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Abstract:
The complement system is a frontline component of the immune response against invading
pathogens. When functioning properly, it can help with the successful elimination of pathogens
through opsonization, membrane attack complex formation, and cell signaling. When dysfunction
or deficiency arises, these processes can be hindered and afflicted persons can be at increased
risk of certain diseases due to the lack of complement protein production. These diseases can
include systemic lupus erythematosus, glomerulonephritis, and increased risk of bacterial
infections (de Cordoba et al., 2012). Several viruses have developed the capability of either
evading or utilizing the complement system to their advantage. The emergence of SARS-CoV-2
has led to questions as to how this virus interacts with the complement system. While there is still
much that is unknown, many of the pathologies caused by SARS-CoV-2 infection have a
complement-induced component. For instance, patients diagnosed with severe COVID-19
disease have been noted to have elevated C3a and membrane attack complex components
leading to lung, vasculature, and kidney damage (Java et al., 2020; Santiesteban-Lores et al.,
2021). Additionally, the intracellular complement system, termed the complosome, is important
for the regulation of immune cells by signaling homeostatic CD4+ T-cell survival through
stimulating the mTOR pathway and for aiding in the immune response by activating the CD46
complement receptor (Liszewski et al., 2013; Arbore et al., 2017).
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Introduction:
The complement system is one of the most ancient components of the human immune response
and is essential in the front-line protection against pathogens (Oriol Sunyer et al., 1998; Carlos
Varela & Tomlinson, 2015). It is made of three separate but converging pathways, termed the
classical, alternative, and lectin pathways based on the activation molecules and protein
components involved. The complement system acts as a connection between the innate and
adaptive immune responses. (Nesargikar et al., 2012) Because of this bridge-like nature,
complement serves the role of activating several downstream functions in the human body, from
aiding in pathogen elimination to displaying both inflammatory and anti-inflammatory properties
(Dunkelberger & Song, 2010; Nesargikar et al., 2012). Complement consists of a series of
proteins that are produced in the liver by hepatocytes as well as in several other cell types
including immune cells and specific epithelial cells. (Nesargikar et al., 2012; Carlos Varela &
Tomlinson, 2015) The stimuli for the production of complement proteins includes cytokines,
hormones, and others (Noris & Remuzzi, 2013). The majority of these newly produced
complement proteins exist in the zymogen form prior to their need for activation. (Nesargikar et
al., 2012) While often not thought of when discussing blood plasma, the complement proteins
actually compose approximately 15% of the total globulin fraction of plasma (M J Walport, 2001a).
Stimuli for activation varies based on the activation pathway that it utilized.
Once activated, the various complement proteins undergo a series of proteolytic cleavages,
moving down a sequential cascade of cleavage events that converge on the C3 convertase and
C5 convertase as will be described below (Carlos Varela & Tomlinson, 2015). During these
proteolytic cleavage events, apart from producing the complement components that will generate
the convertases, smaller complement protein fragments will be cleaved off and serve as
chemoattractants. These chemoattractants are termed anaphylatoxins, with the most important
of these being C3a and C5a. Anaphylatoxins serve several important functions including being
mediators of inflammation through causing activation and attraction of immune cells and
vasodilation. Apart from this, they also aid in tissue regeneration, tissue fibrosis, and even brain
development. Defects in anaphylatoxins can occur and the associated pathologies will be
discussed. (Klos et al., 2009; Carlos Varela & Tomlinson, 2015)
In this paper, I will discuss how both proper functioning as well as dysfunction of the complement
system can occasionally result in immune pathologies and some potential therapeutics that have
been developed that target complement components. With this, I hypothesize that the
complement system plays a significant role in both the protection against and the pathogenesis
of viruses, this being specifically important with SARS-CoV-2. Additionally, I hypothesize that the
intracellular complosome provides protective functions against viruses through inducing immune
cell activation and regulation.
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Historical Perspective:
Complement has been present through evolution for the past 600-700 million years as a key
system for recognition of non-self and potential pathogens (Oriol Sunyer et al., 1998). It is
estimated to have been present prior to the adaptive immune system, and thus antibodies (Oriol
Sunyer et al., 1998). The initial hypothesis and understanding of the complement system came
towards the end of the 19th century when multiple scientists were researching the immune activity
of sera. Instrumental to this understanding was Dr. Jules Bordet, a Belgian physician who
identified and hypothesized the role of complement in bacteriolysis, which at the time, he termed
“alexin”. (Nesargikar et al., 2012; Cavaillon et al., 2019) Dr. Bordet later won the Nobel Prize in
Physiology or Medicine in 1919, mainly due to these findings (Bordet, 1895).
The findings by Bordet were further investigated and built upon by a German physician-scientist
named Paul Ehrlich who first started using the term “complement” to describe a complex formation
between complement and antibodies in order to aid in bacterial cell lysis (Ricklin et al., 2010;
Nesargikar et al., 2012; Carlos Varela & Tomlinson, 2015).
Complement was later determined to be made up of multiple proteins that interact with one
another, with other proteins native to the human body, as well as directly with pathogens. As these
complement proteins were being discovered, they were named via numbers in the order in the
order in which they were found (Carroll, 2004). Confusingly, complement proteins, at least in the
classical pathway, have been named in the order in which they were discovered. This does not
necessarily align with the order in which the cascade progresses and in order goes C1, C4, C2,
C3, C5, C6, C7, C8, and C9 (Charles A Janeway et al., 2001). There are now more than 30
different complement proteins which have been discovered and play a role in the different
pathways of the complement system (Carroll, 2004).
Further research has shown that there are three separate activation pathways in the complement
system which are activated by different stimuli: the classical pathway, the alternative pathway,
and the lectin pathway. These separate pathways can interact with one another and are essential
to both innate and adaptive immune responses. The classical, alternative and lectin pathways will
all converge at the C3 convertase and then go on to form a membrane attack complex, leading
to the death of multiple cell types (Rus et al., 2005). They will be individually be described in detail
in the coming paragraphs.

Activation Pathways:
Classical Pathway:
The classical pathway of complement activation was the first pathway to be discovered
and is directly related to antibody recruitment and utilization (Freeley et al., 2016).
Because of this, the classical pathway is likely the best understood of the three. The
pathway most typically starts from the binding of antibodies, specifically IgG or IgM, to the
appropriate antigen forming an antigen-antibody complex (Nesargikar et al., 2012). It is
important to note here that multiple IgG molecules are needed to cluster together and
interact with the C1 complex in order to activate this pathway. Because IgM exists as a
pentamer or a hexamer, IgM has a much higher binding affinity to the activating C1q
molecule. Because of this, only one IgM molecule is needed for activation of the classical
pathway compared to the multiple IgG molecules required. (Merle et al., 2015) This
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antigen-antibody complex will then bind to the first complement protein complex in the
pathway, the C1 complex, by using the antibody’s Fc domain. This interaction between
multiple IgG molecules and the C1 complex can be visualized below in the classical
pathway of Figure 1. The figure is showing two molecules of IgG activating the system,
but in reality several more are likely required due to low binding affinity. This C1 complex
consists of C1q, which is a pattern recognition molecule, and a heterotetramer that
consists of the important serine protease molecules, C1r and C1s (Mortensen et al., 2017).
As a pattern recognition molecule, the C1q protein has a notable appearance that is
frequently referred to as a bouquet of flowers and can bind to over 100 different molecules
that stimulate the classical pathway (Kishore et al., 2004; Ghai et al., 2007). IgG and IgM
are the most well understood of these activation molecules and are what I will focus on.
To begin the activation pathway, the antibody Fc domain of either IgG or IgM will first bind
with the C1 complex (Carlos Varela & Tomlinson, 2015). This will then cause a
conformational change in the C1q protein, followed by cleavage and activation of the
serine protease, C1r. (Nesargikar et al., 2012; Carlos Varela & Tomlinson, 2015) This C1r
serine protease will then go on to cleave C1s which is now free to cleave it’s substrates,
the C4 and C2 complement proteins (Mortensen et al., 2017). At this point there will be
generation of two large active fragments, C4b and C2a and two small inactive fragments,
C4a and C2b (Noris & Remuzzi, 2013; Carlos Varela & Tomlinson, 2015; Mellors et al.,
2020). The large, active C4b and C2a fragments can now combine to form the C4b2a
complex, which is also known as the C3 convertase. The small, inactive C4a and C2b
fragments, or anaphylatoxins, are released to the periphery. (Marc et al., 2004) It is
important to note that the literature is beginning to change in terms of nomenclature of the
complement fragments. Previously, the small, inactive fragment of C2 was referred to as
C2b, however newer literature has started to refer to as C2a. The larger, active fragment
is now commonly referred to as C2b in order to be more consistent with the other proteins.
This is a point to be aware of when comparing older literature with more recent. (Kemper
et al., 2014; Bohlson et al., 2019) The C4b fragment that is made in this process contains
a thioester group which is capable of binding to the pathogen surface, anchoring the C3
convertase so that it is more stationary to aid in future steps. (Wallis et al., 2010; Carlos
Varela & Tomlinson, 2015)
From an enzymatic standpoint, the C3 convertase proteolytically cleaves C3 into a large
fragment, C3b, and a small fragment, C3a (Nesargikar et al., 2012). The C3b that is
generated during this step also contains a thioester group, like C4a, that will bind in a
similar manner to the surface that has activated it (Carlos Varela & Tomlinson, 2015).
Additionally, the C3b fragment can bind to the C4b2a (C3 convertase) complex, then
forming the C5 convertase (C4b2a3b complex). This newly created C5 convertase then
proteolytically cleaves the C5 protein into a large C5b component and a small C5a
component which is the start of the terminal pathway of complement. (Noris & Remuzzi,
2013; Carlos Varela & Tomlinson, 2015) The C3a and C5a created in the above processes
are powerful anaphylatoxins and are capable of generating substantial effector functions
which are discussed below.
Following cleavage of the C5 protein to C5b and C5a by the C5 convertase, the C5b
protein will recruit proteins C6, C7, C8 and C9 to its location (Merle et al., 2015).
Structurally, the C5b protein appears very similar to C4b and C3b proteins except for the
fact that C5b does not contain a thioester group. This prevents the C5b from anchoring
into its target membrane and requires recruitment of additional proteins to carry out
function. (Noris & Remuzzi, 2013) This occurs in a non-enzymatic fashion where C5b
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binds to C6 forming a complex. The C5bC6 complex then binds with C7 and now has the
capability to insert into a lipid membrane although this process is not very efficient. (Carlos
Varela & Tomlinson, 2015) If there is insertion, the C5b-7 complex will bind with C8 and
ultimately with multiple C9 proteins to create the membrane attack complex (MAC),
consisting of C5b-9n components (Carlos Varela & Tomlinson, 2015). This C5b-9n
designation for the MAC means that the complex consists of the components C5b, C6,
C7, C8, and C9 subunits, with “n” designating multiple C9 subunits. Note the congregation
of these subunits below showing the formation of the membrane attack complex in Figure
1. Once formed, the MAC creates a cellular pore that can lead to cell lysis and shares
some homology to the perforin protein synthesized by cytotoxic T-cells (Kondos et al.,
2010). Some cells only require one MAC pore for lysis, such as erythrocytes, whereas
others require several MACs to be inserted for lysis, such as nucleated cells (Nesargikar
et al., 2012). Gram-positive bacterial cells are resistant to lysis by MAC insertion due to
their thick cellular walls (Merle et al., 2015).
Lectin Pathway:
The mannose-binding lectin pathway of complement activation uses pattern recognition
molecules in a similar mechanism to the classical pathway. In this case, however, the
pattern recognition molecules are Mannose-Binding Lectin (MBL) and ficolin rather than
the C1q of the classical pathway (Noris & Remuzzi, 2013; Carlos Varela & Tomlinson,
2015). MBL is capable recognizing monosaccharide carbohydrate motifs that are located
on the surface of bacteria, viruses, fungi, and parasites but are not typically present on
host cells (Petersen et al., 2001; Merle et al., 2015). Ficolin is capable of recognizing Nacetylglucosamine which is located on bacterial cells (Krarup et al., 2004). Following
carbohydrate recognition by these pattern recognition molecules, MBL-associated serine
proteases (MASP-1, MASP-2, MASP-3) are recruited and cleave complement proteins C4
and C2 to form the C3 convertase (C4b2a complex) (Phillips et al., 2009; Wallis et al.,
2010; Noris & Remuzzi, 2013; Carlos Varela & Tomlinson, 2015). This process can be
visualized and compared to that of the classical pathway below in Figure 1. While the C3
convertase produced in the lectin pathway is the same C3 convertase that it produced by
the classical pathway, the MASPs cleave the C4 and C2 proteins by a different mechanism
than does the C1s protease (Gál et al., 2009). The rest of the lectin pathway functions
exactly the same as the classical pathway with the cleavage of extracellular C3 into C3b
and C3a and the ultimate creation of the C5 convertase followed by the membrane attack
complex.
Alternative Pathway:
Lastly, there is the alternative pathway, which unlike the classical and lectin pathways, is
always active at low levels (Noris & Remuzzi, 2013; Carlos Varela & Tomlinson, 2015). In
the periphery, there is continuous low-grade spontaneous hydrolysis of the C3
complement protein in a process termed “tickover” that was initially described by
Lachmann and Halbwachs in 1975 (Lachmann & Halbwachs, 1975; Holers, 2008;
Nesargikar et al., 2012; Noris & Remuzzi, 2013; Carlos Varela & Tomlinson, 2015). The
product of this hydrolysis is C3(H2O), which functionally appears very similar to C3b. This
newly generated C3(H2O) then binds with an alternative pathway-specific soluble protein,
factor B, which then interacts and undergoes cleavage by a serine protease, termed factor
D (Thurman & Holers, 2006; Noris & Remuzzi, 2013). In this reaction, factor B is cleaved
to form Ba and Bb, with the Bb subunit binding to C3(H2O), forming C3(H2O)Bb which is
a short-lived C3 convertase. The Ba product of this cleavage event is a short, N-terminal
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region of the protein, not discussed in further detail in the research (Ponnuraj et al., 2004).
It is important to note that factor D involved in this reaction is the rate-limiting step for the
alternative pathway (Nesargikar et al., 2012). The alternative pathway C3 convertase
(C3(H2O)Bb) appears structurally different from that of the classical and lectin pathways,
however, functionally it is the same.
The newly generated alternative pathway C3 convertase is stabilized by the protein
properdin and can now cleave C3 to C3a and C3b. This properdin protein aids the C3
convertase by binding with damaged host cells or pathogens which helps to stimulate the
alternative pathway C3 convertase (Merle et al., 2015). The C3b will go on to bind to
nearby cell surfaces utilizing its thioester bond in a similar manner to that of the classical
pathway (Holers, 2008). Note the similarities to the classical and alternative pathways of
activation following the cleavage of C3 below in Figure 1. Factor B can also bind to C3b
bound to cell surfaces and ultimately generates a longer-lived C3 convertase (C3bBb)
after interaction with factor D than does Factor B binding with C3(H2O). Because of this
fact, the alternative pathway creates an “amplification loop” effect because C3b is also
created by both the classical and lectin pathways (Thurman & Holers, 2006). This
ultimately results in more C3 being converted to C3b, leading to increased C5 convertase
formation with the C5 convertase being composed of either C4b2a3b (classical or lectin)
or C3bBb3b (alternative) proteins (Carlos Varela & Tomlinson, 2015). It is estimated that
the alternative pathway of complement activation is responsible for 80-90% of C5
activation (Harboe & Mollnes, 2008).
A key point of regulation to prevent the alternative pathway from causing overactivation of
all complement pathways and from autoimmune disease is the ability of host cells to
remove the newly deposited C3b from its surface. Host cells accomplish this through the
use of complement regulators including both soluble and membrane-bound inhibitors
(Carlos Varela & Tomlinson, 2015). For instance, Factor H is a polypeptide encoded by
native regulatory genes which can bind C3b that is both in the fluid-phase and on cell
surfaces and render C3b inactivation by creating an alternative form of C3b, called inactive
C3b or iC3b (Rodríguez De Córdoba et al., 2004). These inhibitors are not present on
foreign cells such as bacteria or on tissues that have been damaged leading to their
removal (Nesargikar et al., 2012).
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Figure 1: The complex figure above shows an illustrative view of the classical, mannose-binding
lectin and alternative pathways of complement activation. These three pathways each have their
own activation triggers and processes but ultimately converge on the production of the C3
convertase, albeit the alternative pathway C3 convertase is composed of different subunits. The
C3 convertase functions to cleave C3 into C3b and C3a, with C3b going on to aid in the formation
of the C5 convertase. Following formation of the C5 convertase, the late steps of complement
activation show the complexation of proteins C5b-C9 in the formation of the membrane attack
complex (MAC). The MAC then can aid in the lysis of several different pathogens and cell types.
The anaphylatoxins produced during these steps, most importantly C3a and C5a, go on to
perform their function in the periphery. Reproduced with permission from (M J Walport, 2001a),
Copyright Massachusetts Medical Society.
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Role of Anaphylatoxins:
As mentioned earlier, the cleavage of several of the complement proteins leads to generation of
both large and small fragments. The large fragment goes on to interact and form complexes while
the small fragments are released to the periphery as anaphylatoxins, the most important of these
being C3a and C5a (Haas & Strijp, 2007). These anaphylatoxins play important roles in
inflammatory processes where they influence both immune and nonimmune cells by binding
through their respective Gi-protein coupled receptors, C3aR and C5aR (Merle et al., 2015). The
C3aR is expressed on several different cell types with the most important being leukocytes and
endothelial cells (Haas & Strijp, 2007). The C5aR is expressed mainly on myeloid cells but
research has shown its location on other cell types as well (Haas & Strijp, 2007). C3a and C5a
can ultimately lead to several inflammatory processes in the human body including leukocyte
recruitment, vasodilation, oxidative burst of eosinophils, neutrophils, and macrophages, and
histamine production in mast cells and basophils (Klos et al., 2009; Merle et al., 2015).

Dysregulation & Deficiency:
Due to the complex nature of the complement system and the multiple pathways that can lead to
its activation, control of the amount of activated complement is vital. Dysregulation and
deficiencies in several of the complement proteins has been implicated in disease processes.
(Morgan & Walport, 1991; Wen et al., 2004; Sjöholm et al., 2006; de Cordoba et al., 2012)
In the classical pathway, deficiencies in the C1 complex have been associated with many
diseases. For instance, a C1q deficiency has been implicated in systemic lupus erythematosus
(SLE) (Ghai et al., 2007). SLE is an autoimmune disease process that is related to type III
hypersensitivity reactions which form antigen-antibody complexes. These antigen-antibody
complexes form naturally in our bodies and complement typically helps in their clearance by
tagging them for removal. When the production of the complexes surpasses the body’s ability for
their clearance however, they can begin to accumulate and cause inflammation (M J Walport,
2001b). Because the classical pathway aids in the removal of antigen-antibody complexes
through the binding of C1q to the antibody, lack of some or all of this protein can lead to
accumulation of these complexes (Mark J. Walport et al., 1998). C1 complex deficiency tends to
have a much earlier onset of SLE when compared to sporadic cases, with the average being 5
years old (Stegert et al., 2015). Patients also develop symptoms of oral ulcers and discoid rash
at significantly higher rates (Stegert et al., 2015). Additionally, SLE severity can be related to the
portion of the C1 complex that is deficient. It has been noted that deficiency in C1q results in more
severe disease and proteins further down the cascade, such as C1r and C1s followed by C4 and
C2, result in less severe disease. (Mark J. Walport et al., 1998) An additional disease process
related to C1q deficiency is a systemic autoimmunity due to its ability to help aid in clearance of
dead and dying cells (Stegert et al., 2015).
In the lectin pathway, genes encoding the MASP proteins which serve to cleave complement
proteins C4 and C2 to form the C3 convertase can have genetic mutations leading to dysfunction
(Stengaard-Pedersen et al., 2003; Carlsson et al., 2004). There have been case studies that have
related a deficiency in MASP-2 to a predisposition to severe pneumococcal infections (StengaardPedersen et al., 2003). This would make logical sense as MASP proteins are integral to bacterial
targeting of complement.
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C3 convertase is essential for cleaving C3 to C3a and C3b. A deficiency in any of the proteins
that form this complex including C4, C2, C3 and Factor B or the proteins that are upstream of the
C3 convertase can lead to disease. The C4 protein is encoded by four separate genes and in
order to have homozygous C4 deficiency, there must be a lack of function in all four genes. This
is an extremely rare condition with only 28 patients being described in the literature (Liesmaa et
al., 2018). Patients with homozygous C4 deficiency have a strong association with developing
SLE (Morgan & Walport, 1991; Tsang-A-Sjoe et al., 2017). Heterozygous C4 deficiency is the
result of one gene being mutated and leaving patients with only one functional gene. This appears
to be much more common. (Liesmaa et al., 2018) Interestingly, it is estimated that only 40% of
the population has four fully functional C4 genes (Morgan & Walport, 1991) but determining
deficiency by simple serum concentrations alone is not possible due to other factors (Tsang-ASjoe et al., 2017).
C2 deficiency seems to present with similar symptoms to C4 deficiency. This makes sense as
both the C2 and C4 complement components are implicated in the formation of the C3 convertase.
Of patients with C2 deficiency, most present with frequent invasive infections, followed by SLE
and other rheumatic diseases (Sjöholm et al., 2006).
As the production and utilization of C3 is common to all three complement pathways, problems in
this protein can create issues and can be triggered by multiple phenomena. Deficiencies in C3
are extremely rare; only 37 cases across 29 families has been documented throughout the world
(Okura et al., 2016). It is thought that C3 deficiency is normally inherited in a homozygous manner
although deficiency resulting from a compound heterozygous mutation has been noted (Kida et
al., 2008). A homozygous mutation would result in increased risk of bacterial infections and
diseases associated with antigen-antibody complexes, such as glomerulonephritis (S. Reis et al.,
2006). Compound heterozygous mutations in C3 have resulted in similar findings although data
is scarce (Kida et al., 2008). In addition to deficiency in the C3 protein itself, genetic mutation in
regulatory proteins such as Factor H can also cause a secondary C3 deficiency. The lack of
regulation of deposition of C3b onto cellular surfaces can lead to aberrant activation of the
alternative pathway and ultimately downstream complement components. (Rodríguez De
Córdoba et al., 2004) This secondary C3 deficiency has been implicated in disease processes
such as glomerulonephritis, SLE, atypical hemolytic uremic syndrome (aHUS), and increased risk
of bacterial infection (Rodríguez De Córdoba et al., 2004; S. Reis et al., 2006).
Downstream of the C3 convertase, a defect in any of the complement proteins C5-C9 will result
in the inability to form the membrane attack complex. Because the MAC is essential for the lysis
of pathogens, individuals with deficiencies in any of these proteins typically present with recurrent
Neisseria bacterial infections (Morgan & Walport, 1991; Wen et al., 2004). Specifically, according
to the information available, approximately 50% of patients who have a defect in one of the
terminal complement pathway proteins have recurrent episodes of invasive meningococcal
disease (Ram et al., 2010).
Lastly, there are the anaphylatoxins. Because these proteins are generated from the cleavage of
other, larger complement components (C3 and C5), deficiency in the parent complement
component is the main cause of shortage of anaphylatoxin. More frequently, anaphylatoxins lead
to disease due to excess rather than scarcity. For instance, C5a is significantly increased in the
sputum of patients with chronic obstructive pulmonary disease (COPD) (Marc et al., 2004). While
the elevated C5a is not the cause of COPD, it is certainly implicated in the disease pathology as
C5a can be produced in the lung and plays important roles in promoting inflammation through
inducing chemotaxis of immune cells and initiating degranulation. Elevated C3a has been shown
to be associated with increased markers for atherosclerosis (Hertle et al., 2014). In heavy
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smokers, elevated levels of C3a were shown to be potentially involved in the advancement of
cardiovascular disease (Hertle et al., 2014). Additionally, higher levels of both C3a and C5a are
associated with increased severity and mortality in patients diagnosed with sepsis (Nakae et al.,
1996).

Viruses:
In addition to the mutations listed above, pathology related to the complement system can be
induced by viruses. Because complement is one of the most primitive aspects of the immune
system, viruses have long-attempted to either evade complement or use it to the virus’s benefit.
To begin understanding this dynamic, I will first discuss how complement defends against viruses.
This typically happens in one of three different ways: Opsonization, membrane attack complex
formation, or cell signaling. (Mellors et al., 2020)
Opsonization is the process in which the complement proteins coat the viral particle to both
neutralize as well as tag the viral particles for removal via phagocytosis by phagocytic cells
(Bhukya & Bramhachari, 2020). This virus opsonization can occur in one of two processes.
The first mode of opsonization of virus particles is from the production of the larger fragments of
complement proteins during pathway cascades (Noris & Remuzzi, 2013; Carlos Varela &
Tomlinson, 2015). The production of C3b via cleavage of C3 and the subsequent deposition of
C3b is the most common complement protein thought of with opsonization. Many phagocytic cells
including dendritic cells, basophils, macrophages, monocytes, neutrophils, and eosinophils
contain receptors for C3b, triggering phagocytosis of the opsonized pathogen (Rus et al., 2005;
Mellors et al., 2020). Additionally, other complement components such as C1q have been shown
to provide protection through complement deposition with viruses such as HIV and Dengue virus
(Mellors et al., 2020).
The second mechanism of virus opsonization is via mannose binding lectin (MBL). Remember
that MBL binds to carbohydrate residues that are on the surface of pathogens (Merle et al., 2015).
Classically, this is thought of as mannose sugars that are typically present on bacteria, however,
many viruses also contain sugar residues such as ficolins that are capable of being bound by
MBL (Fishelson et al., 2018). According to Stoermer and Morrison (2011), “MBL has been found
to bind directly to virions from a number of different virus families, including human
immunodeficiency virus (HIV), severe acute respiratory syndrome coronavirus (SARS-CoV),
Ebola virus, dengue virus (DENV), and West Nile virus (WNV)” (p. 366).
The second defense and clearance mechanism for viruses to be discussed is cell lysis through
membrane attack complex (MAC) formation. In addition to being highly potent for the clearance
of gram-negative bacteria, the capability of MACs to be placed in lipid bilayer membranes also
aids in clearance of both enveloped viruses and virus-infected native cells (Kondos et al., 2010;
Mellors et al., 2020). Some virus families that have been found to be particularly sensitive to the
formation of MACs are alphaviruses, herpesviruses, coronaviruses, retroviruses, and
paramyxoviruses (Agrawal et al., 2017). This is because these are all enveloped viruses which is
a requirement for lysis via MACs. Viruses that do not contain a lipid envelope have inherent
resistance to clearance by complement through MAC lysis.
The last way that complement aids in protection against virus infiltration is through downstream
cell signaling. Anaphylatoxins are key for this process to occur and leads to an inflammatory
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response to combat viral infection. As discussed above, anaphylatoxins are released into the
periphery to act as cytokines following the proteolysis of larger and more proximal complement
proteins. These anaphylatoxins help to recruit immune cells such as leukocytes as well as
eosinophils, fibroblasts, macrophages, mast cells, and monocytes to the site in which the viral
infection is active (Klos et al., 2009; Mellors et al., 2020). The C5a anaphylatoxin has also been
shown to cause the up-regulation in multiple genes of NK cells (K. Li et al., 2010). The exact
mechanism is still unknown; however, it is certainly plausible to think that this upregulation may
affect the stimulation of the NK cell response to viral infections. Additionally, both anaphylatoxins
C3a and C5a have the capability of binding with T cells to stimulate proliferation, differentiation,
and cytokine production during inflammation. These anaphylatoxins are produced locally by
antigen presenting cells (APCs) and T cells rather than interaction with serum complement.
(Strainic et al., 2008) The downstream signaling induced by SARS-CoV-2 specifically can be seen
below in Figure 2.
Because of the mechanisms that the innate immune system has employed for successful
elimination of viruses, many viruses have learned to adapt to evade the immune system in a sort
of cat-and-mouse game (Agrawal et al., 2017). Here, I will focus on how just a few of these
adaptations particularly interact with the complement system. In order to evade opsonization and
neutralization, multiple enveloped viruses have learned to either incorporate host complement
regulators into their viral envelope or generate their own (Agrawal et al., 2017). Examples of this
include HIV’s incorporation of host CD55 and CD59 into its envelope (Saifuddin et al., 1995) and
multiple large DNA viruses generating their own complement regulators including herpesvirus like
HSV-1 (Friedman et al., 1984) and poxviruses like vaccinia virus (Kotwal & Moss, 1988). By doing
so, these viruses are able to remove or prevent the deposition of complement onto their surface,
improving survival. Apart from just evading complement deposition, some viruses also utilize
complement receptors located on host cells for viral entry. For instance, the Epstein-Barr virus
can utilize the CR2 receptor for entry into B cells (Fingeroth et al., 1984).
In order to evade destruction via MAC formation, multiple viruses have learned to interact with
the more terminal complement components. Dengue virus is capable of preventing the formation
of the membrane attack complex through the use of a RNA-coded glycoprotein, NS1, which binds
with complement components C5-9, inhibiting assembly (Conde et al., 2016). Hepatitis C is able
to perform a similar action in preventing the MAC through repressing the promotor region of C9,
preventing the last step in formation (H. Kim et al., 2013). While most viruses benefit from the
suppression of complement, HIV-1 utilizes elevated complement levels to its advantage. HIV-1
stimulates the production of the anaphylatoxin, C5a, which in turn leads to the recruitment of
dendritic cells and primary T cells (Q. Yu et al., 2010). Additionally, HIV-1 gets coated with C3b,
aiding in the successful uptake by phagocytic cells that contain complement receptors (Agrawal
et al., 2017). This helps in the furtherment of a productive infection as these cell types are the
target of HIV-1.

SARS-CoV-2:
In the past year, COVID-19 has been an unfortunate part of our every-day lives. With this disease
process being such a high priority, there has been a plethora of research that has been published
about how this virus interacts with our immune system. Due to this, it is interesting to look at how
this virus is combatted by complement and some of the complement associated pathologies
related to SARS-CoV-2.
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By looking at the data from prior coronavirus outbreaks in humans, we can get a preview for how
SARS-CoV-2 likely interacts with the immune system, and specifically complement. Of these virus
outbreaks that have been documented, three of them have resulted in severe disease: MERSCoV, SARS-CoV, and now SARS-CoV-2 (Andersen et al., 2020). Fortunately, the SARS-CoV
outbreak in 2002 and the MERS-CoV outbreak in 2012 were halted in their early stages and only
resulted in contained epidemics (Azkur et al., 2020). A common theme among these three viruses
that is of particular interest to this paper is their involvement of the complement system. A study
by Gralinski and collegues (2018) looked at the involvement of complement in SARS-CoV
infection by infecting C3-competent as well as C3-deficient mice. They showed that in mice
infected with SARS-CoV, complement started to show up in the lungs within the first day of
infection. In the infected C3-deficient mice, there was significantly less weight loss, respiratory
dysfunction, and immune cell recruitment compared to the C3-competent mice, even though there
were similar viral loads. (Gralinski et al., 2018) With MERS-CoV, there is excessive production of
C5a as well as the late complement components that compose the membrane attack complex
(Jiang et al., 2018). This led to increased damage of both lung as well as spleen tissues. Through
the blocking of the C5a receptor (C5aR), the study found that there was decreased damage to
lung tissues, implicating C5a as a causative agent (Jiang et al., 2018). Additionally, there has
been some evidence to show that SARS-CoV, MERS-CoV, and SARS-CoV-2 all share a
conserved region in their viral nucleocapsid that leads to activation of MASP-2 (Flude et al., 2021).
This in turn leads to overactivation of the mannose-binding lectin pathway and pathogenic findings
in tissues such as the lung.
While SARS-CoV-2 shares many similarities with the SARS-CoV and MERS-CoV viruses, they
differ genetically by significant amounts with SARS-CoV-2 sharing only 79% homology with
SARS-CoV and 50% homology with MERS-CoV (Fani et al., 2020; Harrison et al., 2020).
Moreover, SARS-CoV-2 shares 96% of its genome with the bat coronavirus, RaTG13 (Zhou et
al., 2020). These variances in genomes help to highlight the differences in the pathogenesis
between these beta-coronaviruses.
Following introduction of SARS-CoV-2 into a human host, the virus binds to the ACE-2 receptor
on its targets, mainly respiratory epithelial cells (Azkur et al., 2020). The virus then enters the cell
via endocytosis where it undergoes replication, assembly, and budding so that it can continue to
infect new cells (Azkur et al., 2020). During this initial infection phase, it is paramount that the
innate immune system locates and targets SARS-CoV-2 for elimination. Complement plays key
roles in these early stages of infection (Perico et al., 2021). Most of the current literature about
how complement is activated in SARS-CoV-2 infection relies heavily on the information obtained
from prior coronaviruses such as the ones listed above. An example of this is the activation of the
MASP-2 proteins and the mannose-binding lectin pathway through the viral nucleocapsid
components as discussed above (Flude et al., 2021). This was further verified in a preprint study
by Gao et al. (2020) which examined both in-vitro samples as well as post-mortem lung tissue
from patients who had severe disease. They found that the nucleocapsid proteins of SARS-CoV2 lead to increased activity of MASP-2 and enhanced C4 cleavage and deposition (Gao et al.,
2020). A study that examined the serum samples of patients with SARS-CoV-2 showed a general
elevation of complement proteins including those which form the membrane-attack complex as
well as an elevation of mannose in severely infected patients (Shen et al., 2020). Additionally, it
was been noted that SARS-CoV elicits autoantibody deposition which in turn activates the
classical pathway of the complement system through C1qrs binding (Yang et al., 2005). While it
is unknown whether this process is occurring in SARS-CoV-2 as well, it is certainly plausible
(Perico et al., 2021).
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Similarly, there is much that is still unknown about how capable SARS-CoV-2 is at evading the
complement system. There is data about the subversion of the innate immune system by evading
the IFN-pathway through preventing RIG-I, MDA-5, or IFIT recognition (Amor et al., 2020).
Unfortunately, no information could be found about specific evasion of the complement system.
Many of the pathologies that are related to SARS-CoV-2 infection have a complement associated
component. Elevated complement levels have been noted by several studies to be correlated with
more severe COVID-19 disease (Holter et al., 2020; de Nooijer et al., 2021; Santiesteban-Lores
et al., 2021). Specifically, de Nooijer and colleagues (2021) noted that patients who were admitted
to the ICU with COVID-19 had significantly elevated plasma levels of C3a and MAC components
compared to non-ICU patients; Holter et al. (2020) noted that there was elevated levels of many
complement proteins in patients with COVID-19 and that elevated levels of sC5b-C9 (MAC
components) were associated with respiratory failure. The study showed that the respiratory
failure was due to intra-alveolar damage from the inflammatory response initiated by the
membrane attack complex components (Holter et al., 2020). In a similar way, it has been noted
that the overactivation of MASP-2 proteins related to SARS-CoV-2 infection has been associated
with lung pathology through overactivation of the lectin pathway stimulating inflammation (Gao et
al., 2020). This was a non-peer reviewed pre-print study and will need further verification. Figure
2 below summarizes how this feedback system functions and how the activation of complement
can lead to pathological states (Java et al., 2020).
Issues related to coagulation, thrombosis, and vasculitis as a result of SARS-CoV-2 infection can
be directly linked to elevated levels of complement as well (Noris et al., 2020; Java et al., 2020).
Endothelial cells contain relatively high levels of ACE-2 receptor which is the target of SARS-CoV2 and so it would make sense that these cells can show high levels of inflammation following
infection (Java et al., 2020). Additionally, the activation of terminal components including the
membrane attack complex proteins (C5b-C9) have been implicated in the direct damage to
endothelial walls (Magro et al., 2020). The last component of the complement cascade to be noted
in endothelial injury are anaphylatoxins, specifically C3a and C5a (Carvelli et al., 2020; Noris et
al., 2020; Java et al., 2020). It was noted that the levels of C5a have been proportional to COVID19 disease severity (Carvelli et al., 2020). These anaphylatoxins play important roles in the
recruitment of other immune cells such as neutrophils and macrophages as well as in the
activation of the coagulation cascade through von Willebrand factor (Noris et al., 2020;
Vinayagam & Sattu, 2020). The promotion of this hypercoagulable state has led to disease
processes including cerebrovascular accidents, myocardial infarctions, and pulmonary
embolisms (Java et al., 2020).
In the kidney, the activation of the complement pathway and specifically the terminal components
of the pathway including the membrane attack complex has resulted in acute kidney injury and
tubule damage (Santiesteban-Lores et al., 2021). Additionally, as in the lung, the kidney contains
large numbers of ACE2 receptor and is therefore a potential target for SARS-CoV-2 virions (Diao
et al., 2020, preprint)
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Figure 2: The figure above shows upon infection via SARS-CoV-2, there is activation of the
complement system, and specifically, production of the terminal complement components.
Anaphylatoxins C3a and C5a lead to recruitment of phagocytic cells as well as stimulation of
inflammation. This inflammation leads to activation of the hypercoagulable state. Additionally, the
formation of the membrane attack complex and production of C5a directly promotes
hypercoagulability. These processes in turn lead to tissue injury and disease processes including
acute respiratory distress syndrome, acute kidney injury, and cerebrovascular accident (Java et
al., 2020) Reproduced with permission, Copyright American Society for Clinical Investigation
(2020).
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Complosome:
Typically, when we consider complement activation, we perceive it as occurring extracellularly
(Java et al., 2020). Recently, however, this idea has been complicated by our gain in
understanding about how complement interacts intracellularly (Liszewski et al., 2013).
The majority of the complement that is produced comes from hepatocytes in the liver and exists
in the serum, where is serves its protective function by interacting with the outsides of cells and
pathogens (Nesargikar et al., 2012; Java et al., 2020). Recently, however, multiple cell types have
been found to also produce complement intracellularly which functions completely separate from
liver-derived complement (Freeley et al., 2016). This intracellular complement can serve both
protective and regulatory functions (Freeley et al., 2016). Examples of cells that have been found
to produce intracellular complement include T-cells and B-cells, monocytes, fibroblasts, epithelial
cells, and endothelial cells (Arbore et al., 2017).
One of the pioneering studies into how this intracellular complement functions is by Liszewski and
colleagues (2013) who examined how complement was activated inside of T-cells as well as how
this complement functions for protection and regulation. Specifically, they looked at intracellular
C3 and found that it is likely encoded by a separate gene than that of liver-derived C3. Because
of this, persons who are deficient in C3, as described earlier, are speculated to still have functional
C3 within cells such as T-cells. This complement is not enough to provide the broad protective
capabilities as would liver-derived complement, but could still provide the capacity for T-cell
survival (Liszewski et al., 2013).
In addition to being genetically different from plasma C3, the intracellular C3 of T-cells also goes
through an alternative process of activation (Cardone et al., 2010; Liszewski et al., 2013). The
activation of C3 inside of T-cells occurs in a C3-convertase independent manner, something that
is very different from the activation that is occurring extracellularly. Instead, cathepsin L (CTSL),
which is an endosomal and lysosomal protease, cleaves the C3 into its components, C3a and
C3b. It was also noted that the CTSL can also cleave C4 in vitro, however explained that there
are no known C4a receptors that have been identified inside of cells (Liszewski et al., 2013).
While C5 is not able to be cleaved by the CTSL, it is estimated to be activated in a similar manner
by a yet to be described mechanism (Arbore et al., 2017; Reichhardt & Meri, 2018).
This now activated intracellular complement is oftentimes described as the ‘complosome’ and
serves several functions within the cell. The first, and probably most important function, is the
ability to interact with immune and other host cells for regulation. Intracellularly, C3 is continuously
cleaved by the CTSL at low basal levels where it aids in homeostatic CD4+ T-cell survival (Arbore
et al., 2017). Following cleavage, the C3a can migrate and bind with its respective lysosomal
receptor (C3aR) which stimulates the mTOR pathway and thus homeostatic cell survival. This
was verified by reducing levels of C3a inside of CD4+ T-cells through inhibiting CTSL and by
using siRNA for C3aR which both led to decreased mTOR activity and decreased cell viability
(Liszewski et al., 2013).
Additionally, research shows that intracellular complement is important for inducing a rapid
inflammatory response following activation of T cells through the T cell receptor (TCR) (West &
Kemper, 2019). Upon activation of the TCR, there is an upregulation in intracellular C3 activation
through CTSL and induction of translocation of stores of intracellular C3 components and C3aR
to the cell surface. Once at the surface, there can be autocrine activation of the TCR, C3aR, and
CD46. (Liszewski et al., 2013; Arbore et al., 2017) CD46 is a complement regulator and serves
as the receptor for intracellularly generated C3b on T-cells (Reichhardt & Meri, 2018; Liszewski
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& Kemper, 2019). The CD46 serves as a potent stimulator for interferon-g (IFN-g) secretion and
Th1 cell differentiation with the help of IL-2 (Le Friec et al., 2012; Arbore et al., 2016). Both of
these processes serve as somewhat of a priming mechanism for the activation of T cells as well
as the immune response (Reichhardt & Meri, 2018).
As for intracellular C5, following TCR activation with CD46 co-stimulation, there is increased C5a
production which can then bind to C5a receptors (C5aR) located on the mitochondrial surface
(West & Kemper, 2019). This leads to increased reactive oxygen species (ROS) generation and
downstream stimulation of inflammasome activation and IFN-g secretion, aiding to regulate the
Th1 cell response as just described (West & Kemper, 2019).
Lastly, more recent studies have shown intracellular C5a induction and interaction with the
inflammasome (Reichhardt & Meri, 2018; West & Kemper, 2019). These interactions occur
downstream of those involving the initial cleavage of intracellular C5 into C5a and C5b. The C5a
induces inflammasome assembly through the increased production of ROS at the mitochondria
(Arbore et al., 2016). The inflammasome, and specifically the NLRP3 inflammasome, is important
for the generation of the cytokines IL-1b, and IL-18 (Reichhardt & Meri, 2018). These cytokines
help in stimulating the differentiation of T cells to Th1 and Treg subsets as well as to increase the
inflammatory response by activating phagocytic cells. These phagocytic cells in turn stimulate
differentiation of T-cells (Deng et al., 2019) Little information seems to be documented about the
function of intracellular C5 in resting T cells.
Although data shows that intracellular complement is involved in homeostatic T-cell survival as
well as increasing the inflammatory response, the data describing the interactions that can occur
between intracellular complement and viruses remains limited. Because viruses are intracellular
pathogens by nature, it has been predicted that the intracellular complement that is cleaved by
CTSL, such as C3b, can bind to viruses (Java et al., 2020) A study by Tam and colleagues in
2014 looked at how C3 can activate NF-kB generation and proteasomal degradation of viruses
intracellularly. This study examined viruses coated with serum-derived complement and did not
look at intracellularly generated complement, however (Tam et al., 2014). Regardless, this would
still provide some starting evidence that viruses targeted by complement intracellularly can aid in
stimulating the innate immune system response. Additionally, intracellular viral particles coated
with complement in macrophages and dendritic cells can be targeted for degradation by a
transmembrane protein with an immunoglobulin domain (VSIG4) that recognizes C3b and iC3b
(K. H. Kim et al., 2016). This study looked at listeria located in autophagosomes and could
represent a potential area of future research in terms of virally infected cells. Overall, there is still
much to be learned about how the intracellular complement system interacts with pathogens such
as viruses.

22

Figure 3: In panel A of the above figure, the function of intracellular C3 in the resting T cell is
illustrated. Cathepsin L (CTSL) cleaves C3 into the products C3a and C3b at low basal levels.
C3a ultimately stimulates the transcription and translation of mTOR, ultimately stimulating cell
survival. In panel B, activation of the T cell triggers migration of the newly formed C3a and C3b
to the cell surface where they can interact with their receptors. This leads to the transcription and
translation of IFN-g which aids in triggering Th1 cell differentiation. Panel C shows that following
the activation of the T cell, there is cleavage of intracellular C5 by an unknown protease into its
products, C5a and C5b. The C5a receptor is located on the mitochondrial surface and triggers
release of ROS which stimulates formation and activation of the NLRP3 inflammasome. This
ultimately stimulates production of the cytokines IL-1b, and IL-18, triggering T cell differentiation
and inflammation enhancement through activation of phagocytic cells. Created with
BioRender.com
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Discussion & Therapeutics
Research into how complement reacts with pathogens has come a long way since the initial
descriptions in the late 1800s (Bordet, 1895). The normal functions of extracellular complement
are well established but much less is known about their interaction with viruses. As discussed
above, complement serves important functions in the protection against viruses. Through
opsonization, production of the membrane attack complex, and signaling to other immune cells,
complement is able to play a frontline role in in the clearance of viruses (Mellors et al., 2020).
Many viruses have developed ways to evade the complement system, however some viruses,
such as HIV-1, are able to use the complement system and its associated receptors to their
advantage. (Q. Yu et al., 2010) HIV-1 typically activates complement through the classical
pathway, with HIV-1 specific antibodies or antibodies to the envelope proteins, gp120 and gp41,
interacting with the C1 complex. Some evidence shows that the envelope proteins can stimulate
complement activation through the lectin pathway by interacting with MBL proteins but this is less
understood. (Q. Yu et al., 2010) A novel aspect of HIV-1’s interaction with the complement system
is that it is capable of using the typical response to its advantage. By becoming coated with
complement proteins, such as C3b, HIV-1 is able to recruit and become phagocytosed by cells
such as macrophages, dendritic cells, or any other cell that expresses the CR3 or CR4
complement receptor (Posch et al., 2020). HIV-1 that is opsonized with C3 fragments were noted
to have up to a 10-fold higher infectivity of dendritic cells compared to HIV-1 that is opsonized
solely by antibodies (Bajtay et al., 2004). This then allows the virus to replicate inside of cells
where it can hide from the extracellular aspects of the immune system. Additionally, by activating
the extracellular complement pathway and production of C5a, HIV-1 is able to recruit more
dendritic cells, further helping itself with the downstream infection of primary T-cells (Q. Yu et al.,
2010). The role of the intracellular complement system in the protection against HIV-1 is still
unclear. I would hypothesize that it is plausible that upon infection of T-cells by HIV-1, there is
increased cleavage of C3 and C5, stimulating T-cell differentiation and inflammation. More
research certainly needs to be done on the roles of intracellular complement in dendritic cells.
Importantly, HIV-1 is able to incorporate host complement regulators during the budding stage of
viral replication. This allows HIV-1 to limit complement deposition in a similar way to host cells,
preventing destruction (Posch et al., 2020). By utilizing this multi-pronged approach of both
evading and taking advantage of the complement response, HIV-1 is able to expertly navigate
our immune system for survival.
A more recently discussed example of a virus that is able to stimulate an overaction of
complement is SARS-CoV-2. As discussed above, SARS-CoV-2 can cause activation of the
complement system through multiple pathways. In the airway and vascular endothelial cells,
overactivation of complement is directly linked to more severe disease injury due to membrane
attack complex formation and anaphylatoxins stimulating inflammation. In the lungs, this can
present clinically as alveolar damage, edema, fibrosis, and inflammation resulting in acute
respiratory distress syndrome (ARDS) (Santiesteban-Lores et al., 2021). In the critical care
setting, severe COVID-19 patients with ARDS are typically treated with supplemental oxygen
therapy, often via high-flow nasal oxygen, and corticosteroid use (X. Li & Ma, 2020). The fact that
steroid treatment plays a large therapeutic role indicates that disease progression has a large
host inflammatory immune response component and is not solely due to damage caused by the
virus itself (Noris et al., 2020). Additionally the anaphylatoxin C5a aids in platelet aggregation and
the MAC helps to induce pro-coagulation (Santiesteban-Lores et al., 2021). Damage to the
vascular endothelial cells from a complement induced response can present clinically as venous
thrombosis and pulmonary embolism (Pons et al., 2020). In the kidney, the C5a release and MAC
formation results in cell damage and ultimately acute kidney injury (AKI). This occurs from the
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inflammation inducing characteristics of anaphylatoxin release as well as direct damage due to
MACs to the kidney cells. One study noted that among samples of 85 patients with COVID-19,
27% developed AKI during their disease course. It was noted here that people with underlying
conditions such as hypertension or heart failure were at higher risk (Diao et al., 2021). Of course,
damage to all of these organs by SARS-CoV-2 is occurring by other mechanisms as well, but it
is important to highlight that complement plays a significant role.
In both of the above examples, because this overactivation of complement is directly leading to
increased harm, this leads to the question, how would these same patients fare when provided
with a complement inhibitor? The most common complement inhibitors that have been studied
typically prevent the formation of C3 or C5. The reason for targeting these complement proteins
is that they are the convergence points for the complement pathways. By preventing the formation
of the C3 convertase or C5 convertase, the therapeutics are able to stop all downstream products
including anaphylatoxins. They accomplish this through a variety of mechanisms including
antibodies, proteins, and siRNA. (Polycarpou et al., 2020) Depending on the pathophysiology of
the disease, different therapeutics could be indicated. Currently, most complement inhibitors that
are available are only being used for rare disease processes. Eculizumab was the first FDAapproved drug that targeted complement (Zelek et al., 2019). It is a humanized monoclonal
antibody that was initially developed to treat patients with paroxysmal nocturnal hemoglobinuria
(PNH). Eculizumab works through preventing the formation of the membrane attack complex by
binding with high affinity to the complement protein C5. (Mckeage, 2011) Since that time,
ravulizumab, which works by similar mechanism targeting C5, however with a longer half-life, has
been developed (Syed, 2021). Because PNH is a very rare disease, eculizumab and ravulizumab
have since found many other indications including treating atypical hemolytic uremic syndrome
and myasthenia gravis (Java et al., 2020). There are now multiple other drugs that are in
development and clinical trials which target other aspects of the complement system including
MASP antibodies, C1s antibodies, and C3 inhibitors (Zelek et al., 2019) By targeting different
areas of the complement pathway, these therapeutics are able to selectively allow certain
beneficial aspects of the complement system to remain intact. For instance, by targeting C5, all
of the steps leading up including production of C3b that can opsonize pathogens and C3a that
can help recruit other immune cells still takes place. (Noris et al., 2020)
Recent studies have been looking at the efficacy of treating patients who have severe COVID-19
symptoms with complement inhibitors. There have been several hypotheses as to which pathway
and where is the best place to inhibit complement with many of these proposed therapeutics in
different stages of development (Patel et al., 2021). For instance, there are multiple clinical trials
looking at the usage of eculizumab and ravulizumab in patients with COVID-19. By preventing
the formation of the MAC, the hope is that there will be decreased lung injury from the ARDS
component of SARS-CoV-2. These trials are still ongoing for safety and efficacy. (Java et al.,
2020) Other targets of complement inhibitors for treatment of COVID-19 have been blocking the
receptor for C5a, blocking C3 convertase formation, or blocking MASP-2 from activating the lectin
pathway. By blocking the receptor for C5a, there is less activation of the inflammatory response
but still the formation of the MAC because the C5b complement protein is still functional. This
would ultimately result in reduced lung injury. (Carvelli et al., 2020) A similar approach could be
taken by blocking the receptor for the C3a complement protein (Posch et al., 2021) By binding
with C3 protein, C3 convertase formation is prevented and therefore neither C3b or C3a can be
produced. The thought behind this is that there will be overall better control of the inflammatory
reaction with decreased recruitment of immune cells, decreased cytokine production, and
decreased inflammation leading to host cell injury (Santiesteban-Lores et al., 2021). Case studies
using the AMY-101 C3-inhibitor have shown that this could be a promising treatment option in
patients suffering from COVID-19 related ARDS (Mastaglio et al., 2020). Lastly, the use of a
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MASP-2 inhibitor such as narsoplimab has shown promise in case studies, decreasing endothelial
cell damage related to COVID-19 (Rambaldi et al., 2020). Narsoplimab works by binding with the
MASP-2 protein and preventing the activation of the lectin pathway (Rambaldi et al., 2020).
Something to consider here is although there is no lectin pathway activation, there can still be
activation through the classical and alternative pathways. Although these therapeutics have been
shown to be effective in aiding to treat disease, they certainly come with their own risks and
downfalls. By suppressing the immune response rather than targeting the virus itself, puts patients
at an increased risk of simultaneous infection by bacteria and other viruses common in the
hospital setting. Patients who are treated with these therapeutics should be monitored carefully
both during and after treatment cessation (Java et al., 2020)
Additionally, we discussed at the mechanistic level how genetic deficiencies in complement
proteins lead to disease through preventing the complement system from playing a significant
role in the early elimination of pathogens. But, how does this actually affect patients? Systemic
Lupus Erythematosus (SLE) or SLE-like disorder can be caused from a multitude of complement
deficiencies including that of the C1 complex, C4, C2, and C3 (Pickering et al., 2001). The
American College of Rheumatology developed a large range of 14 criteria to be used in the
diagnoses of SLE and includes cutaneous manifestations, renal disorders, joint issues, and
abnormal immunological labs including low complement levels (C. Yu et al., 2014). It is important
to note that patients do not need to have all criteria in order to be diagnosed with the disease.
(Stegert et al., 2015) Compared to sporadic SLE, complement deficiency associated SLE typically
has an earlier onset. For instance, SLE associated with C1q deficiency has a mean age of about
8 years old compared to 29 years old with sporadic SLE (Stegert et al., 2015). Because of the
many factors contributing to the disease process of SLE, there are many treatment options that
require individualization. Frequently prescribed medications include antimalarials such as
hydroxychloroquine, corticosteroids, and immunosuppressants. (Thong & Olsen, 2017) Another
frequently associated autoimmune disease to complement deficiency is atypical hemolytic uremic
syndrome (aHUS). Sixty-percent of patients diagnosed with this disease have a deficiency in C3,
factor H, factor I, or factor B (Geerdink et al., 2012). Patients typically present early in life, with
the majority before age seven, and aHUS is characterized by thrombocytopenia, hemolytic
anemia, elevated LDH, and acute renal impairment (Geerdink et al., 2012). Interestingly, aHUS
presents in a clinically similar fashion to the shigatoxin effect of an E. coli infection, as they are
both thrombotic microangiopathy disorders (Laurence et al., 2016). The most common treatment
option for patients with aHUS includes plasma therapy. Lastly, anaphylatoxins can lead to tissue
damage in several disease processes when there is overproduction. This occurs in a similar
fashion to how excess production of anaphylatoxins stimulated by SARS-CoV-2 can lead to
inflammation and cell damage. As mentioned above, disease processes such as COPD and
cardiovascular diseases have elements of elevated anaphylatoxins (Marc et al., 2004; Hertle et
al., 2014). This is an area where further research would undeniably prove beneficial for the
treatment of patients.
The complosome’s association with disease processes is still not as well understood. There is
clear evidence that this intracellular complement plays a role in T-cell survival as well as
differentiation (Reichhardt & Meri, 2018) As far as intracellular complement’s role in the protection
against viruses, evidence has shown that viruses, especially non-enveloped viruses, are able to
undergo opsonization with complement while located intracellularly (Mellors et al., 2020) This, in
addition to the information discussed in the Complosome section, indicates that intracellularly
produced complement could quite easily be involved. There is still much to be learned about these
processes and how specifically the complosome interacts with intracellular pathogens.
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Limitations:
Some limitations with regards to research on the complement system is that much of the known
data is from relatively dated research studies. Many of the foundational papers on the different
complement pathways comes from the 20th century and newer research is much more sparse. An
additional difficulty is that many of the deficiencies associated with the complement system are
rare and, therefore, most of the information that is available comes from case studies. With time,
a more robust patient number will allow for better understanding of complement deficiencies.
Lastly, there is still a lot to be learned about intracellular complement as noted below in the future
directions section.

Future Directions:
As for future directions, there is still much that is unknown about the complosome. We are now
beginning to understand how this process works inside of T-cells, but how intracellular
complement functions in other cell types is an area that future research can head. From a
mechanism perspective, the intracellular protease that is involved in the cleavage of C5 remains
unknown. Additionally, data is limited on how the intracellular complement system interacts with
viruses and other intracellular pathogens. For instance, how do viruses inhibit the intracellular
complement mechanisms? New data has shown that there is also a soluble membrane attack
complex but no complement mediated function has been described (Barnum et al., 2020)
Understanding its function and diagnostic potential could prove useful in the treatment of patients.

Conclusion:
In summary, the complement system plays crucial roles as a front-line defense mechanism
against pathogens. When deficiencies occur, patients are more susceptible to infection by
pathogens and are at increased risk of developing diseases such as systemic lupus
erythematosus. Elevated complement levels are also implicated in some of the pathogenic
features of various viruses including SARS-CoV-2. Lastly, the intracellular complement system is
involved in both the regulation of immune cells as well as aiding in the inflammatory response.
There is still much to be learned about the complosome functions in cells outside of the immune
system.
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