
MERS have elevated levels of IL-1⍺, IL-1b, IL-6, IL-8, IL-10,
IL-15, TNF-⍺, TGF-b, and CXCL10 (59, 67, 68). Thus, al-
though there are obvious differences between the three viruses,
these similarities allow studies on SARS-CoV and MERS-CoV
to provide some insight into the pathology of COVID-19.

The complement system

The complement system is a collection of over 40 serine
proteases, receptors, and inhibitors that amplify danger signals
and augment inflammatory responses. In this review, we
provide a short summary of complement activation and ef-
fector mechanisms, although detailed information can be
found elsewhere (69–71). These serine proteases are inactive
in their native state but, once triggered, undergo proteolytic
cleavage and take part in a number of chain reactions that are
organized into three major pathways (Fig. 1). The classical
and mannose-binding lectin (MBL) pathways are canonically
activated by IgM/G and carbohydrate moieties on pathogens,
respectively. They converge at C2bC4b, which acts as a C3
protease or convertase that facilitates the cleavage of C3 into
C3a and C3b (72–75). Downstream, the alternative pathway
is a C3 amplification loop that can contribute up to 80%
of complement activation from upstream pathways and in
itself can be triggered by “altered” surfaces, such as damaged
or foreign tissue. The resultant C3b then joins C2bC4b from
the classical/MBL pathways or C3bBd from the alternative
pathway to form a C5 convertase, which cleaves C5 into C5a
and C5b, the latter of which associates with C6, C7, C8,
and C9 to form C5b9 or membrane attack complex (MAC)
(76–78). Superimposed over these three pathways, the ex-
trinsic pathway is a more recently recognized collection of
proteases that have isolated convertase activity, some of which
are part of the coagulation cascade (79–82). Once triggered,
complement’s key effectors include the opsonins, which mark
cargo for phagocytosis (i.e., C1q, C3b, and C4b) (83); the
anaphylatoxins (i.e., C3a and C5a), which are broad spectrum
immune activators (84–86); and MAC, which causes cell lysis
and can be an immunomodulator (87–89). Emerging evi-
dence suggests that complement is chronically activated in
severe COVID-19 and, given its potency, ubiquity, and ra-
pidity, is well placed as a drug target in this disease.

Complement-mediated hyperinflammation

As an added layer of complexity, complement has a dichot-
omous nature spanning a range of concentrations. In response

to low to moderate immune stimulation, complement induces
a localized inflammatory response that removes dangerous
agents and promotes tissue restoration. These processes are
tightly regulated and contained, and indeed, low complement
concentrations can inhibit cytokine production (90). Thus,
serum/plasma C5a concentrations seldom exceed 10 nM in
this context (91). By contrast, in response to high levels of
immune stimulation, complement can become uncontrolled and
cause hyperinflammation. In this state, complement becomes
maladaptive and can cause significant collateral damage.
Specifically, neutrophils become unresponsive to anaphyla-
toxins, which undermines their antimicrobial activity; mac-
rophages produce excess cytokines, which promotes the
formation of cytokine storms; and endothelial cells produce
tissue factor (TF), which drives DIC (Fig. 2). These processes
are associated with serum/plasma C5a concentrations above
10 nM, as seen in patients with severe COVID-19 (Ref. 91
and T. Gao, M. Hu, X. Zhang, H. Li, L. Zhu, H. Liu, Q. Dong,
Z. Zhang, Z. Wang, Y. Hu, Y. Fu, Y. Jin, K. Li, S. Zhao,
Y. Xiao, S. Luo, L. Li, L. Zhao, J. Liu, H. Zhao, Y. Liu,
W. Yang, J. Peng, X. Chen, P. Li, Y. Liu, Y. Xie, J. Song,
L. Zhang, Q. Ma, X. Bian, W. Chen, X. Liu, Q. Mao, and
C. Cao, manuscript posted on medRxiv). Indeed, SARS-CoV-2
can induce the transcription of complement (i.e., C1r, C1s,
factor B, and C3) and coagulation genes (i.e., fibrinogen) in
pneumocytes and hepatocytes (B. Yan, T. Freiwald, D. Chauss,
L. Wang, E. West, J. Bibby, M. Olson, S. Kordasti, D. Portilla,
A. Laurence, M.S. Lionakis, C. Kemper, B. Afzali, and
M. Kazemian, manuscript posted on Research Square),
and genetic defects in complement regulator genes (i.e., CD55
and factor H) have been linked to SARS-CoV-2 susceptibility
(V. Ramlall, P. Thangaraj, N.P. Tatonetti, and S.D. Shapira,
manuscript posted on medRxiv). Thus, complement is likely to
drive a form of hyperactive and dysregulated inflammation in
severe COVID-19.

Complement in COVID-19 ARDS

The critical role of complement in COVID-19 ARDS con-
tinues to emerge as more studies are published. Initially, studies
showed that complement activation can occur as early as day 1
of symptom onset (92). However, complement’s pathoge-
nicity is probably confined to the middle to late stages of

FIGURE 1. Complement activation pathways. Inactive molecules and cleavage

products at tails and heads of arrows, respectively; intersecting lines denote

proteolytic cleavage; pathways are given in gray italics; and pathogen- and DAMP

detection mechanisms are given in bold.
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severe disease, in which patients have markedly elevated levels of
serum C5a and MAC (Ref. 93 and T. Gao, et al., manuscript
posted on medRxiv). In line with this, post mortem lung
samples from severe COVID-19 patients showed strong
immunohistochemical staining for MBL, MBL-associated
serine protease 2 (MASP2), C4a, C3, and MAC that colo-
calized with SARS-CoV-2 nucleocapsid (N) protein (Ref. 43
and T. Gao, et al., manuscript posted on medRxiv), which is
also seen in the kidneys of a subset of patients with dissemi-
nated infection (B. Diao, C. Wang, R. Wang, Z. Feng,
Y. Tan, H. Wang, C. Wang, L. Liu, Y. Liu, Y. Liu, G. Wang,
Z. Yuan, L. Ren, Y. Wu, and Y. Chen, manuscript posted on
medRxiv). These findings suggest that SARS-CoV-2 can di-
rectly activate complement in ARDS, and indeed, a preprint
study showed that its N protein is able to potentiate MASP-
2–dependent complement activation (T. Gao, et al., manuscript
posted on medRxiv). Moreover, transcriptomic studies on bron-
choalveolar lavage fluid from severe COVID-19 patients found
elevated ficolin 1 expression in monocyte-derived macrophages,
which may further support MBL pathway activation (33).
Downstream of these pathways, the anaphylatoxins are
thought to promote a host of immune processes, including
chemotaxis; NETosis; degranulation; and the production of
cytokines, inflammasomes, reactive oxygen species, and eicosa-
noids (85, 94–97), many of which are upregulated in severe
COVID-19 (e.g., chemotaxis, NETosis, IL-1b, IL-6, IL-8, IL-12,
TNF-⍺, and CCL3) (Refs. 98–101 and P. Skendros, A. Mitsios,
A. Chrysanthopoulou, D.C. Mastellos, S. Metallidis, P. Rafailidis,
M. Ntinopoulou, E. Sertaridou, V. Tsironidou, C. Tsigalou,
M. Tektonidou, T. Konstantinidis, C. Papagoras, I. Mitroulis,
G. Germanidis, J.D. Lambris, and K. Ritis, manuscript posted
on medRxiv). Moreover, MAC-mediated cell death and other
forms of collateral damage may cause the release of damage-
associated molecular patterns (DAMPs) (e.g., hyaluronan

and ATP) that can further activate complement in a self-
perpetuating cycle (Fig. 3) (102, 103). However, these
findings should be interpreted with caution as the relation-
ship between complement and ARDS is still a matter of
debate (104). Nevertheless, COVID-19 ARDS patients who
were treated with anti-C5 Abs (n = 2 and n = 4) and C3 in-
hibitors (n = 1) all recovered with no adverse effects (Refs. 105,
106, and T. Gao, et al., manuscript posted on medRxiv). Thus,

FIGURE 2. Complement-mediated hyper-

inflammation. In uncontrolled circum-

stances, complement induces a hyperactive

and dysregulated inflammatory response

that is associated with plasma C5a concen-

trations above 10 nM (top). In controlled

circumstances, complement induces a limited

inflammatory response that is associated

with plasma C5a concentrations below

10 nM (bottom).

FIGURE 3. Complement-mediated inflammation in COVID-19 ARDS.

SARS-CoV-2 N protein binds to MASP2 and activates the complement

cascade; complement effectors then drive a proinflammatory response through

granulocytes and monocytes; and collateral damage establishes a positive

feedback loop of cell death and inflammation.

The Journal of Immunology 1491
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these promising results suggest that further research into
complement in COVID-19 is warranted.
Currently, the mechanisms that underlie these processes are

unknown; however, inferences may be gleaned from studies
in SARS and MERS. Like in COVID-19, SARS patients
have elevated serum complement levels (107–109), and in New
Zealand white rabbits, MERS-CoV can cause a defective adaptive
immune response and complement-mediated hyperinflammation
(110). These similar findings probably reflect the shared ability of
these coronaviruses to activate the MBL pathway. Indeed, all
their N proteins can activate MASP2 and exacerbate LPS-
induced pneumonia in mice (T. Gao, et al., manuscript pos-
ted on medRxiv). Given these similarities, mechanistic studies
on complement in SARS and MERS may provide additional
insight into COVID-19 and suggest that complement has
broad immune functions that affect multiple organs during a
coronavirus infection. C3 knockout mice infected with SARS-
CoV had decreased weight loss, respiratory dysfunction, lung
pathology, and levels of lung and serum cytokines (e.g., IL-1⍺,
IL-5, IL-6, TNF-⍺, and G-CSF) compared with their wild
type littermates (111). Similarly, anti-C5 Ab treatment in
MERS-CoV–infected human dipeptidyl peptidase 4 trans-
genic mice reduced their lung and spleen pathology, serum
cytokine levels (e.g., IL-1b, TNF-⍺, IFN-g, IL-12, and
CCL2), and viral replication in their lungs and brain (112).

Taken together, these findings highlight complement’s po-
tency and the wide range of effects in coronavirus-mediated
inflammation.

Complement in COVID-19 coagulopathy

Moreover, a small case series has implicated complement in
COVID-19 coagulopathy, which has a spectrum of presentations
that are ostensibly linked to a patient’s individual inflamma-
tory state. Specifically, mild patients appear to develop
thromboses secondary to an insidious form of chronic in-
flammation, whereas severe patients form clots in response to
complement activation. In line with this, placentas from
pregnant mothers with mild COVID-19 showed large vessel
thromboses with unremarkable staining for complement and
viral Ags (i.e., C3d, C4d, C5b, viral spike protein, and viral
RNA) (113). By contrast, severe patients may present with a
variety of thromboses, including retiform purpura with ex-
tensive colocalizing deposition of C3d, C4d, MAC, and viral
spike protein (43). It is not clear as to why this spectrum of
pathology occurs; however a likely hypothesis is that N pro-
tein–mediated complement activation is dependent on the
absence of an enveloping membrane. In this sense, in mild
disease, N proteins are hidden within viral envelopes and
infected cells, whereas in severe disease, collateral damage
to host cells causes the release of large quantities of im-
mature viral components that are free to activate the
complement cascade. Nevertheless, these initial studies suggest
that complement plays a key role in the coagulopathy of severe
COVID-19.
Although mechanistic data are lacking, a potential model for

complement–coagulation cross-talk in COVID-19 can be
devised from the literature. In reality, these thromboses are
probably driven by a combination of systemic and locally
activated complement (43, 114), but for simplicity, in this
review, we will focus on the latter. In such a model, viral
infection of the endothelium would lead to the production
and release of N proteins that would activate complement and
drive neutrophil, monocyte, and potentially endothelial produc-
tion of TF (Refs. 115, 116, and P. Skendros, et al., manuscript
posted on medRxiv) as well as cause intimal damage that
would expose subendothelial TF (48). The complement and
coagulation cascades would then cross over at two key points:
1) MASP2 and MAC can cleave prothrombin (117–119),
and 2) factor Xa, plasmin, and thrombin can cleave C3
(Fig. 3) (79). This complement–coagulation cross-talk in
theory facilitates a powerful positive feedback loop and may
explain the striking inflammation that surrounds the reti-
form purpura in severe COVID-19 (Fig. 4) (43). This
analysis highlights the therapeutic potential of complement

FIGURE 4. Complement–coagulation cross-talk in COVID-19 coagulop-

athy. Inactive molecules and cleavage products are at tails and heads of arrows,

respectively; intersecting lines denote proteolytic cleavage; pathways are given

in gray italics; and complement activation of coagulation factors and vice versa

are given in gray dashed lines.

Table I. Clinical trials of complement therapeutics in COVID-19

Drug MOA Drug Type ROA Company Clinical Phase

Conestat alfa Recombinant C1
esterase inhibitor

Protein i.v. Pharming Group II

APL-9 C3 inhibition Peptide i.v. Apellis III
AMY101 C3 inhibition Peptide s.c., i.v. Amyndas II
Zilucoplan C5 inhibition Peptide s.c. Ra Pharma II
Eculizumab C5 inhibition Ab i.v. Alexion Expanded access
Ravulizumab C5 inhibition Ab i.v. Alexion III

MOA, mechanism of action; ROA, route of administration.
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in COVID-19 coagulopathy, and thus, further research is
needed.

Therapeutic developments

Currently, 13 clinical trials are underway in the field of com-
plement therapeutics in COVID-19 (120). The field consists
mainly of trials for C3 and C5 inhibitors in COVID-19 ARDS
and include zilucoplan, AMY101, APL-9, eculizumab, and
ravulizumab (Table I). These drugs should cause widespread
complement inactivation despite high levels of viral proteins
and DAMPs, and some have been used safely in the clinic for
almost 15 y (121). Thus, we expect patients enrolled in these
trials to show improvement in clinical end points including
PaO2/FiO2, sequential organ failure assessment scores, re-
quirements for supplemental oxygen and mechanical venti-
lation, and survival. Indeed, severe COVID-19 patients
treated with eculizumab (anti-C5 Ab) and ruxolitinib (JAK1/
2 inhibitor) showed clinical improvement within 3 d of
treatment, which may in part be due to their ability to inhibit
the pathways (i.e., NF-kB and STAT1/2) that drive local and
hepatic complement synthesis (Ref. 122 and B. Yan, et al.,
manuscript posted on Research Square). To supplement these
trials, a small number of studies are also characterizing the
time profile of serum complement in COVID-19. This would
assist in the optimization of therapeutic doses and the time
window for treatment, which probably should occur some-
time after symptom onset, as complement may have beneficial
effects during the first phase of disease. These clinical trials
provide much needed hope, and we greatly anticipate their
outcomes.

Future research directions

Early SARS-CoV-2 studies and prior research in other re-
spiratory viral infections suggest that complement therapeutics
would be highly effective in severe COVID-19. However, two
questions remain unanswered. First, the time window for
treatment has yet to be established. Complement is rarely used
as a biomarker in this fashion as most fragments have a very
short t1/2, and studies suggest that complement distributions
overlap in moderate and severe patients (93). However, a
preprint study suggests that erythrocyte-bound C3 may be a
useful marker in this respect (L.M. Lam, S.J. Murphy,
L. Kuri-Cervantes, A.R. Weisman, C.A.G. Ittner, J.P. Reilly,
M.B. Pampena, M.R. Betts, E.J. Wherry, W.C. Song,
J.D. Lambris, D.B. Cines, N.J. Meyer, and N.S. Mangalmurti,
manuscript posted on medRxiv). Thus, further research is
needed to identify clinical and inflammatory markers that
could be used to guide therapeutic intervention. Second,
the precise mechanisms by which complement drives severe
COVID-19 have yet to be validated and include complement-
driven cytokines and viral protein activation of complement–
coagulation cross-talk. Given that future outbreaks of
similar viruses are inevitable (123), defining these underlying
mechanisms will enhance our understanding of complement
in coronavirus and other viral infections, which will support
drug development and their clinical application for years to
come.

Conclusions
COVID-19 serves as a reminder of the modern world’s vul-
nerability to infectious diseases. Nations are now heavily

interconnected and interdependent, which allows pandemics
to rapidly form and become difficult to manage without se-
vere economic consequences. However, by developing treat-
ments that can reduce the lethality of these infections, we
may simultaneously minimize their death rates and economic
fallouts. The development of complement therapeutics in
COVID-19 may therefore be a critical step toward managing
coronavirus outbreaks now and into the future.
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