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SARS-CoV-2 associated Complement genetic variants possibly deregulate the activation of the st

Alternative pathway affecting the severity of infection™

Several studies attempting to dissect the molecular and cellular as-
pects of the SARS-CoV-2 virus pathophysiology have investigated the
host immune responses and the roles of complement in viral sensing and
the inflammation dynamics during infection (Yuki et al., 2020; Kaneko
etal., 2020; Wilk, 2020; Yu et al., 2020; Java et al., 2020). Aspects of the
pandemic COVID-19 pathology resemble, from moderate to severe
cases, clinical features traditionally associated with com-
plementopathies (Marcos-Jiménez et al., 2021; Joseph et al., 2020;
Baines and Brodsky, 2017). Some of these are associated with disease
phenotypes characterised by the deregulated activation of the Alterna-
tive pathway resulting in complement C3 consumption and deprivation
of the downstream activation processes (Fig. 1) (Lukawska et al., 2018;
Sim and Tsiftsoglou, 2004; Roversi et al., 2011). Therefore, there is a
rationale for targeting complement in COVID-19 (Polycarpou et al.,
2020).

Targeting complement activation in COVID-19 has been recently
discussed more extensively, as a couple of studies have showed that the
SARS-CoV-2 surface proteins N (Wilk, 2020) and S (Yu et al., 2020) can
activate the Lectin and Alternative pathways, respectively (Fig. 1). The
activation of the Alternative pathway by the spike glycoprotein S has
been of particular interest as it promotes entry of the virus into cells and
is a major antigenic target for B cell responses (Walls et al., 2020).
Furthermore, the potential exploitation of the activation of the Alter-
native pathway via the amplification loop by SARS-CoV-2 is of even
greater particular interest, because it can explain to a considerable
extent the gradual diminishment of complement responses during the
systemic establishment of the virus (Marcos-Jiménez et al., 2021; Kul-
karni and Atkinson, 2020).

A very recently published study aiming to associate genetic variation
at the chromosome multigene cluster 3p21.31 and the ABO blood group
with complement activation and COVID-19 severity, identified a variant
(rs11385942) that predisposes to severe COVID-19 and is associated
with enhanced complement activation, as manifested by circulating C5a
and sC5-C9 and C5a only in the non-O blood group (Valenti et al., 2021).
Although, the particular variant is not directly mapped in any comple-
ment gene coding loci, it may be linked with enhanced complement
activation indirectly at subsequent stages of the disease during systemic
inflammation and tissue damage and/or organ failure (Bianco et al.,
2021).

The potential exploitation of the activation of the Alternative
pathway via the by SARS-CoV-2 is an attractive working hypothesis that
prompted me to explore further published advanced complement

genotyping datasets from hospitalised COVID-19 patients in order to
identify clinical genetic evidence supporting this notion (Ramlall et al.,
2020). In the Supplementary Table S2 of their study, Ramlall et al. had
reported among all, 23 study-wide significant SNPs that lie within 60Kb
of 12 complement genes in at least one of the reported analyses exam-
ined (Ramlall et al., 2020). My online database search using the NCBI
dbSNP database (Sherry et al., 2001) (https://www.ncbi.nlm.nih.
gov/snp/) revealed that the majority of those SNPs, 19 (~83 %), are
genomically located in introns or in upstream or downstream untrans-
lated regions that may contain elements or harbour sites important for
epigenetic regulation. The remaining 4 SNPs (~17 %), are located
within exons of the 3 complement genes C3, C4BPA and C5AR1 and
encode for missense amino acid substitutions in the expressed proteins
(Table 1). Given the nature of the protein-protein interactions among
complement components and the influences that polymorphisms may
contribute to the relevant protein complex structures, I investigated
further in the NCBI ClinVar (Landrum et al., 2018) (https://www.ncbi.
nlm.nih.gov/clinvar/) and PubMed (https://pubmed.ncbi.nlm.nih.
gov/) databases for published evidence reporting altered properties of
the polymorphic variants corresponding to the missense mutations of
interest (Roversi et al., 2011). In ClinVar I found some relevant clinical
evidence only for the R102G and the P314L amino acid substitutions of
C3, but none for the others (Table 1).

In terms of protein structure, the R80 amino acid residue is close to
the N-terminal end of the C3 beta chain and located in the MG1 domain
near the TED domain of the C3 protein (Janssen et al., 2006). The three
positively charged amino acids R72, R80 and K82 of the MG1 domain,
along with the four negatively charged amino acids D1007, E1008,
E1010, E1013 of the TED domain, form the internal thioester bond that
is critical for the reactivity of C3 with nucleophilic groups (Law and
Dodds, 1997). The rs2230199 introduced R102G (R80G) polymorphism
was first reported in 1967 and has been described in the literature to
distinguish the C3S (Slow, R80) and the C3F (Fast, G80) variants
(Wieme and Demeulenaere, 1967; Alper and Propp, 1968; Botto et al.,
1990). The C3F variant, containing neutral glycine instead of the posi-
tively charged arginine has potentially reduced properties with regards
to the stability of its thioester and its capacity to react with potential
complement activator surfaces. It also exhibits a weaker ability to bind
to complement factor H (FH) which is the major circulating cofactor for
the complement factor I (FI) mediated downregulation of the C3bBb AP
convertase (Sim and Tsiftsoglou, 2004; Janssen et al., 2006; Torreira
et al.,, 2009; Roversi et al., 2011). The common C3S/F comprises
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Fig. 1. A schematic representation of the human complement system. The three activation pathways of the system (Classical, Lectin and Alternative) are represented

together with the Terminal pathway that eventually leads to the formation of the Membrane Attack Complex (MAC) after complement activation. Regulatory
inhibitory proteins are shown in shaded boxes; complement receptors in pentagons. One positive regulator, properdin, which stabilizes C3bBb is not shown. Missense
polymorphic variants of the genes encoding for C3 (Blue), C4BPa (Green) and C5aR1 (Red) have been recently associated with a susceptibility to SARS-CoV-2 virus
infection and establishment. The highlighted complement components, as well as their coloured associated products and processes, are important for the homeostasis
of complement and its interactions with cellular immune surveillance and defence. Recent studies have suggested that the SARS-CoV-2 virus is exploiting the
Alternative pathway to gradually drain the host of complement and disrupt associated cellular immune responses (Yu et al., 2020; Kulkarni and Atkinson, 2020). C3

(Blue) and C4BPafx2 polymorphic variants: During SARS-CoV-2 virus infection specific point mutations in the C3 and C4BP proteins can hypothetically, inde-
pendently or synergistically, lead to the strengthening of the relevant dynamics of the AP amplification loop facilitating a faster consumption of C3 and inefficient
opsonisation. Turnover of C3 can gradually cripple the activation of the downstream terminal complement components. This can eventually lead to reduction of C5a
anaphylatoxin release and limited or no formation of the terminal MAC attack complex. In terms of the point mutations discussed in the text, faster consumption of
C3 can occur either through the weakening of the inactivation of the viral surface deposited C3/C3b by complement factor I in the presence of a cofactor such as FH
or C4BP, or through the strengthening of the interaction of C3b with the activated FB (Bb) in the C3bBb C3 convertase of the Alternative pathway. The weakening of
the C3/C3b inactivation leads not only to poor opsonisation and enhanced masking of the viral particles from phagocytic cells expressing the CR3 and/or CR4

receptors, but also from any cross-reactive B cells expressing the CR2 receptor. C5aR1 (Red) polymorphic variants: During the early stages of the SARS-CoV-2 virus
infection and prior to any exploitation of the Alternative pathway amplification loop, any downstream assembly of the C5 convertase can support the release of C5a
which is regarded as the most potent complement anaphylatoxin. Its immune pleiotropic potency however can be hampered by any mutations in the C5aR1 that
weaken the interaction of the ligand with the receptor. In terms of the point mutations discussed in the text, the lack of efficient C5a-C5aR1 interaction can actually
weaken critical immune defence responses at sites of infections that include chemoattraction of specialized immune cell types and subsets of granulocytes and
neutrophils. Fig. 1 was adapted from (Sim and Tsiftsoglou, 2004) with minor modifications. The SARS-CoV-2 3D print picture is from the NIH 3D Print Exchange:
llttps://ﬂic.kr/p/ZiXXBG3.

approximately 98 % of all C3 phenotypes (Lukawska et al., 2018). The immune surveillance cell populations that include phagocytes, neutro-
frequency of the F allele varies among different populations, and it is the phils and B cells (Carroll, 2004). Thus, impaired downregulation of any
highest in Caucasian (18 %) and the lowest in Asian (1%) (Bazyar et al., C3bBb AP convertase formed during the Alternative pathway of com-
2012). Carriers of the C3F allele have been reported to be at higher risk plement activation, can enable the virus to exploit the alternative acti-
for developing age-related macular degeneration (AMD) (Yates et al., vation pathway amplification loop introducing C3 consumption (Fig. 1).
2007) and various types of glomerulonephritis namely mem- Based on the findings above, in theory, individuals carrying combina-
branoproliferative glomerulonephritis type II (MPGN II) that is presently tions of C3 alleles harbouring the C3F and/or the HAV4—1+ poly-
known as dense deposit disease (DDD) (Abrera-Abeleda et al., 2011), morphisms must be considerably more susceptible to SARS-CoV-2
IgA nephropathy (IgAN) (Rambausek et al., 1987) and systemic vascu- infection based on the structural interactions of C3 with various antigen
litis (SV) (Persson et al., 2013). surfaces and the Bb, FH, FI and C4BP complement components.

The second C3 point mutation corresponding to rs1047286 in the The R240 (R192) residue that corresponds to the rs45574833 SNP is

exon 9 of the beta chain, the P314L (P292L) has also been historically located in the 4th N-terminal CCP (Sushi) domain of the C4BP alpha
characterised as HAV4—1+/- (Table 1) (Koch and Behrendt, 1986; Botto chain (C4BPa) (Table 1). C4BP can act as a cofactor for the inactivation
et al., 1990). The P292 (HAV 4-1-) residue is located in the MG3 of C3b (Blom et al., 2003) and C4b (Blom et al., 1999) by complement FI
domain of C3 that contains the major binding site for the activated (Sim and Tsiftsoglou, 2004). Refined mutagenesis studies in C4BPa had
complement factor B (Bb). Published structural studies have showed mapped the C3b binding sites to CCP1—4 (Blom et al., 2003) and the C4b
that the polymorphic variant HAV4—1+ (L292) exhibits stronger ability binding sites to CCP1—3 (Blom et al., 1999). Given the ionic nature of
to bind to Bb (Torreira et al., 2009; Forneris et al., 2010). This practi- these interactions and the position of R240, the R240H or R240P sub-
cally suggests that the HAV4-1+ (L292) gain-of-function variant may stitution may reduce the downregulation of the C3bBb AP convertase by
form a hyperactive C3bBb AP convertase that may be also more resilient FI in the presence of C4BP, especially in cases where the interaction of
to inactivation by complement factor I (FI) in the presence of a cofactor C3 with FH is weakened as discussed earlier for the R80G poly-
such as complement factor H (FH) or C4BP (Blom et al., 2003). It has morphism. The inactivation of C4b by FI should not be directly affected
been estimated that 98 % of C3S allele carriers is HAV4—1- and only 2% (Blom et al., 1999). Overall, in theory the allelic co-existence of the
is HAV4—1-+; in contrast, 90 % carriers of the C3F allele is HAV4—1-+ missense mutations encoding for the C3 R80, P292 and C4BPa R192
and 10 % is HAV4—1- (Botto et al., 1990). For both C3 SNPs discussed polymorphisms, can create synergistic thresholds of enhanced suscep-
above, the hypothetical impaired downregulation of any formed C3bBb tibility in the deregulation of the activation Alternative pathway by
AP convertase, can practically result in lower generation of iC3b, C3dg SARS-CoV-2.

and C3d which are major opsonins of the complement system (Fig. 1) Last, but not least is the rs4467185 SNP that encodes for a missense
(Carroll, 2004). Impaired opsonisation during infection can contribute mutation at the extracellular 2nd N-terminal end residue of the C5aR1
to poor immune synergies of complement with the various professional receptor. C5a is regarded as the most potent complement anaphylatoxin
Table 1
Four SNPs in three human complement genes that encode for missense polymorphic variants associated with SARS-CoV-2 susceptibility.

Gene symbol, ID' rsID” Position’ dbSNP* ClinVar® UniProt Entry®

rs2230199 chr19:6718376 R102G, R102S R102G

€3, 718 rs1047286 chr19:6713251 P314L, P314R P314L P01024, CO3 HUMAN

C4BPA, 722 rs45574833 chr1:207126725 R240H, R240P N/A P04003, C4BPA_HUMAN

C5AR1, 728 rs4467185 chr19:47319781 D2H, D2N, D2Y N/A P21730, C5AR1_HUMAN

! NCBI Gene database.

2 Reference SNP cluster ID.

3 Anchor position in the human genome primary assembly GRCh38.p12.

* Encoded amino acid substitutions reported in the NCBI dbSNP database.

5 Amino acid substitutions of clinical significance reported in the NCBI ClinVar database.

6

UniProt Entry for each complement component.
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with a wide effect of pleiotropic effects (Java et al., 2020; Carroll, 2004).
Mutagenesis studies had showed that the N-terminus accounts for at
least 45 % of the total energy required for the binding of C5a. When the
region 2-30 containing aspartic acids was deleted, the C5a binding
avidity diminished by 45,000-fold (DeMartino et al., 1994). The
candidate D2H, D2N, D2Y encoded missense point mutations at position
2 can thus theoretically reduce the binding dynamics of C5a to its re-
ceptor, thus possibly affecting neutrophil recruitment and/or other
complement interactions with specialized immune cells during the
inflammation of infection (Woodruff and Shukla, 2020; Carvelli et al.,
2020).

Overall, I consider these findings important, because at the protein
level they may provide a hypothetical, but rational, frame proposing the
exploitation of the activation of the Alternative pathway by SARS-CoV-
2. In the context of the COVID-19 molecular pathology, this can grad-
ually lead to complement deregulation, poor opsonisation, weakening of
the immune clearance mechanisms and sustained inflammation result-
ing in various host tissue damage responses in severe cases of infection.
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