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A B S T R A C T   

Background: Genetic variation at a multigene cluster at chromosome 3p21.31 and the ABO blood group have been 
associated with the risk of developing severe COVID-19, but the mechanism remains unclear. Complement 
activation has been associated with COVID-19 severity. 
Objective: The aim of this study was to examine whether chromosome 3p21.31 and the ABO variants are linked to 
the activation of the complement cascade in COVID-19 patients. 
Methods: We considered 72 unrelated European hospitalized patients with genetic data and evaluation of 
circulating C5a and soluble terminal complement complex C5b-9 (SC5b-9). Twenty-six (36.1%) patients carried 
the rs11385942 G>GA variant and 44 (66.1%) non-O blood group associated with increased risk of severe 
COVID-19. 
Results: C5a and SC5-b9 plasma levels were higher in rs11385949 GA carriers than in non-carriers (P = 0.041 and 
P = 0.012, respectively), while C5a levels were higher in non-O group than in O group patients (P = 0.019). The 
association between rs11385949 and SC5b-9 remained significant after adjustment for ABO and disease severity 
(P = 0.004) and further correction for C5a (P = 0.018). There was a direct relationship between upper airways 
viral load and SC5b-9 in carriers of the rs11385949 risk allele (P = 0.032), which was not observed in non- 
carriers. 
Conclusions: The rs11385949 G>GA variant, tagging the chromosome 3 gene cluster variation and predisposing 
to severe COVID-19, is associated with enhanced complement activation, both with C5a and terminal comple-
ment complex, while non-O blood group with C5a levels. These findings provide a link between genetic sus-
ceptibility to more severe COVID-19 and complement activation.   

1. Introduction 

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
infection displays a wide range of clinical manifestations spanning from 
an asymptomatic condition, observed in almost 50% of individuals with 
evidence of upper respiratory viral replication [1], to coronavirus dis-
ease 2019 (COVID-19) [2,3]. The disease can be associated with minor 
upper airway manifestations or interstitial pneumonia that can evolve 

into severe and life-threatening acute respiratory distress syndrome 
(ARDS) [2–5]. An exaggerated “hyper-immune” response to lower res-
piratory airways and systemic infection is believed to be involved in 
ARDS pathogenesis [6]. Furthermore, COVID-19 is associated with a 
range of non-respiratory conditions affecting multiple organs, including 
the heart, circulatory system, kidney and the liver, whose pathogenesis 
involves endothelial activation and the immune response against 
SARS-CoV-2 [7,8]. 
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Older age, male sex, and dysmetabolism predispose to severe COVID- 
19 [9,10]. We showed that inherited genetic factors contribute to 
determine the predisposition to COVID-19 related respiratory failure 
[11]. The main risk factor for severe respiratory disease was identified at 
a chromosome 3 gene cluster locus, encompassing variation at several 
candidate genes potentially implicated in regulating bronchial physi-
ology, viral entry, and immune response. These include SCL6A20 (solute 
carrier family 6, member 20), LZTFL1 (leucine zipper transcription 
factor like 1), FYCO1 (FYVE [ Fab 1, YOTB, Vac 1, EEA1] and coiled-coil 
domain autophagy adaptor 1) and the chemokine receptors CCR9 (C-C 
motif chemokine receptor 9), CXCR6 (C-X-C motif chemokine receptor 
6), XCR1 (X-C motif chemokine receptor 1), with a possible impact 
extended on expression of the neighboring CCR1, CCR2 and CCR3 
[11–13]. However, due to the high linkage disequilibrium of this region 
inherited from Neanderthals [14], it was not yet possible to pinpoint the 
causal variant(s), and the mechanism underlying the association be-
tween chromosome 3 cluster variation and severe COVID-19 remains to 
be defined. In the FOGS study, a recently characterized cohort of a 
referral center with genetic characterization, we showed the chromo-
some 3 variation (the top hit rs11385942 G>GA variant) was associated 
with the susceptibility to develop COVID-19 with respiratory failure [11, 
15]. Although chromosome 3 gene cluster variation has repeatedly been 
confirmed to represent the main genetic risk factor for COVID-19 
severity [11,12,16], in the FOGS cohort rs11385942 did not have a 
major impact on biomarkers of systemic inflammation, including C 
reactive protein, ferritin, IL-6 and circulating neutrophils and lympho-
cytes [17]. Furthermore, ABO blood group was involved in the suscep-
tibility to COVID-19, with carriage of blood O conferring modest 
protection. Again a sound mechanistic explanation for such association 
was not yet reported [11,12,18–20]. 

In patients with severe disease, activation of the complement 
cascade, which may be facilitated by genetic predisposition, has been 
linked with inflammation grade and activation of coagulation, a typical 
feature of COVID-19 leading to thrombotic complications [21–23]. This 
process may be directly triggered by the SARS-CoV-2 Spike protein [24] 
as well as by the antibodies against the virus themselves. We recently 
showed that in hospitalized patients complement activation was asso-
ciated with disease severity and perturbation of the endothelium, a main 
target of SARS-CoV-2 infection [7,25]. Since it is not known whether the 
susceptibility to the activation of the complement pathway following 
SARS-CoV-2 infection contributes the inter-individual variability in 
COVID-19 severity, the aim of this study was to examine the possible 
association between complement activation and chromosome 3 gene 
cluster variation and/or ABO blood group in a well characterized cohort 
of hospitalized COVID-19 patients. 

2. Patients and methods 

2.1. Patients 

We considered 72 patients, who were enrolled in both the FOGS [11, 
17] and the COHERENT studies [25] at the Fondazione IRCCS Ca’ 
Granda Milan, between March 16th and April 29th, 2020 (at the 
beginning of the 1st wave in Italy), for whom both genetic data and 
characterization of complement activation were available. To avoid 
confounders, we restricted the analysis to unrelated individuals of Eu-
ropean descent [11,17]. These patients were selected by the larger 
case-control FOGS cohort of 508 cases and 890 controls up to June 2020, 
whose clinical features were previously reported [17]. The severity of 
COVID-19 was graded on the basis of clinical, radiological and labora-
tory data as follows: mild when the patients were kept under observation 
with low intensity care, moderate when they required intermediate care 
with non-invasive ventilation, or severe when they were admitted to an 
intensive care unit for mechanical ventilation [23,25]. 

Nasopharingeal swabs were tested for the presence of SARS-CoV-2 
using a One-Step Reverse Transcription Real-Time PCR kit 

(GeneFinder COVID-19 Plus RealAmp kit, ELITe, platform InGenius 
ELITech, Torino, Italy) according to manufacturer instructions, as pre-
viously described [25]. The InGenius platform displays a sensibility of 
1000 cp/ml and a specificity of 100%. A gene was considered detected 
when the cycle threshold (Ct) value resulted ≤ 45 while the assay was 
considered negative for a Ct value > 45. 

The study was approved by the Ethics committee of the Fondazione 
IRCCS Ca’ Granda and was carried out in conformity with the 2013 
revision of the Declaration of Helsinki and the code of Good Clinical 
Practice. All participants gave their written informed consent. 

Table 1 
Clinical features of the selected cohort of 72 European unrelated patients hos-
pitalized for severe COVID-19 with concomitant evaluation of genetic risk fac-
tors and of complement status activation. Patients were stratified by the 
presence of rs11385942 insertion–deletion GA or G variant at locus 3p21.31; all 
carriers were heterozygous for the GA variant.   

rs11385942 P 
value 

G/G G/GA 

N (%) 46 (63.9) 26 (36.1)  
Age, years mean ± SD 69.6 ± 10.1 64.8 ± 14.2 0.15 
Sex, male/female (female %) 28/18 (39.1) 17/9 (34.6) 0.80 
Blood group O/A/B/AB (O/ 

A/B/AB %) 
17/21/4/4 (40.0/ 
45.6/9.7/9.7) 

11/15/0/ 
0 (42.3/57.7/0/ 
0) 

0.051 

Severity*   0.47 
Mild (%) 18 (39.1) 9 (34.6)  
Moderate (%) 15 (32.6) 7 (26.9)  
Severe (%) 13 (28.3) 10 (38.5)  
Comorbidities 
Smoking, yes (%) 7 (15.2) 3 (11.5) 0.74 
Previous heart disease, yes 

(%) 
12 (26.1) 2 (7.7) 0.069 

Renal failure, yes (%) 6 (13.0) 1 (3.8) 0.41 
Diabetes, yes (%) 10 (21.7) 3 (11.5) 0.35 
Hypertension, yes (%) 23 (50.0) 9 (34.6) 0.23 
Obesity (%) 8 (18.2) 2 (8.3) 0.47 
Cardiometabolic 

comorbidities, N mean ±
SD 

0.7 ± 0.7 1.3 ± 1.0 0.0045 

Treatments, N^ mean ± SD 2.11 ± 1.12 2.36 ± 0.81 0.30 
Outcomes 
Mortality (%) 8 (17.4) 5 (19.2) 1.0 
Stroke (%) 3 (7.3) 0 0.28 
Venous thrombosis (%) 2 (4.6) 1 (4.2) 1.0 
Baseline biochemistry 
Viral load, upper respiratory 

tract Ct mean ± SD 
28.3 ± 6.4 28.7 ± 5.8 0.76 

Hb, g/l mean ± SD 12.7 ± 1.9 12.8 ± 2.2 0.55 
Platelets, 103/mm3 mean ±

SD 
242 ± 80 275 ± 129 0.26 

Neutrophils/lymphocytes 
ratio mean ± SD 

7.23 ± 6.55 6.97 ± 6.70 0.87 

GGT, IU/l median (IQR) 31 (15–63) 51 (30–117) 0.056 
AST, IU/l median (IQR) 33 (19–61) 35 (23–65) 0.59 
ALT, IU/l median (IQR) 56 (31–85) 50 (36–84) 0.95 
LDH, IU/l mean ± SD 304 ± 128 349 ± 125 0.32 
CRP, mg/dl mean ± SD 10.5 ± 6.8 9.0 ± 7.7 0.46 
Procalcitonin, mg/dl mean 
± SD 

0.65 ± 1.31 0.45 ± 0.73 0.54 

Fibrinogen, μg/l mean ± SD 548 ± 160 632 ± 184 0.11 
IL-6, pg/ml median (IQR) 51 (36–64) 80 (33–202) 0.27 
Ferritin, ng/ml median (IQR) 868 (515–1527) 1291 (445–2104) 0.37 
PT, % 1.15 ± 0.20 1.18 ± 0.14 0.42 
aPTT, % 0.97 ± 0.13 1.04 ± 0.25 0.17 

Data are shown as absolute number, mean ± SD, median (IQR), prevalence (%), 
as required. *Severity: Severe: requirement of mechanical ventilation or ECMO; 
Moderate: CPAP or high flux oxygen ventilation; Mild: low flux oxygen support. 
^among low-molecular weight heparin, corticosteroids, hydroxycloroquine, 
remdesivir, anakinra. Ct: cycle threshold of reverse transcriptase-polymerase 
chain reaction. ALT: aspartate aminotransferase. AST: alanine aminotrans-
ferase. GGT: gamma-glutamyl transpeptidase. LDH: Lactate dehydrogenase. 
CRP: C reactive protein. 
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2.2. Genetic studies 

The rs11385942 G>GA variant and ABO blood group were deter-
mined as previously described [11]; blood typing was confirmed by 
direct immunophenotyping in >95% of cases (100% concordance), 
while rs11385942 was confirmed by direct typing by Taqman assays in 
16 cases (100% concordance) [17]. 

2.3. Complement activation products 

Complement activation status was determined on the day of admis-
sion, as previously described [25]. Plasma levels of soluble C5b-9 
(SC5b-9) were measured using a solid-phase assay (MicroVue Comple-
ment SC5b-9 Plus EIA kit, Quidel Corporation, San Diego, CA, USA); 
intra- and inter-assay coefficients of variation (CVs) were respectively 
6.8% and 13.1%; the lower detection limit was 3.7 ng/mL. Plasma C5a 
levels were measured using an immunoenzymatic method (MicroVue 
Complement C5a EIA, Quidel Corporation); intra- and inter-assay CVs of 
<12%; the lower detection limit was 0.01 ng/ml. 

2.4. Statistical analysis 

Comparisons were performed by fitting outcomes with univariate 
and multivariate general linear models. Models were adjusted for con-
founding factors and genetic factors, as specified. Not normally 
distributed variables were log transformed before entering the models. 
Statistical analyses were carried out using the JMP professional 15.0 

(SAS Institute, Cary, NC, USA) and R statistical analysis software version 
4.0.2 (http://www.R-project.org/). P values < 0.05 were considered 
statistically significant. 

3. Results 

3.1. Study cohort 

The clinical features of patients, stratified by carriage of the 
rs11385942 variant, are shown in Table 1. In the present cohort, which 
includes all the disease stages, the rs11385942 GA risk allele tended to 
be associated with the group of severe COVID-19. Baseline biochemical 
features, including inflammatory and coagulation indices and upper 
airways viral load, were also comparable between carriers and non- 
carriers. However, risk variant carriers tended to be younger and had 
a significantly lower burden of cardiometabolic comorbidities (p =
0.0045). 

3.2. Impact of rs11385942 on complement activation 

Circulating C5a levels were not significantly associated with avail-
able circulating biomarkers of inflammation and tissue damage. On the 
other hand, terminal complement complex SC5b-9 levels were directly 
associated with markers of tissue damage, including AST (P = 0.038), 
GGT (P = 0.047), and nearly associated with LDH (P = 0.055), and CPK 
(P = 0.078), but not associated with ALT (P > 0.5). Among markers of 
inflammation, SC5b-9 levels were nearly associated with ferritin (P =

Fig. 1. Impact of genetic predisposition to COVID-19 on complement activation. Impact of rs11385942 G>GA and ABO on circulating C5a (panel A and B, 
respectively) and SC5b-9 (panel C and D, respectively). At generalized linear models unadjusted (P values), and multivariate models considering rs11385942, ABO 
blood groups, and disease severity (adj P). 
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0.057), but not with CRP, IL-6 and neutrophils/lymphocytes ratio (p >
0.5). 

The impact of genetic predisposition on complement activation at 
baseline (hospital admission) is shown in Fig. 1 and in Table 2. Plasma 
levels of both C5a and SC5-b9 were significantly higher in carriers of 
rs11385949 GA than in non-carriers (P = 0.041 and P = 0.012, 
respectively) and were higher in patients of non-O group than in patients 
carrying the O group, but only C5a reached statistical significance (P =
0.019), as shown in Table 2. The association between rs11385949 GA 
and SC5b-9 remained significant after adjustment for ABO and disease 

severity (P = 0.004) and after further correction for C5a levels (estimate 
66 ± 65, P = 0.018 for rs11385949 GA allele; estimate 11 ± 5, P = 0.023 
for C5a levels; other predictors were not significant). The combined 
effect of rs11385949 GA allele and O blood group on complement 
activation products (C5a and SC5b-9) is presented in Fig. 2. Complement 
activation was higher in non-O blood group patients irrespective of 
rs11385949 (p < 0.05), while C5a levels were higher in rs11385949 GA 
carriers both in blood group O and non-O patients (p < 0.05). 

The relationship between upper airways viral load and terminal 
complement complex in patients stratified by rs11385949 GA is shown 
in Fig. 3A. Remarkably, there was a significant direct relationship be-
tween upper airways viral load and SC5b-9 levels in carriers of the GA 
risk allele (estimate 18.8 ± 8.4 ng/ml of SC59b-9 per cycle at which the 
viral nucleic acids were detected by real-time PCR (cycle threshold); P =
0.032). The negative correlation of SC5b-9 levels with cycle threshold 
indicates a positive correlation with the log2 viral load, which was not 
observed in non-carriers despite the larger statistical power (estimate 
− 1.4 ± 3.2 ng/ml of SC59b-9 per cycle; P = 0.65). Notably, we also 
observed a specific correlation between viral load and ferritin (shown in 
Fig. 3B) only in carriers of rs11385949 GA (estimate − 118 ± 52 ng/ml 
of ferritin per cycle threshold; P = 0.033), but not in non-carriers (es-
timate 15 ± 30 ng/ml of ferritin per cycle threshold; P = 0.61). 

In the subset of patients where the information was available the 
impact of rs11385949 and ABO blood group on complement activation 
disappeared at follow-up (at 30 days after admission during remission of 
symptoms in surviving patients) with a larger decrease in at risk geno-
types for C5a (Table 2). 

Overall, these data show that complement activation, which parallels 
COVID-19 severity, is associated with rs11385949 GA that is a recog-
nized risk factor for the development of severe respiratory involvement. 

4. Discussion 

In this study, we examined whether the genetic predisposition to 
severe COVID-19 with respiratory failure, in particular the rs11385949 
G>GA variant at the chromosome 3 gene cluster [11–13], influences 
complement activation in hospitalized patients. We were prompted by 
evidence that: a) the mechanism linking rs11385949 with respiratory 
failure in individuals infected by SARS-CoV-2 is still unclear, but may 
encompass modulation of the recruitment/activation of inflammatory 

Table 2 
Impact of the genetic background on complement activation at baseline and 
follow-up (30 days after admission) in 72 hospitalized patients with COVID-19. 
Follow-up data are available in a subset of 26 patients.   

C5a, ng/ml 

rs11385942 P 
value 

Non-O blood group P 
value 

G GA Yes No 

Baseline 14.1 ±
5.1 (n =
46) 

16.5 ±
5.3 (n =
26) 

0.041 16.1 ±
4.6 (n =
44) 

13.2 ±
5.1 (n =
28) 

0.019 

Follow-up 13.4 ±
3.3 (n =
16) 

10.2 ±
4.2 (n =
10) 

0.054 11.3 ±
4.0 (n =
13) 

13.1 ±
3.7 (n =
13) 

0.25 

Differencea − 1.7 ±
14.3 

− 5.8 ±
3.1 

0.025 − 4.2 ±
15.2 

− 2.3 ±
12.5 

0.043   

SC5b-9, ng/ml 

rs11385942 P 
value 

Non-O blood group P 
value 

G GA Yes No 

Baseline 487 ±
167 (n =
46) 

628 ±
243 (n =
26) 

0.012 552 ±
208 (n =
44) 

516 ±
209 (n =
28) 

0.47 

Follow-up 371 ±
158 (n =
16) 

367 ±
103 (n =
10) 

0.93 366 ±
165 (n =
13) 

372 ±
109 (n =
13) 

0.91 

Differencea − 121 ±
432 

− 220 ±
477 

0.17 − 142 ±
443 

− 176 ±
454 

0.63  

a For matched pairs (only patients with available follow-up were included); p 
= 0.001 and p < 0.0001 in the whole series for a decrease at follow-up of C5a 
and SCC5b-9, respectively. 

Fig. 2. Combined impact of rs11385942 G>GA and non-O blood group on complement activation. P values are reported for ANOVA test; #P < 0.05 vs. group 
O, rs11385942 G allele; $ P < 0.05 vs. group O, rs11385942 GA allele. 
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cells [11], b) the complement cascade is activated during COVID-19 
paralleling disease severity [21,22,25,26]. 

The main finding was that rs11385949 was associated with increased 
circulating C5a and SC5b-9. In line with the hypothesis that the mech-
anism linking chromosome 3 variation with the susceptibility to develop 
more severe COVID-19 encompasses complement activation in response 
to SARS-CoV-2 infection, SC5b-9 levels correlated with upper respira-
tory airways viral load specifically in carriers of the rs11385949 GA risk 
allele. The loss of association during remission in a patients’ subset 
suggests that the rs11385949 GA risk allele is associated with comple-
ment activation only when the SARS-CoV-2 infection is present. 
Remarkably, SC5b-9 levels correlated with biomarkers of tissue damage, 
e.g. biomarkers of necrosis such as LDH, but not with classic markers of 
systemic inflammation, suggesting that activation of the complement 
cascade may contribute in an independent manner in determining lung 
damage. This hypothesis is consistent with experimental evidence that 
SARS-CoV-2 Spike protein is able to trigger complement activation [24], 
whose inhibition prevents severe lung injury in mouse models of SARS 
coronavirus infection 1 [27,28]. 

In this study, terminal complement complex was also associated with 
higher GGT, possibly reflecting biliary damage, as biliary cells have been 
highlighted as a possible target for SARS-CoV-2 infection due to high 
expression of ACE2 [29]. However, the mechanism whereby chromo-
some 3 cluster variation facilitates complement activation during 
SARS-CoV-2 infection remains to be determined. Although we did not 
observe an impact of rs11385949 GA on upper respiratory airways viral 
load, it cannot be ruled out that the variant may facilitate viral repli-
cation in lower respiratory airways or other organs. However, we found 
that in carriers of the rs11385949 GA risk variant, viral load parallels 
not only complement activation but also ferritin, reflecting dysregula-
tion of the immune response with increased monocyte/macrophage 
activation [30]. As rs11385949 tags genetic variation of a large gene 
cluster encoding several chemokine receptors directly influencing their 
expression (e.g. by upregulating CCR2), it could be speculated that it 
affects the recruitment of inflammatory cells in the lower airways or in 
vascular tissues, but additional studies are required to clarify the mo-
lecular pathways. 

Interestingly, in the present cohort we found that rs11385949 GA 
risk allele carriers developed COVID-19 in the presence of a less severe 
burden of cardiometabolic comorbidities, a major risk factor for this 
condition [9,10]. Although complement activation, endothelialithis, 
systemic inflammation and thrombotic complications increase together 
with the severity of COVID-19 and are all induced in patients with the 
most severe disease manifestations [8,25], this observation highlights a 
potential source of heterogeneity among patients in the initial trigger of 
this process culminating with respiratory failure. Indeed, in those at 
increased risk due to carriage of chromosome 3 variation, although in-
flammatory pathways and the coagulation cascade are also activated, 
the complement cascade may play a role in sustaining aggressive disease 

even in the absence of cardiometabolic risk factors mediating endothe-
lial damage and thrombosis through alternative pathways. 

In parallel, we examined the impact of ABO blood group, as group O 
was associated with reduced risk of COVID-19, whereas the protection 
towards more severe outcomes in hospitalized patients is still disputed 
and may be modulated by genetic modifiers [11,12,18–20]. Interest-
ingly, we found that group O is associated with reduced C5a and SC5b-9 
levels, but only C5a reached statistical significance. It could be therefore 
speculated that patients with non-O group are more prone to an exag-
gerated activation of complement, possibly leading to a progression of 
tissue damage towards more severe lung disease. 

Although we were able to correlate genetic background with a bio-
markers panel in a well characterized cohort, limitations of this study 
encompass the retrospective monocentric design, limited sample size, 
lack of evaluation of individuals of non-European ancestry, and lack of 
assessment of the impact on an extended panel of cytokines and effector 
molecules. Independent replication in larger cohorts should therefore be 
obtained before ruling out a consensual minor impact of genetic pre-
disposition on inflammatory markers and being able to draw reliable 
conclusions. 

5. Conclusions 

In summary, we found that the rs11385949 G>GA variant, tagging 
the chromosome 3 gene cluster variation responsible for severe COVID- 
19 predisposition, is associated with complement pathway activation. 
Indeed, rs11385949 impacted on both C5a and SC5b-9, while non-O 
blood group only on C5a levels. Furthermore, we found that comple-
ment activation and circulating ferritin parallel viral replication spe-
cifically in carriers of the rs11385949 risk variant. These findings 
provide a possible pathway (i.e. complement activation) linking genetic 
susceptibility to severe COVID-19 with a stronger inflammatory 
response that may be critical for disease pathogenesis. At the same time, 
they are consistent with a causal role of complement activation in 
determining lung damage. Inhibition of complement activation should 
be further investigated as therapeutic strategy for severe COVID-19, 
particularly in carriers of chromosome 3 gene cluster variant. 
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