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Thenovel Coronavirus SARS-CoV-2 is the viral pathogen responsible for the ongoingglobal pandemic, COVID-
19 (Coronavirus disease 2019). To date, the data recorded indicate 1.62 Mln deaths and 72.8 Mln people
infected (WHO situation report Dec 2020). On December 27, the first anti-COVID-19 vaccinations started in
Europe. There are no direct antivirals against SARS-CoV-2. Understanding the pathophysiological and inflam-
matory/immunological processes of SARS-CoV-2 infection is essential to identify new drug therapies. In the
most severeCOVID-19cases, anunregulated immunological/inflammatorysystemresults inorgan injury that
canbe fatal to the host in somecases. Pharmacologic approaches tonormalize the unregulated inflammatory/
immunologic response is an important therapeutic solution. Evidence associates a non-regulation of the
‘‘complement system” as one of the causes of generalized inflammation causing multi-organ dysfunction.
Serum levels of a complement cascade mediator, factor ‘‘C5a”, have been found in high concentrations in
the blood of COVID-19 patients with severe disease. In this article we discuss the correlation between com-
plement system and COVID-19 infection and pharmacological solutions directed to regulate.
� 2021 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.
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1. Introduction

1.1. SARS-CoV-2, clinical features

The new Coronavirus SARS-CoV-2 (COVID-19) is the cause of
Severe Acute Respiratory Syndrome (SARS), a severe form of viral
pneumonia. The virus spread rapidly from China to the rest of
the world in a very short time and with considerable intensity
and severity creating a ‘‘global emergency”. To date the data
recorded indicated about 1.62 million deaths and 72.8 million peo-
ple infected [52]. SARS-CoV-2 is an RNA virus similar for about 80%
of the viral genome to SARS-CoV (responsible for the 2003 out-
break) [53]. In vitro studies confirm that the virus penetrates
human cells by binding to ACE-2 protein, the angiotensin-
converting enzyme 2, which is part of the renin-angiotensin sys-
tem (RAS) (Guoping et al., 2020) and is considered as a possible
receptor protein. Patients infected with this virus are also known
to exhibit changes and variations in the concentrations of enzy-
matic components of the RAS during days of illness [20,41,42].
SARS-CoV-2 infection can also have a totally asymptomatic or
mildly symptomatic course. In a percentage of cases, the infection
has a course consisting of an asymptomatic or mildly symptomatic
initial phase and subsequent phases characterized by a generalized
inflammatory state causing multi-organ tissue injury and respira-
tory distress syndrome[50,3]. According to the observational stud-
ies conducted, most of the patients considered as severe cases have
bilateral interstitial pneumonia and a hyperactive inflammatory
state that is not only localized in the lung tissue, but in all tissues
of the body, causing multi-organ dysfunction and high risk of
thrombosis [40]. The presence of generalized inflammation in all
organs and the resulting increased risk of thrombosis requires
timely anti-inflammatory/immunomodulatory and anticoagulant
treatment. The generalized inflammatory state responsible for sev-
ere injury is caused by hyperactivation of components of the host
inflammatory/immune system characterized by a sudden and ele-
vated release of cytokines, an event called a ‘‘cytokine storm” that
leads to severe and sometimes fatal tissue damage. A major con-
tributor to this dysregulation of the inflammatory/immune system
is attributed to an overactive and unregulated complement system
[15,16]. In fact, elevated serum levels of C5a (complement cascade
component) have been reported in blood in COVID-19 patients
with severe staging, suggesting an important hyperactivation of
the complement system.
2. Discussion

2.1. Complement system and SARS-CoV-2

The pathophysiology of COVID-19 infection and the mechanisms
underlying the severe tissue damage is still not fully understood
and clear. In the early stages of infection, an adequate inflamma-
tory/immunological response is of paramount importance for the
host organism to fight the virus and avoid more severe stages of
infection. In the more severe stages of infection, an inadequate
and dysregulated inflammatory/immunological response to the
infection may be responsible for elevated accumulation of immune
cells and inflammatory mediators (cytokine storm) in tissues which
may lead to damage of the lung architecture and multi-organ dam-
age. In the early stages of viral infection, a proper initial inflamma-
tory response attracts T cells to the site of infection where they can
fight and eliminate virus-infected cells. In the more severe stages of
infection, if the immune response has not been sufficient to com-
pletely eliminate the viral load, a hyperactive and unregulated
inflammatory/immunologic response, induced by a cytokine storm,
can lead to severe lung injury, generalized inflammation, and multi-
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organ dysfunction [39]. Evidence has shown that in severe cases of
COVID-19, the high concentration of proinflammatory mediators
(particularly IL-2, IL-6, and TNF-a) is responsible for tissue injury.
A key contributor to the state of excessive inflammatory activation
in severe cases is the complement system. The complement system
is part of the immune system that provides an innate defense
against pathogens and mediates inflammatory responses. It consists
of numerous plasma proteins that, when activated, interact with
various cells and mediators of the immune system [30]. These acti-
vations and interactions vary throughout the stages of a viral infec-
tion, the complement system is responsible for a dual action, innate
immunity response, as well as in the events that occur later during
the adaptive immune reaction. Thus, the complement response can
lead to an acute inflammatory reaction that, by the immune system,
aims to eliminate host pathogens. In some cases, however, as was
demonstrated during COVID-19 infection, an overactive and unreg-
ulated complement system can be deleterious to the host itself and
contribute to the state of systemic inflammation, however, a lack of
an inadequate contribution of the complement system can promote
viral replication and infection and a failure of the host’s defenses to
respond. Adequate and regulated activation of the complement sys-
tem is therefore essential in combating COVID-19 infection. From a
molecular perspective, complement is well known to promote
immune cell activation and pro-inflammatory states; complement
mediators, particularly C3a and C5a are able to activate neutrophils,
mast cells, monocytes/macrophages, T cells, and B cells [28]. As
noted above, the mediator C5a, in high concentrations in patients
with moderate and severe COVID-19 along with elevated IL-6 [4],
has been shown in plasma, suggesting that complement plays a
key role. The SARS-CoV-2 genome encodes for spike protein (S),
which is essential for entry into cells through the ACE-2 membrane.
The complement system can be activated through three pathways,
the classical, alternative, and lectin pathway, SARS-CoV-2 spike pro-
tein (S) is detected by mannan-binding lectin (MBL) which induces
complement activation in lectin-mediated SARS-CoV infection
[22,54]. The classical pathway is activated by binding of IgM- or
IgG-induced natural antibodies, which form immunocomplexes
with viral antigens (Fig. 1).

Activated components of the complement system are important
effector molecules that attract, activate, and regulate innate and
adaptive immune cells [25]. Studies have shown that there is a cor-
relation between complement and the coagulation cascade (Riedl
et al., 2020; [34]). Several evidences show that patients with severe
COVID-19 have a hypercoagulable state [6]. The hypothesis that
dysregulated complement activation may also be responsible for
hypercoagulability in severe COVID-19 patients is not fully under-
stood [18]. Exposure of the endothelium to C5b-9 leads to the
release of VWF (VonWillembrand factor) [2,8,9] which leads to pla-
telet activation and aggregation, contributing to a prothrombotic
state with thrombus formation and arteriolar occlusion and throm-
botic microangiopathy (TMA) [33]. However, although the role of
complement in acute respiratory distress syndrome caused by
SARS-CoV (2003 outbreak) is known, its role in COVID-19 infection
has not yet been fully investigated and elucidated [17]. The comple-
ment system is constantly active and thus requires tight regulation
[48,49]. Therefore, complement blockade in a hyperactive state
caused by viral infection might play an important role in halting
the progression of TMA. Based on the above, the pharmacological
hypothesis of terminal complement pathway blockade represents
a potential therapeutic option to reduce the inflammatory state
and the risk of thrombosis in the most severe stages of COVID-19
infection. Examples of pathological situations with unregulated
complement proteins and subsequent tissue injury include atypical
hemolytic uremic syndrome (HUS), a rare disorder characterized by
a damaged endothelial surface of small vessels with fibrin deposi-
tion and platelet aggregation resulting in microangiopathy.



Fig. 1. SARS-CoV-2 and activation of complement system. Schematic representation of complement activation by SARS-CoV-2. SARS-CoV-2 infection mediates complement
system activation via the classical, lectin and alternative pathways. The classical pathway is activated by the binding of IgM or IgG-induced antibodies, which form
immunocomplexes with viral antigens, the lectin pathway is activated by the binding of SARS-CoV-2 proteins to an MBL protein (Mannan-binding lectin). Complement
activation leads to the formation of a membrane attachment complex (MAC) on the surface of the target cells. C3a and C5a mediate complement actions such as
inflammation, coagulation, platelet activation, leukocyte recruitment and endothelial cell activation, which are observed in COVID-19 infection. If hyperactivated, the
complement leads to an inflammatory pulmonary complement-mediated lesion. The C5 or C3 inhibition, blocking the generation of proinflammatory mediators.
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2.2. Pharmacological approach with a ‘‘terminal complement
inhibitor”

On December 27, 2020, the first COVID-19 vaccinations began
in Europe. Currently, drug therapy management of the COVID-19
positive patient is limited to symptomatic and palliative treatment.
To date, there are no antivirals directed against SARS-CoV-2. A
potential pharmacological therapeutic approach against COVID-
19 is modifying and regulating agents of the complement cascade.
Clinical signs of severely ill patients with COVID-19 showed signif-
icant complement activation [15] suggesting that blocking the
complement cascade in the most severe stages could be an effec-
tive therapeutic target to avoid severe severe complications. Evi-
dence has shown rapid clinical improvement in patients with
COVID-19 mediated by complement cascade inhibitory agents
[29,5]. In this direction, a pharmacological solution to prevent
the multi-organ inflammatory alteration and the risk of thrombosis
is the blockade of the complement protein C5, thus inhibiting the
activation of the terminal portion of the cascade with the antibody
Eculizumab [35] or Ravulizumab. Drug therapy with Eculizumab in
particular has already been shown to be effective in thrombotic,
hematologic and inflammatory diseases [51]. Through its mecha-
nism of action, it inhibits cleavage into C5a and C5b and prevents
the formation of the C5b-9 complex of the terminal portion of the
complement cascade by maintaining the first components of com-
plement activation that are essential for opsonization of microor-
ganisms and clearance of immune complexes [37,38]. The use of
Eculizumab could exert a favorable effect by blocking the proin-
flammatory and prothrombotic actions of the end products of the
complement cascade activated by SARS-CoV-2, while maintaining
the activity of the first components of complement activation that
are critical and essential for the activation of the adaptive immune
response. Several clinical trials are currently underway
(https://clinicaltrials.gov/) to test the off-label use of Eculizumab
for the treatment of patients with COVID-19. Importantly, it should
be added that therapeutic treatment with an anti-C5 antibody has
resulted in important improvements in lung function and
decreased systemic inflammation [15]. However, inhibition of the
complement system by these agents acting on terminal C5 may
be partial, allowing the activity of other complement components
to be altered and uncontrolled. Other complement inhibitors acting
on other targets are currently in clinical development. Inhibition of
the complement system has the therapeutic potential to stop sys-
temic inflammation affecting vital organs, in the most severe
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COVID-19 cases, however, the time window of administration, dos-
ing, and patient population that may benefit from it must be fully
defined, considering that drugs are not free of adverse reactions
[26], including Eculizumab or Ravulizumab. (e.g., respiratory tract
infections with common frequency). However, the use of Eculizu-
mab or Ravulizumab might be effective in severe patients with
COVID-19, to reduce the hyperactive inflammatory state caused
by the cytokine storm, but not effective in the early stages of
COVID-19 infection when the inflammatory/immune system needs
to fight viral replication and be fully functional.

The identification of new effective and safe therapeutic solu-
tions for COVID-19 positive patients is a great challenge for the
whole scientific world [10–14,41–46].

Inhibiting terminal complement factor could be an important
strategy to reduce the inflammatory state and the risk of thrombo-
sis that can cause severe injury and in some cases death. Well-
structured clinical studies will provide us with the clinical evi-
dence needed to investigate this important scientific hypothesis.
Evidence shows that the acute respiratory syndrome caused by
SARS-CoV-2, is closely associated with activation of the C3 compo-
nent of complement [19]. This suggests that C3 inhibitionmay alle-
viate the inflammatory pulmonary complications of SARS-CoV-2
infection [24]. Furthermore, the upstream placement of C3 signal-
ing in the innate immune cascade further supports the broader
anti-inflammatory potential of C3 blockade with pharmacological
agents [7]. C3 inhibition could simultaneously block C3a and C5a
generation, as well as intrapulmonary C3 activation and IL-6
release from alveolar macrophages, or other cells expressing C3a
receptors (C3aRs) and/or C5a receptors (C5aRs), thereby ameliorat-
ing lung injury [23], Proximal complement inhibitors (which target
C3 or its upstream activators) might be more effective in combat-
ing severe COVID-19 stages than C5 inhibitors, but these hypothe-
ses have yet to be demonstrated by clinical evidence. Several
clinical trials are underway to test complement system-
modifying agents by different targets (Fig. 2). Important informa-
tion such as the right time window of administration for optimal
intervention, the patient populations that could benefit from phar-
macological modulation of complement have yet to be established.

2.3. Trials clinic on going

To date, many clinical trials are underway to investigate the
efficacy of pharmacological approaches that act on different molec-
ular targets of the complement system. Specifically, clinical trial

https://clinicaltrials.gov/


Table 1
Clinical trials on going of complement-modifying agents in COVID-19 patients.

Clinical trials
NCT number Drug Mechanism of action

NCT04395456 AMY-101 C3 inhibitor
NCT04402060 APL-9 C3 inhibitor
NCT04346797 Eculizumab C5 inhibitor
NCT04369469 Ravulizumab C5 inhibitor
NCT04382755 Zilucoplan C5 inhibitor
NCT04371367 Avdoralimab Anti-C5aR
NCT04414631 conestat alfa C1 esterase inhibitors
NCT04530136 Ruconest C1 esterase inhibitors

Fig. 2. Schematic representation summarizing the different targets of the agents
acting on the complement system.
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NCT04395456 investigates the efficacy and safety of AMY-101, a
potent C3 inhibitor, for the management of patients with ARDS
caused by SARS-CoV-2 infection, clinical trial NCT04402060 evalu-
ates the safety and efficacy of APL-9, a potent C3 inhibitor in adults
with mild to moderate ARDS (acute respiratory distress syndrome)
caused by COVID-19 who are hospitalized and require supplemen-
tal oxygen therapy with or without mechanical ventilation. Clinical
trial NCT04346797 evaluates the efficacy and safety of Eculizumab
in patients with COVID-19 infection, clinical trial NCT04369469
evaluates the efficacy, safety, pharmacokinetics and pharmacody-
namics of ravulizumab administered in adult patients with coron-
avirus 2019 disease (COVID-19), severe pneumonia, acute lung
injury or acute respiratory distress syndrome. Clinical trial
NCT04382755 evaluates the efficacy of a potent C5 inhibitor; Zilu-
coplan, in COVID-19 patients, clinical trial NCT04371367 investi-
gates the efficacy of Avdoralimab an Anti-C5aR antibody, in
patients with COVID-19 severe pneumonia. Finally, also under clin-
ical investigation are C1 esterase inhibitors, which block the classi-
cal complement pathway. Specifically, clinical trial NCT04414631
aims to analyze whether administration of conestat alfa for 72 h
beyond standard of care (SOC) in patients hospitalized with non-
critical SARS-CoV-2 pneumonia reduces the risk of disease progres-
sion to Acute Lung Injury (ALI) and Acute Respiratory Distress Syn-
drome (ARDS). Clinical trial NCT04530136 is designed to evaluate
whether the addition of recombinant human C1 esterase inhibitor
(rhC1INH) (Ruconest) to standard of care (SOC) in patients hospi-
talized for COVID-19 stage II infection can reduce the risk of dis-
ease progression (Table 1).

2.4. Considerations

Several complement inhibitory agents are being tested in
COVID-19 patients, aimed at regulating targets such as C3, C5,
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C5a, and C5aR. However, the various pharmacological agents may
have differences and potential advantages in targeted inhibition
of various targets. For example, blockade of C5a leaves intact the
formation of C5b-9 (the so-called membrane attack complex),
which is a crucial component of host defense, particularly bacterial
lysis. In fact, an upstream blockade of complement pathways will
inevitably affect the formation of the membrane attack complex,
such pharmacological intervention could put COVID-19 patients
at risk of infection. Studies have shown that targeted blockade of
C5a is necessary to completely inhibit inflammation [36]. In a
phase 2 study [47] a significant temporary increase in D-dimer
was observed at the start of Anti-C5a antibody therapy, this sug-
gests a direct or indirect profibrinolytic effect and is consistent
with the lower pulmonary embolism rate observed in the treat-
ment group versus the control group [27,1]. Activation of coagula-
tion in COVID-19 could be initiated by direct virus-induced
endothelial injury resulting in upregulation of tissue factor, sup-
pressed fibrinolysis and production of other procoagulant proteins
[31,32]. In particular, activation of C5a has been shown to directly
induce endothelial tissue factor upregulation [21], activation of
neutrophil-mediated coagulation, and to change inflammatory
cells from a profibrinolytic (t-PA release) to a prothrombotic phe-
notype. In these advanced stages of COVID-19, C3 inhibition has
the potential to largely control not only ARDS but also systemic
inflammation affecting the microvascular beds of the kidney, brain,
and other vital organs, which appears to be a complication in sev-
ere cases. Complement is a key player in protective immunity
against pathogens, but its excessive or deregulated activation can
result in collateral tissue injury.
3. Conclusions

3.1. Future prospectives and suggestions

SARS-CoV-2 can cause an abnormal inflammatory/immunologic
response responsible for the most severe complications and tissue
damage, in some cases fatal. Regulation of the inflammatory/im-
munologic response in patients with ongoing SARS-CoV-2 infection
with specific pharmacologic agents may be of great clinical benefit.
In particular, an essential element of the immune system, termed
the ‘‘complement system,” has been shown to be responsible for
much of the inflammatory/immunologic dysregulation and cyto-
kine cascade that occurs in the most severe phases of viral infec-
tion. Pharmacological modulation of the complement system
(including in combination with other immunomodulants and anti-
coagulants) may be useful in managing the dysregulated and gen-
eralized inflammatory state, endothelial injury, and
hypercoagulable state and preventing COVID-19 cases from having
severe complications. Too many questions remain unanswered.
First, what is the optimal time to initiate anti-complement ther-
apy? Which protein of the complement system is the most effec-
tive target against COVID-19? Will treatment with anti-
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complement therapies increase the risk of complications from
other infections? And finally, does complement inhibition reduce
the risk of thrombotic events? Ongoing clinical trials will provide
the necessary answers.
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