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ARTICLE INFO ABSTRACT
Keywords: We have attempted to explore further the involvement of complement components in the host COVID-19
SARS-CoV-2 (Coronavirus disease-19) immune responses by targeted genotyping of COVID-19 adult patients and analysis
COVID-19 for missense coding Single Nucleotide Polymorphisms (coding SNPs) of genes encoding Alternative pathway (AP)
iﬁ?ﬂ:gzn;athway components. We have identified a small group of common coding SNPs in Survivors and Deceased individuals,
c3 present in either relatively similar frequencies (CFH and CFI SNPs) or with stark differences in their relative
CFB abundance (C3 and CFB SNPs). In addition, we have identified several sporadic, potentially protective, coding
Coding SNPs SNPs of C3, CFB, CFD, CFH, CFHR1 and CFI in Survivors. No coding SNPs were detected for CD46 and CD55. Our
Host genomics demographic analysis indicated that the C3 rs1047286 or rs2230199 coding SNPs were present in 60 % of all the
Deceased patients (n = 25) (the rs2230199 in 67 % of all Deceased Males) and in 31 % of all the Survivors (n =
105, p = 0.012) (the rs2230199 in 25 % of all Survivor Males). When we analysed these two major study groups
using the presence of the C3 rs1047286 or rs2230199 SNPs as potential biomarkers, we noticed the complete
absence of the protective CFB rs12614 and rs641153 coding SNPs from Deceased Males compared to Females (p
= 0.0023). We propose that in these individuals, C3 carrying the R102G and CFB lacking the R32W or the R32Q
amino acid substitutions, may contribute to enhanced association dynamics of the C3bBb AP pre-convertase
complex assembly, thus enabling the exploitation of the activation of the Complement Alternative pathway
(AP) by SARS-CoV-2.
1. Introduction outbreak a large number of studies have attempted to dissect the com-

plex molecular and cellular aspects of the SARS-CoV-2 (severe acute
Since the beginning of the COVID-19 (Coronavirus disease 2019) respiratory syndrome coronavirus 2) induced pathophysiology (Yuki
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et al., 2020; Varghese et al., 2020). Advanced efforts were carried out to
understand the dynamic plasticity of the virus (Plante et al., 2021;
Jungreis et al., 2021) and explore the multidimensional host immune
responses during infection (Ramlall et al., 2020; Kaneko et al., 2020; Yao
et al., 2021; Sette and Crotty, 2021). As aspects of the COVID-19 pa-
thology resemble clinical features traditionally associated with com-
plementopathies (Holter et al., 2020; Noris et al., 2020; Marcos-Jiménez
et al., 2021; Zinellu and Mangoni, 2021; Siggins et al., 2022; Gavriilaki
and Brodsky, 2020), it became apparent early on that the Complement
system (Carroll and Sim, 2011) may influence viral sensing and
inflammation dynamics during infection (Java et al., 2020). Therefore,
there has been a rationale under discussion for targeting Complement in
COVID-19 (Polycarpou et al., 2020; Risitano et al., 2020; Mastellos et al.,
2020).

Targeting complement activation in COVID-19 has been recently
discussed more extensively, as several elegant studies have showed that
SARS-CoV-2 can directly activate Complement by engaging multiple of
its pattern recognition components (Ramlall et al., 2020; Kulkarni and
Atkinson, 2020; Yu et al., 2020; Wilk, 2020; Ali et al., 2021; Gotz et al.,
2022; Bosmann, 2021; Ma et al., 2021; Yan et al., 2021; Georg et al.,
2022; Satyam et al., 2021; Defendi et al., 2021). 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 anti-
genic target for B cell responses (Yu et al., 2020; Walls et al., 2020;
Renhong et al., 2020; Wu et al,, 2021; Watanabe 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, especially in the severe cases of
infection (Marcos-Jiménez et al., 2021; Zinellu and Mangoni, 2021;
Sinkovits et al., 2021; Siggins et al., 2022).

The evidence-based involvement of Complement as a mediator of the
overall immune responses highlights it as a considerable potential
regulator of the clinical outcomes of infection among individuals.
Although predicting and/or assessing the tuning of the human systemic
immune responses genetically and/or epigenetically is a daunting task,
advanced efforts during the pandemic attempted to identify host genetic
sources of susceptibility to severe infection. One major group of efforts
attempted to identify intracellular host factors of susceptibility by
whole-genome CRISPR (clustered regularly interspaced short palin-
dromic repeats) knock out screening approaches using in vitro cell
models (Daniloski et al., 2021; Schneider et al., 2021; Wang et al.,
2021).

The other major group of efforts aimed to identify, by targeted or
holistic approaches, Single Nucleotide Polymorphisms (SNPs) that could
further promote prognostic and/or diagnostic applications as well as in-
depth reverse genetics mechanistic studies (“Genomewide Association
Study of Severe Covid-19 with Respiratory Failure,” 2020; “Mapping the
human genetic architecture of COVID-19,” 2021; Genomewide Associ-
ation Study of Severe Covid-19 with Respiratory Failure, 2020; Mapping
the human genetic architecture of COVID-19, 2021; Zhang et al., 2020;
Ramlall et al., 2020; Gavriilaki et al., 2021;). These cited efforts revealed
complex patterns of genetic mosaicity that could be linked with various
layers and processes of the host responses such as the Type I IFN
(interferon) responses (Bastard et al., 2020; Martin-Sancho et al., 2021;
King and Sprent, 2021), as well as the Complement (Ramlall et al., 2020;
Gavriilaki et al., 2021) and coagulation cascades (Ramlall et al., 2020).

The Complement SNPs findings published by Ramlall et al., 2020
study were of particular interest, because a subsequent refining meta-
data analysis identified a few coding SNPs (coding SNPs rs2230199 and
rs1047286 for C3 and rs45574833 for C4BP) that could structurally
explain the deregulation of the Alternative pathway in severe cases of
the disease (Tsiftsoglou, 2021). These concepts have been made possible
as the Biochemistry of Complement has been intensely investigated for
decades and the majority of the structures of Complement components
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have now been solved in high resolution (Sim et al., 2016; Geisbrecht
et al., 2022). In addition, precision technological advances in modern
molecular biology and genetics have begun to bridge genetic mosaicity
with molecular structures and phenotypes in Complement (Liszewski
and Atkinson, 2015; Lukawska et al., 2018; Rodriguez de Coérdoba,
2022).

The findings discussed above have prompted us to explore further
the involvement of Complement components in host COVID-19 immune
responses. In this study, we present the relative distribution patterns and
frequencies of missense coding SNPs as revealed by the targeted geno-
typing of 130 COVID-19 adult patients for genes encoding the Alterna-
tive pathway (AP) components C3, C5, CFB, CFD, CFH, CFHR1, CFI,
CD46 and CD55. We have identified 8 common coding SNPs in Survi-
vors and Deceased individuals, present in either relatively similar fre-
quencies (CFH and CFI SNPs) or with considerable differences in their
relative frequencies (C3 and CFB SNPs). Moreover, we identified 24
sporadic and potentially protective coding SNPs of C3, CFB, CFD, CFH,
CFHR1 and CFI in Survivors. Our demographic analysis of the common
coding SNPs revealed patterns of their distribution that can be poten-
tially associated with deregulated Complement Alternative pathway
(AP) responses during infection by SARS-CoV-2.

2. Materials and methods
2.1. Study population

We prospectively studied consecutive patients that met the following
inclusion criteria: 1) adult, 2) of Caucasian origin, 3) hospitalized with
COVID-19 in our referral centres during the first, second and third waves
of the pandemic (April-May 2020, September-October 2020 and
November-January 2021) Diagnosis was confirmed by reverse-
transcriptase polymerase chain reaction (RT-PCR). COVID-19 severity
was assessed based on World Health Organization’s (WHO) criteria.
Additional data on patients’ history and course were recorded by
treating physicians that followed patients up to discharge or death. The
final analysis included only patients with available data on clinical
course and outcome. The study was approved by Institutional Review
Boards (IRBs) of the recruiting centres (G. Papanicolaou Hospital at
Thessaloniki, Greece and Attikon Hospital at Athens, Greece) and con-
ducted according to the Declaration of Helsinki.

2.2. Genomic analysis

Genomic DNA was isolated from peripheral blood samples using the
QIAamp DNA Mini Blood (Qiagen, Hilden, Germany). It was analyzed
using Next Generation Sequencing (NGS) with a customized
complement-related gene panel that included CFB, CFD, CFH, CFHRI,
CFI, C3, C5, CD46 and CD55, as previously published in a study of adult
patients by the team of the Hematology Clinic of Papanikolaou Hospital
(Gavriilaki et al., 2021). The probes and primers were designed in
DesignStudio (Illumina, San Diego, CA, USA) to cover all exonic regions
spanning 15 bases into introns (98 % coverage). 10 ng of genomic DNA
was used to build the libraries (MiniSeq, Illumina). Libraries were
quantified using Qubit (Thermo Fisher Scientific, Waltham, MA, USA)
and sequenced on a MiniSeq System in a 2 x 150 bp run (Illumina).
Sequence quality was initially assessed using Illumina tools. As the
original sequencing was of high quality, each sample was processed
independently, in order to properly map the sequences against the
human reference genome. Variations with an allelic frequency higher
than 20 % were analyzed. Both Ensembl and Refseq resources were used
for annotation of the output files. The clinical significance of the variants
was preliminary evaluated with the NCBI ClinVar database (Landrum
et al., 2018) and then interpreted with the NCBI dbSNP and UniProt
databases as well as the international published literature during further
refined analysis. The interpretation aimed at identifying missense cod-
ing variants of interest that can contribute to complement dysregulation
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through protein—protein interactions
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in characterized complex

2.3. Data mining and clustering

We first identified all the detected missense coding SNPs of the genes
encoding the Alternative pathway (AP) components C3, C5, CFB, CFD,
CFH, CFHR1, CFI, CD46 and CD55 from each annotated output patient
genotyping profile file and validated them with publicly available da-
tabases (Sherry et al., 2001; Landrum et al., 2018). The sum of identified
coding SNPs was then clustered in two major groups based on the
clinical outcome of the infection. One major group included the coding
SNPs from patients who were hospitalized and eventually deceased
(Deceased group), and the other included the coding SNPs from pa-
tients who eventually survived (Survivors group) and developed a
range of mild to severe symptoms that required hospitalization in an
Intensive Care Unit (ICU). Initially, we maintained the data from the
Survivors group in two separate subgroups based on the severity of the
disease (whether hospitalization in ICU was necessary or not), but for
unbiased comparisons and simplicity reasons, we merged both sets into
a unified Survivors group. Within this frame, the sum of the coding
SNPs identified in our study, was segregated using as a sole criterium the
terminal clinical outcome of infection, that of survival or not. For every
coding SNP identified, its relative frequency (%) was calculated by
dividing the number of times the coding SNP is represented within each
group, with the total number of patients included in each group. For the
sum of the coding SNPs identified for both major groups, analysis effort
was put towards identifying common groups of SNPs, as well as unique
SNPs for each group. For direct table comparison purposes, all the
coding SNPs identified the Deceased and the Survivors groups were
ranked from the most to the least abundant SNP.

2.4. Coding SNPs demographics

In order to identify any patterns of biologically interesting coding
SNPs distributions that could be associated with disease severity, we
analysed the demographics of all the common coding SNPs found in the
Deceased and the Survivors groups and clustered them by gender (M/
F) and age (<60 or > 60 yrs). The relative SNP frequency (%) in each
subgroup was calculated by dividing the number of patients carrying
each coding SNP, with the total number of patients included in each
subgroup. As we realized that the CFB coding SNPs rs12614 (R32W) and
rs641153 (R32Q) encode different amino acid substitutions for the same
position R32 (Sherry et al., 2001; Landrum et al., 2018) (Table 2), we
decided to include both in our demographics analysis separately,
although the rs641153 SNP was detected only in the Survivors group
and at a lower frequency compared to the rs12614 (Table 1).

To explore whether the presence of the C3 rs1047286 and rs2230199
coding SNPs is functionally associated with disease severity in partic-
ular, we further stratified our two major patient groups, the Deceased
and the Survivors groups, by the presence of the C3 rs1047286 and/or
the rs2230199 as biomarkers and analysed the demographics of the
common coding SNPs distributions in those individuals using the same
criteria as above.

2.5. Statistical analysis

Differences between groups were compared using chi-square test
(with Bonferroni’s correction when needed) for categorical variables
and Student t-test or Mann-Whitney U test for quantitative variables, as
appropriate. Statistical tests were 2-sided with p-values < 0.05 denoting
statistical significance. The Hardy-Weinberg Equilibrium (HWE) was
tested via the y2-test for goodness of fit using a web program (https://ih
g.gsf.de/cgi-bin/hw/hwal.pl). For simplicity reasons, only statistically
significant p-values are included in the result sections. Analysis was
performed on SPSS 22.0 (IBM SPSS Statistics for Windows, Version 22.0.
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Armonk, NY: IBM Corp) software.
3. Results

3.1. Study population and identification of common and unique coding
SNPs

We prospectively studied 130 hospitalized COVID-19 patients in
total, from whom 25 eventually deceased (nD = 25) (Deceased group),
while the other 105 survived (nS = 105) (Survivors group). Median age
was 62 years (range 18-93). Reported comorbidities included: essential
hypertension (72 %), obesity (69 %), dyslipidemia (63 %), diabetes
mellitus (32 %) and other disorders (11 %). No history of genetic dis-
order was recorded.

Among the extended diversity of the SNPs that we managed to
detect, we identified several coding SNPs of the genes encoding the
Complement components C3, CFB, CFD, CFH, CFHR1 and CFI, but
interestingly none for the genes encoding the regulators CD46 and CD55
as shown in Tables 1 and 2. In the two major groups of our study, the
Survivors and the Deceased groups, we identified 8 common as well as
26 unique coding SNPs. Among them, 24 potentially protective were
found only in the Survivors group and just 2 potentially hazardous only
in the Deceased group (p = 0.042, Table 1). The patients Survivors
group contained several unique SNPs for CFB, CFH, CFI, C3, CFD and
CFHRI1 that were absent from those in the Deceased group. The vast
majority of all the unique coding SNPs identified were sporadic in terms
of abundance and their considerable larger number in the Survivors
group might be associated with increased natural protection in some
individuals.

3.2. Common coding SNPs with similar and different frequencies

Our analysis of the common group of 8 coding SNPs, revealed
initially the presence of 4 common SNPs present in both groups in very
similar abundances (Table 1). These include the rs11098044 of CFI as
well as the rs1061170, rs800292 and rs1065489 of CFH. The SNPs
rs11098044 of CFI (T300A) and rs1061170 of CFH (Y402H in CCP7)
were detected in fairly high abundances in both groups of patients, 100
% and > 80 %, respectively, while the SNPs rs800292 (V62I in CCP1)
and rs1065489 (E936D in CCP16) of CFH in lower abundances (~30 %)
(Tables 1 and 2).

Our further analysis of the common coding SNPs between the
Deceased and Survivors groups, revealed the presence of the 3 com-
mon SNPs, the C3 rs2230199 and rs1047286 and the CFB rs12614 in
considerable abundance in both groups, but with markedly different
frequencies (Table 1). Our data indicate that the frequencies of each of
these two C3 SNPs of interest are both nearly double (~2X) in the
Deceased group as compared to the Survivors group (p < 0.001,
Table 1). Although the relative abundance of the CFB rs12614 coding
SNP is mildly greater in the Survivors group (29 % compared to 20 %),
we noticed that when we added the relative abundances of rs12614 and
rs641153 together in the Survivors group (as they both encode for
different amino acid substitutions of R32 in CFB), then the merged fre-
quency of rs12614 (29 %) and rs641153 (12 %) is also almost double
(~2X) in the Survivors group (41 %) compared to the Deceased group
(20 %) (p < 0.001, Table 1).

3.3. Common coding SNP demographics

When we analysed all the demographic distributions of our common
coding SNPs, we observed a significantly higher frequency of the C3
rs1047286 or rs2230199 SNPs in the Male (M) patients of the Deceased
compared to the Survivors subgroup (67 % vs 28 %, p = 0.008, Table 3).
Within this subgroup, these SNPs appeared predominantly present in
older patients (>60 yrs), while their age-related distribution frequencies
appeared more balanced in the other three subgroups (Table 3). We also
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Table 1

Human Complement missense coding SNPs detected in SARS-CoV-2 patients who deceased in ICU or survived after infection.
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Deceased (n=25)

Survivors (n=105)

. , SNP frequency %3 " ,  SNP frequency %3
rsID Gene (Repeats/patients) rsID Gene (Repeats/patients)
rs11098044 CFI 100 (25/25) rs11098044 CFI 100 (105/105)
rs1061170 CFH 88 (22/25) rs1061170 CFH 84 (88/105)
rs800292 CFH 36 (9/25) rs800292 CFH 36 (38/105)
% rs2230199 C3 56 (14/25)*%* rs2230199 C3 27 (28/105)
s p<0.001
= rs1047286 C3 40 (10/25)%%* rs1047286 C3 22 (23/105)
8 p<0.001
s rs1065489 CFH 32 (8/25) rs1065489 CFH 26 (27/105)
rs12614 CFB 20 (5/25)%** rs12614 CFB 29 (30/105)
p<0.001
rs149101394 CFB 4 (1/25) rs149101394 CFB 2 (2/105)
rs147403664 CFH 4 (1/25)% rs641153  CFB 12 (13/105)
p=0.042
rs146444258 CFI 4 (1/25)* rs45484591 CFB 8 (8/105)
p=0.042
‘Potentially hazardous’ rs144812066 CFB 1 (1/105)
rs4151651 CFB 1 (1/105)
rs4151659 CFB 1 (1/105)
rs778556793 CFB 1 (1/105)
rs35274867 CFH 4 (4/105)
rs139254423 CFH 1 (1/105)
rs367687415 CFH 1 (1/105)
= rs515299 CFH 1 (1/105)
S rs534399  CFH 1(1/105)
Z rs41278047 CFI 3 (3/105)
E rs112534524 CFI 1 (1/105)
Q rs138346388 CFI 1 (1/105)
rs11569422 C3 1 (1/105)
rs11569534 C3 1 (1/105)
rs11569541 C3 1 (1/105)
rs140928439 (3 1 (1/105)
rs149202905 C3 1 (1/105)
rs200918899 (3 1 (1/105)
rs765239689 CFD 1 (1/105)
rs35186399 CFD 1 (1/105)
rs16840561 CFHRI 1 (1/105)
rs747899966 CFHRI 1 (1/105)

‘Potentially protective’

1. Reference SNP ID, 2. NCBI Gene database, 3. Detected coding SNP frequency in each population.
Corresponds to the number of times that each SNP is represented with in each of our two major
study group populations (i.e., Deceased and Alive). Color code: red coding SNPs detected only in
ICU deceased patients; green coding SNPs detected only in survivors; purple for the C3 coding SNPs
rs2230199 and rs1047286 and blue for the CFB coding SNPs rs12614 and rs641153 of primary
interest as shown in Tables 1-4 and discussed in the major findings of this manuscript.

*For comparisons between deceased and survivors with p-values<0.05.***For comparisons between
deceased and survivors with p-values<0.001.
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Table 2
All the Complement missense coding SNPs identified in the current study.
Gene! rsID? Position® Encoded substitution* ClinVar®  UniProt
rs2230199 chr19:6718376 R102C, R102G, R102S (b chain) R102G
rs200918899 chr19:6713996 A257S, A257T (b chain) A257T
rs1047286 chr19:6713251 P314L, P314R (b chain) P314L
3 rs11569422 chr19:6711059 E469D (b chain) E469D
718’ rs11569534 chr19:6686263 (G1224D (a chain and C3d) G1224D  P01024
rs11569541 | chr19:6684580  T1367T,T1367K (a chain, C3cafr2) 11307
rs140928439 chr19:6679482 R1491W (a chain, C3c a fr2) R1491W
rs149202905 chr19:6678441 L.1549=, L.1549M (a chain, C3c afr2) L1549M
rs12614 chr6:31946402 R32G, R32W (Ba) R32W
rs641153 chr6:31946403 R32Q, R32L (Ba) R32Q
rs144812066 chr6:31947807 12421, 1242V (Ba) 12421
CFB, rs4151651 chr6:31947837 (2528, G252C (Ba) G2528 PO0T51
629 rs149101394 chr6:31950377 K533R (Catalytic) K533R
rs4151659 chr6:31950687 K565E (Catalytic) K565E
rs45484591 chr6:31950691 ES66A (Catalytic) E566A
rs778556793 chr6:31951407 V675M (Catalytic) N/A
CFD, rs765239689 chr19:859714 VII (Secretion signal) N/A P00746
1675 rs35186399 chr19:860766 E69K N/A
rs139254423  chr1:196652124 L3V, L3F (Secretion signal) L3V
rs800292 chr1:196673103 V621 (CCP1) V621
rs1061170 chr1:196690107 H402N, H402D, H402Y (CCP7) Y402H
CFH rs147403664 chr1:196715621 N516K, N516= (CCP9) N516K
3075’ rs367687415  chr1:196736871 H821Y (CCP14) (Sulphation) H821Y P08603
rs515299 chr1:196737547 S890N, S890T, S890I (CCP15) S8901
rs1065489 chr1:196740644 E936D (CCP16) E936D
rs534399 chr1:196741937 V1007M, V1007L (CCP17) V1007L
rs35274867 chr1:196743466 N1050Y (CCP18) (Sulphation) N1050Y
CFHRI rs16840561 chr1:196831893 A296D, A296G, A296V (C-end) N/A
3078 | rs747899966 L1939 p ) Frameshift effect (C-end) na o Q0
196832000
rs138346388  chr4:109761567 T203I (HC/SRCR) T2031
CFI rs146444258  chr4:109760576 A240G (HC/LDLRal) A240G
3426’ rs112534524 chr4:109760371 G261A, G261D (HC/LDLRa2) G261D P05156
rs11098044 chr4:109757769 T300S, T300A (HC/C-end) T300A
rs41278047 chr4:109746329 K441R (LC/Catalytic) K441R

1. NCBI Gene database, 2. Reference SNP cluster ID, 3. Anchor position in the human genome primary assembly
GRCh38.p13, 4. Encoded amino acid substitutions reported in the NCBI dbSNP database, 5. Amino acid
substitutions of clinical significance reported in the NCBI ClinVar and/or UniProt databases.

Color _code: red coding SNPs detected only in ICU deceased patients; green coding SNPs detected only in
survivors; purple for the C3 coding SNPs rs2230199 and rs1047286 and blue for the CFB coding SNPs rs12614
and rs641153 of primary interest as shown in Tables 1-4 and discussed in the major findings of this manuscript.

noticed the very low presence of the CFB rs12614 SNP in the Deceased M
subgroup (7 %) compared to the Deceased F subgroup (40 %). In addi-
tion, the corresponding joint frequencies of the CFB rs12614 or
rs641153 SNP entries were significantly higher in the Survivors M (35
%, p = 0.041).

To identify any potential associations between the presence of the C3
rs1047286 and rs2230199 coding SNPs and disease severity in patients,
we took a step forward and analysed our two major study groups further,
the Deceased and Survivors groups, using the two C3 SNPs as potential
biomarkers (Table 4). We discovered that the patients with the C3
rs1047286 and/or rs2230199 SNPs corresponded to 60 % of all the
Deceased and 31 % of all the Survivors patients, respectively (p =
0.012). In the C3 selected subgroup of Deceased M, the rs2230199 SNP
is strongly predominant over the rs1047286 SNP (100 % vs 60 %) and
highly abundant in older patients (>60 yrs) (Table 4). In the same
cohort, the CFH rs1061170 SNP was found similarly highly predominant

in older patients (>60 yrs), while the overall frequencies of the three
common CFH coding SNPs of our study appeared similar in the 3
remaining C3 rs1047286 and/or rs2230199 stratified subgroups
(Table 4). Interestingly, we could not detect the CFB rs12614 coding SNP
in this selected patient population of Deceased M compared to F (60 %,
p = 0.023), while there is considerable enrichment for the CFB rs12614
or rs641153 entries in the Survivors M (53 %) and F (62 %) subgroups
(Table 4).

4. Discussion

The current study stemmed from our urgent initiative during the
COVID-19 pandemic to explore further the potential contributions of the
Complement system to the immune responses against SARS-CoV-2.
Despite the surge in volume of published studies and the significant
advances carried out towards the exploration of the molecular basis of
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Table 3
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Demographics of the common coding SNPs distributions in all the patients examined in this study.

All patients of this study

Demographics of the common coding SNPs distributions

Deceased (n=25, M=15, F=10)

. . All M M<60 yrs M>60 yrs All F F<60 yrs F>60 yrs
Individuals with Gene (n=15) (n=1) (n=14) (n=10) (n=4) (n=6)
51047286 C3  40% (6/15) 1 5 40% (4/10) 2 2
rs2230199 C3  67% (10/15)%* 1 9 40% (4/10) 1 3
p=0.008
rs1047286 or rs2230199 €3 67% (10/15)%* 1 9 50% (5/10) 2
p=0.008
rs1061170 CFH  93% (14/15) 1 13 80% (8/10) 4 4
rs1065489 CFH  27% (4/15) . 4 40% (4/10) 3 1
rs800292 CFH  47% (1/15) 1 6 20% (2/10) - 2
r51°6101r7fsg3$;‘2’65489 CFH  93% (14/15) 1 13 80% (8/10) 4 4
rs12614 CFB 7% (1/15) ; 1 40% (4/10) 2 2
rs641153 CFB 0% (0/15) ; : 0% (0/10) ; -
rs12614 or rs641153  CFB 7% (1/15)% - 1 40% (4/10) 2 2
p=0.041
Survivors (n=105, M=69, F=36)
- . AllM M<60 yrs M=>60 yrs AllF F<60 yrs F>60 yrs
Individuals with Gene (n=69) (n=35) (n=34) (n=36) (n=13) (n=23)
rs1047286 3 19% (13/69) 4 9 28% (10/36) 3 7
rs2230199 3 25% (17/69) 8 9 31% (11/36) 4 7
rs1047286 or rs2230199 €3 28% (19/69) 8 11 36% (13/36) 4 9
rs1061170 CFH  83% (57/69) 26 31 86% (31/36) 11 20
rs1065489 CFH  26% (18/69) 8 10 25% (9/36) 2 7
5800292 CFH  41% (28/69) 15 13 28% (10/36) 5 5
“106101:?5%3525;‘2’65489 CFH  84% (58/69) 27 31 89% (32/36) 12 20
rs12614 CFB  28% (19/69) 10 9 31% (11/36) 7 4
rs641153 CFB 9% (6/69) 5 1 19% (7/36) 2 5
rs12614 or rs641153  CFB  35% (24/69) 14 10 50% (18/36) 9 9

*For comparisons between deceased and survivors with p-values<0.05.

**For comparisons between deceased and survivors with p-values<0.01.

Color_code: red: ICU deceased patients; green: survivors; purple for the C3 coding SNPs rs2230199 and
rs1047286 and blue for the CFB coding SNPs rs12614 and rs641153 of primary interest as shown in Tables 1-4

and discussed in the major findings of this manuscript.

pathophysiology, it has been a challenging task to identify potential
cornerstones that can rationally explain the population wide impact of
the infection on an individual basis. In this study, we stepped on our
recent findings (Gavriilaki et al., 2021) and observations (Tsiftsoglou,
2021) and attempted to decipher the patterns and distributions of SNPs
encoding amino acid substitutions in Complement components histori-
cally associated with the mechanics of the Alternative pathway (AP)
(Sim et al., 2016; Liszewski and Atkinson, 2022; Harrison et al., 2022).

Our focus on the coding SNPs did not aim to reduce the potential
importance of other non-coding gene regulatory elements that may be
involved in important regulatory processes, but was chosen after careful
consideration towards explaining on biochemical grounds, potential
differential capacities of the individual immune responses to defend and
tackle the viral infection. In order to apply this targeted analytic
approach, we have not included additional variables, other than the
clinical outcome of the infection. Among the two major groups of study,
the Survivors and the Deceased groups, we identified several unique and
sporadic, in terms of frequencies, coding SNPs that some maybe

protective or hazardous for the host, respectively (Tables 1 and 2). Some
of the encoded amino acid substitutions (Table 2) may alter the func-
tional properties of the encoded Complement components directly or in
surface complex formations. Such changes may influence the activation
threshold dynamics of the Alternative pathway (AP) and to a further
extent the clinical outcome of the infection (Harrison et al., 2022).
The involvement of the C3 rs2230199 and rs1047286 coding SNPs in
the molecular pathophysiology of the COVID-19 was first reported in the
Ramlall et al., 2020 study (Ramlall et al., 2020) and their potential
contributions to the disease on a biochemical basis was then discussed in
detail by Tsiftsoglou (Tsiftsoglou, 2021). 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) protein isoforms (Wieme and Demeulenaere, 1967;
Alper and Propp, 1968; Botto et al., 1990). The three positively charged
amino acids of C3, 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
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Table 4

Immunobiology 228 (2023) 152351

Demographics of common coding SNPs distributions in patients with the C3 rs1047286 and/or rs2230199.

Patients with C3 rs1047286 and/or rs2230199

Demographics of the common coding SNPs distributions

Deceased (n=15, M=10, F=5) [60 % of all the Deceased*]

. . . AllM M<60 yrs M=>60 yrs AllF F<60 yrs F>60 yrs
Individuals with Gene (n=10) (n=1) (n=9) (n=5) (n=2) (n=3)
rs1047286 C3 60% (6/10) 1 5 80% (4/5) 2 2
rs2230199 C3  100% (10/10) 1 9 80% (4/5) 1 3
rs1047286 or rs2230199 C3  100% (10/10) 1 9 100% (5/5) 2 3
rs1061170 CFH 90% (9/10) 1 8 80% (4/5) 2 2
rs1065489 CFH 30% (3/10) - 3 20% (1/5) 1 -
rs800292 CFH 50% (5/10) 1 4 20% (1/5) - 1
rs1061170 or rs1065489
or rs800292 CFH 90% (9/10) 1 8 80% (4/5) 2 2
rs12614 CFB 0% (0/10) - - 60% (3/5) 2 1
rs641153 CFB 0% (0/10) - - 0% (0/5) - -
rs12614 or rs641153 CFB 0% (0/10)** - - 60% (3/5) 2 1
Survivors (n=32, M=19, F=13) [31% of all the Survivors]
.. . AllM M<60 yrs M>60 yrs AllF F<60 yrs F>60 yrs
Individuals with Gene (n=19) (n=$) (n=11) (n=13) (n=4) (n=9)

rs1047286 C3 68% (13/19) 4 9 77% (10/13) 3 7
rs2230199 C3 90% (17/19) 8 9 85% (11/13) 4 7
rs1047286 or rs2230199 C3  100% (19/19) 8 11 100% (13/13) 4 9
rs1061170 CFH 95% (18/19) 8 10 85% (11/13) 3 8
rs1065489 CFH 26% (5/19) 3 2 15% (2/13) 1 1
rs800292 CFH 37% (7/19) 3 4 31% (4/13) 2 2
“1061()1:&%8525;265489 CFH 95% (18/19) 8 10 92% (12/13) 4 8
rs12614 CFB 42% (8/19) 4 4 31% (4/13) 3 1
rs641153 CFB 16% (3/19) 2 1 31% (4/13) 1 3
rs12614 or rs641153 CFB 53% (10/19) 5 5 62% (8/13) 4 4

*For comparisons between deceased and survivors with p-values<0.05.

**For comparisons between male and female patients with p-values<0.05.

Color code: red: ICU deceased patients; green: survivors; purple for the C3 coding SNPs rs2230199 and
rs1047286 and blue for the CFB coding SNPs rs12614 and rs641153 of primary interest as shown in Tables 1-4

and discussed in the major findings of this manuscript.

reactivity of C3 with nucleophilic groups (Law and Dodds, 1997; Sim
et al., 2022). The C3F isoform, containing neutral glycine instead of the
positively charged arginine has potentially reduced properties with
regards to the stability of its thioester and its potency to react with po-
tential complement activator surfaces (Rodriguez et al., 2015). It also
exhibits a weaker ability to bind to CFH which is the major circulating
cofactor for the CFI mediated downregulation of the C3bBb AP con-
vertase (Rodriguez et al., 2015; Soames and Sim, 1997; Sim and Tsift-
soglou, 2004; Roversi et al., 2011; Nilsson et al., 2011; Janssen et al.,
2006; Torreira et al., 2009). The common C3S/F comprises approxi-
mately 98 % of all C3 phenotypes (Lukawska et al., 2018). Carriers of
the C3F allele have been reported to be at higher risk for developing
Acute Macular Degeneration (AMD) (Yates et al., 2007) and various
types of glomerulonephritis namely membranoproliferative glomerulo-
nephritis type II (MPGN II) that is presently known as dense deposit
disease (DDD) (Abrera-Abeleda et al., 2011), IgA nephropathy (IgAN)
(Rambausek et al., 1987) and systemic vasculitis (SV) (Persson et al.,
2013).

The second C3 point mutation corresponding to rs1047286 in the
exon 9 of the beta chain, the P314L (P292L) has also been historically
characterized as HAV4-1+/- (Table 1) (Koch and Behrendt, 1986; Botto

etal., 1990). The P292 (HAV 4-1-) residue is located in the MG3 domain
of C3 that contains the major binding site for the activated complement
factor B (Bb). Published structural studies have showed that the poly-
morphic protein isoform HAV4-1+ (L292) exhibits stronger ability to
bind to Bb (Torreira et al., 2009; Forneris et al., 2010). This practically
suggests that the HAV4-1+ (L292) gain-of-function isoform may form a
hyperactive C3bBb AP convertase that may be also more resilient to
inactivation by complement factor I (FI) in the presence of a cofactor
such as complement factor H (FH) (Rodriguez De Cordoba et al., 2004;
Ferreira et al., 2010) or C4BP (Blom et al., 2003). It has been estimated
that 98 % of C3S allele carriers is HAV4-1- and only 2 % is HAV4-1+; in
contrast, 90 % carriers of the C3F allele is HAV4-1 + and 10 % is HAV4-
1- (Botto et al., 1990).

The frequency of the C3F minor allele of the rs2230199 SNP varies
among different populations, and is the highest in Caucasian (18 %) and
the lowest in Asian (1 %) (Bazyar et al., 2012). Our independent data-
base investigation indicated that compared to Europeans, the minor
alleles of the rs2230199 and rs1047286 C3 coding SNPs of interest are
rare in some world populations, in particular the African and East Asian
populations (1000 Genomes database). This remarkable genetic vari-
ability could be the result of evolutionary population adaptation to local
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microbial challenges and/or viral outbreaks over extended periods of
time (Ermini et al., 2012; Souilmi et al., 2021). Such variability could be
important for the regulation of the Alternative pathway (AP) in the
molecular pathophysiology of COVID-19 and the resilience to severe
infection among different populations (Holers, 2008).

The identified CFB rs12614 and rs641153 coding SNPs introduce two
different amino acid substitutions of same residue R32. The rs12614
SNP corresponds to the R32W mutation, while the rs641153 SNP refers
to the R32Q mutation. Both have been studied in the recent years as
sources of protection in Complement mediated pathologies such as AMD
(Montes et al., 2009; Hughes et al., 2011; Heurich et al., 2011; Pilotti
et al., 2020) and the atypical Hemolytic Uremic syndrome (aHUS) (de
Cordoba et al., 2011; Marinozzi et al., 2014). The R32 residue is located
in the Ba fragment of the pre-activated CFB that is later released upon
activation of the C3bBb pre-convertase by CFD (Arlaud et al., 1998; Sim
and Tsiftsoglou, 2004). Although the Ba fragment is released upon
activation of the pre-convertase, it harbors a weak, but important low
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affinity interaction site for C3b, that contributes to the overall avidity of
CFB for C3b and the assembly of the pre-convertase (Arlaud et al., 1998;
Torreira et al., 2009; Forneris et al., 2010; Marinozzi et al., 2014). The
more recent high resolution structural studies confirmed an early model
based on mutagenesis studies, proposing that the initial binding of CFB
to activator-attached C3b is mediated by two-low affinity sites, one on
Ba and the other on the vVWFA domain (Arlaud et al., 1998). Both the
CFB rs12614 and rs641153 introduced substitutions weaken the low
affinity interaction and contribute to the disruption of the dynamics that
contribute to the C3bBb pre-convertase assembly (Montes et al., 2009;
de Cordoba et al., 2011; Marinozzi et al., 2014).

If the AP pre-convertase cannot be efficiently assembled on an acti-
vator surface, the activator-attached C3b is sequentially cleaved by
complement factor I (FI) in the presence of a cofactor. In this context, the
CFB rs12614 and rs641153 coding SNPs act protectively for the host, as
they weaken or structurally ‘counterbalance’ the effects of the C3
rs2230199 and rs1047286 coding SNPs that promote the formation of a

A Distribution of common Complement coding SNPs of
interest among Deceased and Survivor Adult COVID-19
patients
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Fig. 1. Graph visualised data derived from Tables 3 (A) and 4 (B), respectively. The red dashed arrows indicate the most striking differences observed for the
frequencies of C3 rs2230199 and CFB rs12614, rs641153 among the Deceased and Survivor Adult COVID-19 patients examined. *For comparisons between deceased
and survivors with p-values < 0.05, **For comparisons between male and female patients with p-values < 0.05.
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potential hyperactive C3bBb AP convertase. This convertase may be
more resilient to inactivation by complement factor I (FI) in the presence
of a suitable cofactor such as CFH. A hyperactive C3bBb AP convertase
can contribute to increased kinetics of local or systemic Complement
consumption during the viral infection. This ‘molecular loophole’ may
enable SARS-CoV-2 to exploit the Alternative activation pathway
amplification loop introducing C3 consumption. This can practically
result in lower generation of iC3b, C3dg and C3d which are major op-
sonins of the complement system (Carroll and Isenman, 2012; Morgan
et al., 2011; Xue et al., 2017). Impaired opsonization during infection
can contribute to poor immune synergies of complement with the
various professional immune surveillance cell populations that include
phagocytes, neutrophils and B cells (Carroll and Isenman, 2012; Zar-
antonello et al., 2022). We propose that in individuals, with C3 carrying
the R102G and CFB lacking the R32W or the R32Q amino acid sub-
stitutions, the association dynamics of the C3bBb AP pre-convertase
complex assembly are enhanced and therefore enable the exploitation
of the activation of the Complement Alternative pathway (AP) by SARS-
CoV-2. Interestingly, several pathogens have evolved several elegant
mechanisms to evade complement via the AP by expressing enzymes and
competitors that degrade AP components and/or block the assembly of
C3 convertases (Shaughnessy et al., 2023). Therefore, the combinatorial
use of the C3 rs2230199 and the CFB rs12614, rs641153 coding SNPs as
molecular biomarkers can potentially distinguish a relatively large
cohort (~70 %) of individual males with a strong predisposition to se-
vere infection (Tables 3, 4 and Fig. 1A, B). In the context of the variant
distributions discussed earlier and in terms of population genetics, in-
dividuals carrying the C3 R102G amino acid substitution would be
considerably fewer in the African and East Asian populations that
exhibit low penetrance of the minor allele C3F of rs2230199.

It should be noted that the landscape of COVID-19 infection is
constantly evolving with new virus variants and added rounds of vac-
cinations that influence the clinical outcomes of the disease. Neverthe-
less, we present robust findings in a homogeneous Caucasian population
that are in accordance and expand previous knowledge. Some of the
comorbidities reported for this study group, may influence the severity
of the disease and aspects of the responses to medication through
epigenetic gene regulatory mechanisms, but herein we decided to keep
our study focused on the findings of germline genetic variation. More-
over, our findings further support the notion behind complement ther-
apeutics in COVID-19, especially the ones targeting the components of
the AP, primarily C3 (Sim et al., 2022; Pedersen et al. 2020; Skendros
et al., 2022), CFB as well as CFD (Schubart et al., 2022; Dreismann et al.,
2023). In particular, safety and efficacy has been shown for terminal
complement inhibition with the anti-C5 eculizumab (Diurno et al.,
2020), C3 inhibition with the AMY-101 (Mastaglio et al., 2020), C1
inhibition with conestat alpha (Urwyler et al., 2020), and lectin pathway
inhibition with the anti-MASP-2 narsoplimab (Rambaldi et al., 2020).
Importantly, when C3 inhibition was compared to terminal inhibition, a
broader involvement of C3 in COVID-19 thrombo-inflammation was
suggested (Mastellos et al., 2020).

Overall, we consider these findings important, because at the protein
level they support our argument about the exploitation of the activation
of the AP by SARS-CoV-2, particularly at the level of C3. In the context of
the COVID-19 molecular pathology, this can gradually lead to comple-
ment deregulation, poor opsonization, weakening of the immune
clearance mechanisms and sustained inflammation resulting in various
host tissue damage responses in severe cases of infection. Further studies
are needed to better understand the potential molecular, cellular and
clinical implications of our findings.
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