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Aims: Although the exact factors promoting disease progression in COVID-19 are not fully
elucidated, unregulated activation of the complement system (CS) seems to play a crucial
role in the pathogenesis of acute lung injury (ALI) induced by SARS-CoV-2. In particular,
the lectin pathway (LP) has been implicated in previous autopsy studies. The primary
purpose of our study is to investigate the role of the CS in hospitalized COVID-19 patients
with varying degrees of disease severity.

Methods: In a single-center prospective observational study, 154 hospitalized patients
with PCR-confirmed SARS-CoV-2 infection were included. Serum samples on admission
to the COVID-19 ward were collected for analysis of CS pathway activities and
concentrations of LP proteins [mannose-binding lectin (MBL) and ficolin-3 (FCN-3)] &
C1 esterase inhibitor (C1IHN). The primary outcome was mechanical ventilation or in-
hospital death.

Results: The patients were predominately male and had multiple comorbidities. ICU
admission was required in 16% of the patients and death (3%) or mechanical ventilation
occurred in 23 patients (15%). There was no significant difference in LP activity, MBL and
FCN-3 concentrations according to different peak disease severities. The median
alternative pathway (AP) activity was significantly lower (65%, IQR 50-94) in patients
with death/invasive ventilation compared to patients without (87%, IQR 68-102, p=0.026).
An optimal threshold of <65.5% for AP activity was derived from a ROC curve resulting in
increased odds for death or mechanical ventilation (OR 4,93; 95% CI 1.70-14.33,
p=0.003) even after adjustment for confounding factors. Classical pathway (CP) activity
was slightly lower in patients with more severe disease (median 101% for death/
mechanical ventilation vs 109%, p=0.014). C1INH concentration correlated positively
with length of stay, inflammatory markers and disease severity on admission but not
during follow-up.
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Conclusion: Our results point to an overactivated AP in critically ill COVID-19 patients
in vivo leading to complement consumption and consequently to a significantly reduced
AP activity in vitro. The LP does not seem to play a role in the progression to severe
COVID-19. Apart from its acute phase reaction the significance of C1INH in COVID-19
requires further studies.
Keywords: COVID-19, C1 esterase inhibitor, SARS-CoV-2, inflammation, complement system, mannose-binding
lectin, ficolin-3
INTRODUCTION

In December 2019, a novel coronavirus was identified as the
cause of a cluster of pneumonia cases in Wuhan, a city in the
Hubei Province of China. It rapidly spread, resulting in an
epidemic throughout China, followed by an unprecedented
worldwide pandemic with more than 202 million identified
cases and more than 4 million deaths (1). In February 2020,
the World Health Organization designated the disease COVID-
19, which stands for coronavirus disease 2019. The virus that
causes COVID-19 was designated severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). The clinical spectrum
of COVID-19 ranges from asymptomatic carriers to respiratory
failure requiring respiratory support in the intensive care unit
(ICU). In the latter setting, a dysregulated immune response
characterized by a decrease in suppressor T cell counts, excessive
release of pro-inflammatory cytokines, and activation of several
inflammatory cascades including the contact activation,
coagulation and complement cascade, contributes to the
observed organ dysfunction (2–4).

The complement system is an integral part of the innate
immune system and acts as a first line of defence by inducing an
inflammatory response after opsonisation of pathogens and
dying cells (5, 6). The complement cascade is initiated by at
least three pathways, i.e. the classical, the lectin, and the
alternative pathway. The lectin pathway (LP) of complement is
activated after binding of its pattern-recognition receptors (PRR)
including mannose-binding lectin (MBL) and the ficolins to
carbohydrate patterns, acetyl groups or immunoglobulin M
with subsequent activation of MBL-associated serine protease
(MASP)-1 and -2 and assembly of the C3 convertase (7). Inter-
individual serum concentrations of LP PRR vary to a
considerable degree with the greatest differences observed in
MBL levels (from undetectable to about 10 µg/mL) (8, 9).

The complement system and particularly the LP has been found
to interact with and be involved in the clearance of a number of
viruses (10–14). Importantly, its contribution to the risk and
severity of SARS-CoV, that emerged in 2002 to 2003 and led to a
global outbreak of SARS, has been evaluated in detail previously.
Binding of MBL to SARS-CoV was demonstrated, which
consequently interfered with efficient viral entry (15, 16). More
importantly, several case-control studies have documented an
increased susceptibility to SARS-CoV infection in patients with
low MBL concentrations or certain low-producing genotypes (16–
18) but not for the presence of MASP-2 polymorphisms (19). In
COVID-19, convincing data has emerged showing that
org 2
complement system activation mediates thrombo-inflammation
and may contribute to respiratory failure and mortality (20, 21).
Regarding the lectin pathway, MASP-2 was found to interact with
SARS-CoV-2 leading to uncontrolled activation of the complement
cascade (22). In line, pulmonary vascular MASP-2 deposits were
demonstrated in an autopsy study of critically ill COVID-19
patients, and MBL concentrations were higher in patients with
thromboembolic events (21, 23).However, dataon the roleof theLP
are controversial. In a recent study,MBL2 variants associated with
lowerMBL levels were more frequently encountered in COVID-19
compared to control patients and were associated with a more
severe disease suggesting a protective role of MBL (24).

Ficolin-3 (FCN3) is the most abundant of the three ficolins in
serum, and the only one that is expressed in the lungs even
exceeding its expression in the liver (25). Although data on
SARS-CoV-2 are lacking, interactions with seasonal influenza
viruses have been described (26, 27). In a small study, increased
FCN3 concentrations were observed in severe COVID-19 in
Asian patients with significant renal disease (28). Lastly, C1
esterase inhibitor (C1INH) is a serine-protease inhibitor of
manifold targets including the classical pathway (CP) and LP
of the complement system (29). In line with its role as an acute
phase protein, elevated serum concentrations have been
documented in severe COVID-19 (30, 31), whereas its
expression in bronchoalveolar lavage samples was significantly
decreased (32). Interestingly, C1INH was able to block MASP-2
mediated overactivation of the complement system and lung
injury induced by several pathogenic coronaviruses (22).

With regards to COVID-19, it remains to be elucidated,
which complement pathway crucially contributes to
complement activation and its clinical consequences. Previous
studies have pointed to the LP and alternative pathway (AP) (31,
33–35).

Given the paucity of data regarding the lectin pathway of
complement in SARS-CoV-2 infection, we aimed to investigate
serum concentrations of two important PRR of the LP and of its
predominant inhibitor (i.e. C1INH) as well as to clarify the role
of complement pathway activities in a well-characterized cohort
of COVID-19 patients with respect to severity and outcome.
MATERIALS AND METHODS

Ethics Statement
The study protocol was approved by the Ethics Committee of
Northwest and Central Switzerland (EKNZ 2020-00769) with a
October 2021 | Volume 12 | Article 765330
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waiver for informed consent. The study was performed in
accordance with the latest version of the declaration of
Helsinki and the guidelines for good clinical practice.

Patient Inclusion and Sample Collection
This prospective observational cohort study was performed at a
single tertiary care center in Switzerland. Consecutive patients
with a SARS-CoV-2 infection confirmed by polymerase chain
reaction (PCR) from a nasopharyngeal swab and admitted to the
hospital between March and May 2020 were included. Serum
samples were collected on admission to the COVID-19 ward
during routine blood sampling, transferred to the laboratory
immediately after sampling, centrifuged, aliquoted and stored at
−80°C until measurement of the complement pathway activities
and concentrations of MBL, FCN-3 and C1INH. According to
the institutional protocol at that time most patients received
lopinavir/ritonavir and hydroxychloroquine treatment, but not
corticosteroids. In addition, patients who deteriorated with a
C-reactive protein (CRP) above 70 mg/L and/or progressive lung
involvement on repeat chest computed tomography (CT) scan
were treated with tocilizumab (8 mg/kg body weight up to 800
mg with a repeat dose after 24 to 48 hours if required) on a
compassionate use basis.

Patients were excluded if they had refused the general
research consent of our institution, if a serum sample was not
available on admission or if patients were transferred to another
institution within 72 hours (lost to follow-up).

Laboratory Assessment
Complement pathway activities (WIESLAB® Complement system
Screen kit, Svar Life Science AB, Sweden) and C1INH antigen
concentration (Siemens, Marburg, Germany) were determined on
semi-automated platforms in the Clinical Laboratory of the
University Hospital according to the manufacturer’s instruction
and standard operating procedures. Low CP and AP activities are
usually caused by in-vivo activated pathways with consumption of
complement components, whereas low LP activity is usually due
to low MBL concentrations.

For FCN-3 a research-use-only enzyme-linked immunosorbent
assay (ELISA) kit was used according to the manufacturer’s
instruction (Hycult Biotech, Uden, the Netherland). MBL
concentration was quantified using an in-house ELISA with
mannan coating as previously described (36). A biotinylated
mouse anti-human MBL antibody (HYB131-01B, Bioporto
Diagnostics, Denmark) was used for detection and a pooled
human serum with known MBL concentration (BioPorto
Diagnostics, Denmar) was used to generate a standard curve.

Primary and Secondary Outcomes and
Data Extraction
The primary outcome of this study was a composite clinical
outcome combining in-hospital all-cause mortality and need of
intubation and mechanical ventilation, corresponding to a score
of 6-8 on the WHO ordinal scale for clinical improvement (37).
Secondary outcomes were length of stay (LOS) until discharge to
home or a non-acute care (rehabilitation) center or death
occurred and correlation with inflammatory markers.
Frontiers in Immunology | www.frontiersin.org 3
Clinical data and laboratory results were collected from the
electronic health records and recorded in an electronic database
(Research Electronic Data Capture). Patients were followed up
for the primary and secondary clinical outcome until death or
discharge occurred.

Semi-automatic quantification of affected lung tissue on a CT
scan was performed using software for lung density analysis in
Chest CT [CT Pulmo 3D included in Syngo.Via VB30A, Siemens
Healthineers, Forchheim, Germany; method similar as described
(38)]. After semi-automatic segmentation of the lungs a
threshold analysis of Hounsfield units (HU) was pursued,
where pulmonary involvement was defined as the percentage
of lung parenchyma with a CT-density between -600 and 0 HU.
Statistical Analysis
Statistical analysis was performed using SPSS software, version
25.0 (IBM, USA), and GraphPad Prism 7 software was used for
visualization (GraphPadSoftwares Inc., La Jolla, Ca, USA). Most
of the variables showed skewed distributions and for this reason
data are represented as medians with interquartile range (IQR), if
not mentioned otherwise. Data from normally distributed
variables are presented as means with standard deviation (SD).
Nominal data are presented as frequencies (%). Differences
between patient groups were assessed using the Mann-Whitney
U test for continuous variables, and the chi-square or Fisher’s
exact test for nominal variables. Correlations between
complement factors and the secondary clinical outcome (LOS)
or inflammatory markers were assessed using Spearman rank
correlation tests. Multivariable logistic regression models were
performed to analyze associations between complement
parameters and the composite outcome of mechanical
ventilation and/or in-hospital death. Results are presented as
odds ratios (OR) with corresponding 95% confidence intervals
(CI). Variable selection was based on biologic plausibility and/or
demonstrated associations. Differences between groups or
correlations were considered statistically significant at the level
of p < 0.05 (2-tailed).
RESULTS

Patient Characteristics
Overall, 154 of 189 patients with PCR-confirmed SARS-CoV-2
infection and hospitalized during the first wave were included in
this study. Patients were predominately male (94/154, 61%) with
a median age of 62 years (IQR 49-73). Frequent comorbidities
included arterial hypertension, obesity (body mass index (BMI)
≥30 kg/m2], and cardiovascular disease (Table 1). The median
duration of symptoms before admission was 7 days [IQR 3-11).
57 patients (37%) had a SOFA score of at least 2 points on
admission, indicating severe disease. Median peak viral load in
nasopharyngeal swab samples and median peak affected lung
volume on computed tomography scan of the chest were 118’900
copies/ml (IQR 9’700-1’705’825) and 14% (IQR 6.6-25) of the
total lung volume, respectively. Further demographic and
baseline characteristics are reported in Table 1.
October 2021 | Volume 12 | Article 765330
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In total, 25 patients (16%) required transfer to the intensive
care unit (ICU) during the disease course, 10 (8%) of whom were
transferred less than 24 hours after their initial admission to the
COVID-19 ward. Death (4/154, 3%) and/or mechanical
ventilation occurred in 23 patients (15%). These patients
suffered more frequently from arterial hypertension or obesity,
presented with more advanced disease, and were more likely
Frontiers in Immunology | www.frontiersin.org 4
to receive antibiotic, antiviral and anti-inflammatory
therapies (Table 1).

Association With Disease Severity
Neither FCN-3, MBL, C1INH serum concentrations nor LP
activity on admission were associated with the occurrence of
the composite outcome of mechanical ventilation or in-hospital
TABLE 1 | Demographic and baseline characteristics, therapeutic management and outcomes of the entire patient cohort and according to the composite outcome of
mechanical ventilation and/or in-hospital death.

Variables Total n=154 Patients without the composite
outcome n=131

Patients with the composite
outcome n=23

p-
values

Demographics
Male sex, n (%) 94 (61) 77 (59) 17 (74) 0.170
Age on admission in years, mean (SD) 61 (16) 60 (16) 65 (14) 0.205
Body mass index (BMI) in kg/m2, median (IQR) 27 (24-32) 27 (24-31) 30 (26-34) 0.093

Comorbidities
Arterial hypertension, n (%) 81 (53) 64 (49) 17 (74) 0.026
Obesity (BMI>=30 kg/m2), n (%) 52 (34) 40 (31) 12 (52) 0.043
Diabetes mellitus, n (%) 32 (21) 26 (20) 6 (26) 0.496
Chronic lung disease, n (%) 31 (20) 24 (18) 7 (30) 0.181
Cardiovascular disease, n (%) 46 (30) 36 (27) 10 (43) 0.122
Chronic renal failure, n (%) 25 (16) 19 (15) 6 (26) 0.170
Solid or haematological cancer, n (%) 21 (14) 17 (13) 4 (17)
Immunosuppression, n (%) 21 (14) 17 (13) 4 (17) 0.569
Charlson comorbidity index, median (IQR) 3 (1-5) 2 (1-5) 4 (2-7) 0.109

Clinical characteristics
Symptom duration before admission in
days, median (IQR)

7 (3-11) 7 (3-11) 8 (6-12) 0.449

SOFA score on admission, median (IQR) 1 (0-2) 1 (0-2) 2 (1-3) 0.000
NEWS2 score on admission, median (IQR) 3 (2-5) 3 (2-5) 4.5 (2.5-7.5) 0.028
Oxygen saturation on admission, median (IQR) 95 (93-97) 96 (94-97) 93 (90-96) 0.001

Presenting symptoms
Cough, n (%) 101 (66) 86 (66) 15 (65) 0.968
Fever, n (%) 91 (59) 74 (56) 17 (74) 0.117
Shortness of breath, n (%) 54 (35) 45 (34) 9 (39) 0.658

Routine laboratory findings (with normal ranges) on admission, median (IQR)
Leukocytes x109/l (3.5-10.0) 6.0 (4.2-8.2) 6.0 (4.1-8.2) 5.9 (4.8-8.1) 0.94
Lymphocytes x109/l (0.9-3.3) 1.0 (0.6-1.3) 1.0 (0.7-1.4) 0.7 (0.5-1.1) 0.014
Platelets x109/l (150-450) 206 (146-242) 209 (150-275) 171 (131-220) 0.032
C-reactive protein in mg/l (<10.0) 39.5 (16.4-76.2) 38 (14.5-72.1) 72.2 (33.5-112.6) 0.016
Interleukin-6 in ng/l (<7.0) 80.8 (36.1-107) 57.4 (24.8-87.3) 105.0 (56.9-210.5) 0.003
Ferritin in mg/l (10-200) 586 (288-1234) 555 (279-1202) 865 (406-2243) 0.146
D-dimer in mg/l (0.19-0.50) 0.72 (0.42-1.58) 0.73 (0.40-1.68) 0.66 (0.47-1.27) 1.0
LDH in IU/l (135-225) 269 (222-360) 265 (218-352) 340 (232-455) 0.085
Peak viral load in nasopharyngeal swab
in copies/ml

118`900 (9`700-
1`705`825)

78`900 (7`900-1`425`600) 692`400 (115`100-3`095`900) 0.02

Peak affected lung volume as percentage (%) on
computed tomography scan of the chest,
median (IQR)

14.0 (6.6-25.0) 12.0 (6.0-20.1) 29.0 (24.3-36.3) <0.001

Treatment
Lopinavir/ritonavir, n (%) 100 (65) 81 (62) 19 (83) 0.054
Hydroxychloroquine, n (%) 125 (81) 103 (79) 22 (96) 0.054
Remdesivir, n (%) 7 (5) 0 (0) 7 (30) <0.001
Tocilizumab, n (%) 42 (27) 25 (19) 17 (74) <0.001
Antibiotics, n (%) 67 (44) 46 (35) 21 (91) <0.001

Outcomes
In-hospital mortality, n (%) 4 (3) 0 (0) 4 (17) <0.001
ICU admission, n (%) 25 (16) 6 (5) 19 (83) <0.001
[with median (IQR) LOS in ICU in days] [8 (3-13)] [1 (1-3)] [10 (6-13)]
LOS in days, median (IQR) 8 (5-11) 6 (4-10) 20 (12-28) <0.001
Oc
tober 2021 | Volume 12 | Article
BMI, body mass index; ICU, intensive-care unit; IQR, interquartile range; LDH, lactate dehydrogenase; LOS, length of stay; NEWS2, National Early Warning Score 2; SOFA, sepsis-related
organ failure assessment score; SD, standard deviation.
Statistically significant results (p < 0.05) are marked in boldface font.
765330

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Charitos et al. Complement System and COVID-19
death (Table 2). Furthermore, moderate and severe MBL
deficiencies, defined as serum concentration below 500 ng/ml
and below 100 ng/ml, respectively, were not associated with the
clinical outcome. In contrast, CP activity was slightly lower and
AP activity significantly lower in patients who required
mechanical ventilation and/or died [CP activity, median (IQR)
101% (91-110) vs. 109% (97-119), p=0.014; AP activity, median
(IQR) 65% (50-94) vs. 87% (68-102), p=0.026] (Figure 1)
suggesting complement consumption due to in-vivo activation
via the AP and to a lesser degree via the CP of complement. Due
to the larger median difference, we explored receiver-operator
characteristics analysis of the AP activity to evaluate if a
dichotomous cut-off might differentiate between patients with
and without the composite outcome (Figure S1). An optimal
cut-off of 65.5% for the AP activity was derived from this analysis
(AUC 0.656, p=0.026) and was tested in the multivariable
analysis. Patients with an AP activity of less than 65.5% on
admission had higher odds for in-hospital death or mechanical
ventilation (OR 4.93 (IQR 1.70-14.33), p = 0.003) after
adjustment for comorbidities and disease severity on
admission (Table 3).

Regarding the secondary outcomes, only C1INH and the AP
activity showed a weak correlation with disease severity on
admission as assessed by the SOFA score. Only C1INH
correlated weakly with length of stay (r = 0.266, p = 0.002;
Table 4). In line, an AP activity below 65.5% was more
frequently encountered in patients with a SOFA score of at
least 2 on admission (38.6% vs. 20.6%, p=0.016).

Correlation With Inflammation
Admission CP, LP activity and MBL concentrations correlated
only weakly with CRP and ferritin sampled at the same time
point, but not with D-Dimer or lymphocyte count (Table 4). In
line, MBL deficiency < 500 ng/ml was only associated with a
lower ferritin concentration on admission [median 433 µg/l (IQR
238-738) vs. 844 µg/l (IQR 335-1392) in patients without MBL
deficiency < 500 ng/ml, p=0.008]. For FCN-3, correlations with
inflammatory markers were essentially absent, whereas C1INH –
the natural inhibitor of the LP and CP – correlated positively
with several inflammatory markers on admission, in particular
CRP (r = 0.455, p < 0.001) and ferritin (r = 0.477, p < 0.001
Frontiers in Immunology | www.frontiersin.org 5
(Table 4). In addition, C1INH correlated positively with peak
CRP (r = 0.469, p<0.001), peak ferritin and lactate
dehydrogenase concentrations (r = 0.546, p<0.001 and r =
0.545, p<0.001, respectively), and peak affected lung volume on
CT scan of the chest (r = 0.381, p<0.001). Interestingly, a higher
C1INH concentration on admission was associated with the
subsequent administration of tocilizumab [median 0.51 (IQR
0.46-0.57) g/L vs. 0.45 (IQR 0.39-0.53) g/L in patients not
receiving tocilizumab, p=0.003].
DISCUSSION

The complement system has been implicated in the pathogenesis
and severity of COVID-19 in several studies (20, 21, 35). The
present study is the largest study to assess serum MBL, ficolin-3
and C1INH concentrations as well as CP, AP and LP activity in a
well-characterized cohort of COVID-19 patients. In addition, it
extends previous data on the role of the AP in COVID-19 by
presenting data on the association of AP activity measured on
admission with a composite outcome of mechanical ventilation
and/or in-hospital death.

Neither serum concentrations of MBL and FCN-3 nor LP
activity on admission were associated with mechanical
ventilation and/or in-hospital death, and only a very weak
correlation with markers of inflammation was observed. This is
surprising given the proposed involvement of MBL and the LP in
the pathogenesis of SARS-CoV-2 infection. MBL and other
pattern-recognition receptors of the LP bind directly to SARS-
CoV-2 nucleocapsid and spike proteins, and LP activation was
demonstrated upon binding (39). In addition, complement
mediated injury has been documented in the lungs and skin of
patients with severe COVID-19 with significant deposition of
MASP-2, MBL and even ficolin-3 (21, 40), and MASP-2 deficient
mice were protected from severe disease (22). Lastly, Shen B et al.
documented a significant upregulation of mannose in sera of
severe COVID-19 patients, which may lead to complement
activation upon binding of MBL to mannose (41). Our results
are in line with observations from smaller cohorts that have not
found a an association of MBL or FCN-3 serum concentrations
(20, 23, 28) or LP activity (34) with outcome or severity in
TABLE 2 | Complement parameters in the entire cohort and according to the composite outcome of mechanical ventilation and/or in-hospital death.

Complement parameter Total n=154 Patients without the composite outcome n=131 Patients with the composite outcome n=23 p-
valuesMedian (IQR) or n (%)

Lectin pathway activity, % 69 (5-126) 77 (5-126) 57 (5-112) 0.392
Classical pathway activity, % 108 (95-119) 109 (97-119) 101 (91-110) 0.014
Alternative pathway activity,
%

86 (65-100) 87 (68-102) 65 (50-94) 0.026

MBL in ng/ml 1`913 (261-4419) 1`858 (305-4`320) 2`280 (36-5`177) 0.763
MBL < 500 ng/ml 44 (28.6) 37 (28.2) 7 (30.4) 0.805
MBL < 100 ng/ml 32 (20.8) 25 (19.1) 7 (30.4) 0.260
FCN-3 in ng/ml 40`728 (28`036-

50`971)
41`063 (30`121-51`080) 34’681 (23`725-48`444) 0.341

C1INH in g/l 0.47 (0.40-0.54) 0.46 (0.40-0.54) 0.50 (0.41-0.57) 0.444
October 2021 | Volume 12 | Artic
C1INH, C1 esterase inhibitor; FCN-3, ficolin-3; MBL, mannose-binding lectin.
Statistically significant results (p < 0.05) are marked in boldface font.
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A

B

C

FIGURE 1 | Activity levels (in %) of the classical (A), lectin (B) and alternative pathway (C) in patients who required mechanical ventilation or died during the
hospitalization (n = 23, composite outcome) compared to patients who survived without requiring mechanical ventilation (n = 131, controls). Medians are depicted
(red line). Significant differences (p<0.05) are marked with an asterisk.
Frontiers in Immunology | www.frontiersin.org October 2021 | Volume 12 | Article 7653306
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COVID-19. In contrast, MBL (elevated proteomic signature) was
found to be associated with 28-day mortality in a proteomic
analysis (31). However, this study only included sera from 62
ICU patients, and the predictive performance of the MBL
proteomic signature could not be tested in the much larger
validation cohort (31). Of note, MBL genotypes associated with
lower protein concentrations (i.e. the opposite as observed in the
proteomic study) were more frequently encountered in patients
with severe disease and need for ICU support in a study from
Turkey (24). Lastly, a small study of 65 ICU patients reported no
association of MBL with survival or need of mechanical
ventilation similar to our cohort but higher MBL levels in
patients with thromboembolic events, which correlated with
D-dimer levels (23). Due to a very low number of
thromboembolic events we were not able to confirm or refute
this finding in the present study, but MBL concentrations or
activity did not correlate with D-dimer levels in our cohort, even
when limiting the analysis to ICU patients (data not shown). In
summary, current human studies measuring LP proteins or
activity have not been able to support the current concept of a
core role of the LP in the overactivation of the complement
system and the pathogenesis of COVID-19.

In contrast to the LP, low AP activity measured on admission
to the COVID-19 and suggesting in-vivo overactivation via the
AP emerged as a significant predictor of mechanical ventilation
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or in-hospital death in the present analysis. Patients with AP
activity below the cut-off derived from the ROC analysis were
almost five times more likely to develop acute lung injury
requiring mechanical ventilation and/or to die compared to
patients with AP activity above this cut-off. In addition, a
lower AP activity also correlated with a higher disease severity
on admission as assessed by the SOFA score. Our study cohort is
the largest to date assessing AP activity and provides
independent evidence regarding the predictive value of AP
activity when assessed early during admission for COVID-19.
Sinkovits G et al. have previously assessed AP activity in a cohort
of 102 COVID-19 patients, too (34). However, AP activity was
not uniformly measured on admission (but up to 63 days later;
one third of patients were already in the ICU during sampling).
They report decreased AP activity in critically ill patients at the
time of sampling compared to non-ICU patients and outpatients.
In addition, AP activity was significantly lower in deceased
patients compared to ICU or non-ICU patients. Our results
extend their findings by demonstrating that a decreased AP
activity on admission is associated with a poor outcome in
COVID-19. AP activity was also measured in a subgroup of
patients (n=38) in the study by Ma L et al. but was found not to
be significantly different when comparing ICU vs. non-ICU
patients, a result that is probably influenced by the small
number of patients analyzed (33). The measurement of AP
TABLE 3 | Predictors of mechanical ventilation or in-hospital death in the multivariable analysis.

Variable Multivariable OR (95% CI) P-value

Alternative pathway activity <65.5% 4.93 (1.70-14.33) 0.003
Obesity 2.96 (1.02-8.58) 0.046
Arterial Hypertension 2.15 (0.65-7.10) 0.211
SOFA score on admission (per 1 point increase) 1.59 (1.02-2.16) 0.038
CRP on admission (per 1 mg/L increase) 1.01 (0.99-1.01) 0.167
October 2021 | Volume 12 | Article
CI, confidence interval; CRP, C-reactive protein; OR, odds ratio; SOFA, sepsis-related organ failure assessment score.
Statistically significant results (p < 0.05) are marked in boldface font.
TABLE 4 | Correlation of complement pathway activities and protein concentrations and C1INH with length of stay, disease severity on admission and inflammatory
markers on admission.

Complement
variables

LOS, SOFA
score

CRP Ferritin IL-6 D-Dimer Lymphocyte
count

LDH Peak SARS-CoV-2 viral
load in

nasopharyngeal swabr (p-value)*

Lectin pathway
activity

0.008
(0.926)

-0.013
(0.870)

0.172
(0.041)

0.269
(0.006)

-0.184
(0.237)

0.041
(0.697)

-0.001 (0.988) 0.060
(0.461)

-0.099
(0.314)

Classical pathway
activity

-0.039
(0.629)

-0.016
(0.847)

0.172
(0.040)

0.229
(0.020)

-0.316
(0.039)

0.017
(0.874)

0.044 (0.607) 0.106
(0.194)

-0.033
(0.736)

Alternative pathway
activity

-0.104
(0.200)

-0.163
(0.044)

-0.048
(0.570)

-0.007
(0.945)

-0.338
(0.027)

-0.207
(0.046)

0.277 (0.001) -0.153
(0.061)

-0.070
(0.478)

MBL 0.053
(0.524)

0.041
(0.624)

0.234
(0.006)

0.364
(0.000)

-0.079
(0.628)

0.091
(0.392)

-0.035 (0.691) 0.134
(0.107)

-0.097
(0.330)

FCN-3 -0.103
(0.212)

-0.123
(0.135)

0.170
(0.046)

0.103
(0.307)

-0.103
(0.517)

-0.200
(0.054)

-0.083 (0.336) 0.152
(0.066)

-0.076
(0.441)

C1INH 0.266
(0.002)

0.224
(0.009)

0.455
(0.000)

0.477
(0.000)

0.019
(0.914)

0.103
(0.358)

-0.240 (0.008) 0.491
(0.000)

0.048
(0.647)
*Spearman correlation coefficients and p-values are presented.
C1INH, C1 esterase inhibitor; CRP, C-reactive protein; FCN-3, ficolin-3; IL-6, interleukin-6; LOS, length of stay; MBL, mannose-binding lectin; r, Spearman correlation coefficient; p, p-
value; SARS-CoV-2, severe acute respiratory syndrome coronavirus type 2; SOFA, sepsis-related organ failure assessment score.
Statistically significant results (p < 0.05) are marked in boldface font.
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activity provides a global assessment and characterization of
several proteins that regulate AP activity and determine total AP
function. As such, our analyses suggest that the occurrence of an
overactivated AP and consumption of its associated complement
proteins already on admission to the COVID-19 ward may be
associated with a worse prognosis. In line, several studies have
documented higher concentrations of complement activation
products upstream of the terminal complement pathway (such
as C3a) being associated with ICU admission, death and
thromboembolic events (23, 33, 34). Both, Ma L et al. and
Sinkovits G et al. reported that markers of AP activation and
consumption may identify SARS-CoV-2 infected patients with a
poor prognosis (33, 34). For example, the ratios of C3a/C3 and
iC3b/C3 were associated with mortality and ICU admission,
respectively (33, 34), and factor D strongly correlated with
markers of endothelial cell activation and coagulation (33).
Interestingly, SARS-CoV-2 spike protein has been found to
activate the alternative pathway directly (42), which was
blocked by factor D inhibition. Apart from the AP, the CP
seems to be overactivated as a result of SARS-CoV-2 infection in
our cohort. These data support a role of the C3 and the AP axis in
complement activation in severe COVID-19 either as a
consequence of direct activation by SARS-CoV-2 or as an
amplifier secondary to CP (and to a lesser degree LP) activation.

We observed markedly elevated C1INH concentrations
already on admission (median 0.47 g/L; upper limit of normal
of 0.39 g/l at our institution). This should be viewed as biological
feedback mechanisms in response to activation of several
plasmatic cascades including the complement system in an
attempt to inhibit or control inappropriate activation (43),
which has also been documented in sepsis patients (44).
C1INH was the most significantly upregulated protein in
COVID-19 patients compared to controls with COVID-19 like
symptoms in a preprint study (45). Similarly, a significant
increase in C1INH protein signature was documented in severe
compared to non-severe COVID-19 patients (41). In line,
C1INH levels correlated positively not only with inflammatory
markers on admission but also with their peak values in the
present study. Moreover, C1INH levels on admission provided
information on peak lung involvement as assessed on CT scans
of the chest and on subsequent escalation of treatment
(tocilizumab in our center). However, C1INH was not
associated with the composite outcome in agreement with a
previous smaller study (46). Given that C1INH is only a very
weak regulator of the alternative pathway the lack of its
association may support the observed significant association of
AP activity with the outcome in our study. As even elevated
C1INH concentrations may not be sufficient to inhibit or
modulate all potential downstream effectors within the
complement and contact activation cascade (47) and due to
the detection of an increased amount of modified (cleaved)
inactive C1INH in patients with severe sepsis (48) and a
decreased expression of C1INH in the lungs of COVID-19
patients (32), results from trials evaluating additional C1INH
supplementation treatment (49, 50) will be informative if C1INH
may influence COVID-19 severity and outcome independent of
Frontiers in Immunology | www.frontiersin.org 8
AP activation (e.g. by inactivating the contact activation system
or MASP-2).

Our study did not include a control population of SARS-
CoV-2 negative patients with similar disease severity (e.g.
influenza). This is an important limitation, as AP activation
and consumption and its association with severe SARS-CoV-2
infection and detrimental outcomes may not be specific for
COVID-19. In fact, Bain W et al. demonstrated that decreased
AP activity was associated with an increased 30-day and one-year
mortality in critically ill patients with acute lung injury as a
consequence of infectious and non-infectious etiologies (51).
Interestingly, a “hyperinflammatory” subphenotype was more
frequently observed in patients with decreased AP activity as
were bloodstream infections. This may point towards a
detrimental effect of an overactive AP leading to a diminished
AP function, in particular if sustained over time. In line, Bibert S
et al. observed a similar pattern of increased expression of
complement component-encoding genes in COVID-19 and
influenza compared to healthy controls (52) with the exception
of C3 that was over-expressed in early COVID-19 compared to
influenza patients.

Our study has several additional limitations including the lack
of data on other important proteins of the LP (other ficolins,
collectin liver 1, MASP-2 and MASP-3) and AP and the single-
center design. Importantly, none of our patients was treated with
corticosteroids, which were not yet standard of care at the time of
inclusion of patients. On the other hand, a significant number of
patients was already treated with tocilizumab, a therapy that has
shown to improve outcome in moderate to severe COVID-19
(53, 54). Consequently, outcome results generated in this study
may even be valid in the current area of COVID-19 treatment.
In-hospital mortality was lower than reported for our center
during the first wave [e.g. 3% vs. 9.5% for in-hospital mortality
(55)] and much lower compared to reported rates in the
literature, which may have influenced our results. In particular,
a serum sample may have not been available on admission of
patients that required immediate transfer to the ICU from the
emergency department (and subsequently died). Adjustment for
confounders in the multivariable analysis of the composite
outcome was limited. The significance of our results is limited
by the small sample size of the analyzed cohort and the multiple
comparisons investigated. Significant differences as described
might be a chance result in the setting of multiple statistical
analyses. Vice versa, it is possible that small differences in the
composite outcome according to lectin pathway protein or
C1INH concentrations may only be detectable in a larger
patient cohort. Lastly, protein concentrations were only
determined on admission but not during the disease course or
at admission to the ICU.
CONCLUSION

Our results point to an overactivated AP in critically ill COVID-
19 patients in-vivo leading to complement consumption and
consequently to a significantly reduced AP activity in-vitro. The
October 2021 | Volume 12 | Article 765330
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LP does not seem to play a role in the progression to severe
COVID-19. Apart from its acute phase reaction the significance
of C1INH in COVID-19 requires further studies.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Northwest and Central
Switzerland. Written informed consent for participation was
not required for this study in accordance with the national
legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS

MT and MO designed the study. PC, IH, AE, SB, MT, and MO
performed the study, collected, analyzed and interpreted the
Frontiers in Immunology | www.frontiersin.org 9
data. PC and MO drafted the manuscript. All authors critically
revised the manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

Funded by personal and departmental funds MO.
ACKNOWLEDGMENTS

We are devoted to the nurses and physicians who cared for the
COVID-19 patients and to the lab technicians for their excellent
work during these stressful times.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
765330/full#supplementary-material.

Supplementary Figure 1 | Receiver-operator characteristics (ROC) analysis of
alternative pathway activity according to the composite outcome of mechanical
ventilation and/or in-hospital death.
REFERENCES

1. John Hopkins University & Medicine. Coronarvirus Resource Center.
Coronarvirus COVID-19 Global Cases by the CSSE [09 August 2021].
Available at: https://coronavirus.jhu.edu/map.html.

2. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of Immune
Response in Patients With COVID-19 in Wuhan, China. Clin Infect Dis
(2020) 15:762–8. doi: 10.1093/cid/ciaa248

3. Ramlall V, Thangaraj PM, Meydan C, Foox J, Butler D, Kim J, et al. Immune
Complement andCoagulationDysfunction inAdverseOutcomes of SARS-CoV-
2 Infection. Nat Med (2020) 26(10):1609–15. doi: 10.1038/s41591-020-1021-2

4. Englert H, Rangaswamy C, Deppermann C, Sperhake JP, Krisp C, Schreier D,
et al. Defective NET Clearance Contributes to Sustained FXII Activation in
COVID-19-Associated Pulmonary Thrombo-Inflammation. EBioMedicine
(2021) 67:103382. doi: 10.1016/j.ebiom.2021.103382

5. Walport MJ. Complement. Second of Two Parts. N Engl J Med (2001) 344
(15):1140–4. doi: 10.1056/NEJM200104123441506

6. Walport MJ. Complement. First of Two Parts. N Engl J Med (2001) 344
(14):1058–66. doi: 10.1056/NEJM200104053441406

7. Kjaer TR, Thiel S, Andersen GR. Toward a Structure-Based Comprehension
of the Lectin Pathway of Complement. Mol Immunol (2013) 56(4):413–22.
doi: 10.1016/j.molimm.2013.05.007

8. Garred P, Honore C, Ma YJ, Rorvig S, Cowland J, Borregaard N, et al. The
Genetics of Ficolins. J Innate Immun (2010) 2(1):3–16. doi: 10.1159/
000242419

9. Garred P, Larsen F, Seyfarth J, Fujita R, Madsen HO. Mannose-Binding Lectin
and its Genetic Variants. Genes Immun (2006) 7(2):85–94. doi: 10.1038/
sj.gene.6364283

10. Thielens NM, Tacnet-Delorme P, Arlaud GJ. Interaction of C1q and Mannan-
Binding Lectin With Viruses. Immunobiology (2002) 205(4-5):563–74.
doi: 10.1078/0171-2985-00155

11. Kase T, Suzuki Y, Kawai T, Sakamoto T, Ohtani K, Eda S, et al. Human
Mannan-Binding Lectin Inhibits the Infection of Influenza A Virus Without
Complement. Immunology (1999) 97(3):385–92. doi: 10.1046/j.1365-
2567.1999.00781.x
12. Bibert S, Piret J, Quinodoz M, Collinet E, Zoete V, Michielin O, et al. Herpes
Simplex Encephalitis in Adult Patients With MASP-2 Deficiency. PLoS Pathog
(2019) 15(12):e1008168. doi: 10.1371/journal.ppat.1008168

13. Schiela B, Bernklau S, Malekshahi Z, Deutschmann D, Koske I, Banki Z, et al.
Active Human Complement Reduces the Zika Virus Load via Formation of
the Membrane-Attack Complex. Front Immunol (2018) 9:2177. doi: 10.3389/
fimmu.2018.02177

14. Bermejo-JambrinaM, Eder J, Helgers LC, Hertoghs N, Nijmeijer BM, Stunnenberg
M, et al. C-Type Lectin Receptors in Antiviral Immunity and Viral Escape. Front
Immunol (2018) 9:590. doi: 10.3389/fimmu.2018.00590

15. Zhou Y, Lu K, Pfefferle S, Bertram S, Glowacka I, Drosten C, et al. A Single
Asparagine-Linked Glycosylation Site of the Severe Acute Respiratory
Syndrome Coronavirus Spike Glycoprotein Facilitates Inhibition by
Mannose-Binding Lectin Through Multiple Mechanisms. J Virol (2010) 84
(17):8753–64. doi: 10.1128/JVI.00554-10

16. Ip WK, Chan KH, Law HK, Tso GH, Kong EK, Wong WH, et al. Mannose-
Binding Lectin in Severe Acute Respiratory Syndrome Coronavirus Infection. J
Infect Dis (2005) 191(10):1697–704. doi: 10.1086/429631

17. Zhang H, Zhou G, Zhi L, Yang H, Zhai Y, Dong X, et al. Association Between
Mannose-Binding Lectin Gene Polymorphisms and Susceptibility to Severe
Acute Respiratory Syndrome Coronavirus Infection. J Infect Dis (2005) 192
(8):1355–61. doi: 10.1086/491479

18. Tu X, Chong WP, Zhai Y, Zhang H, Zhang F, Wang S, et al. Functional
Polymorphisms of the CCL2 and MBL Genes Cumulatively Increase
Susceptibility to Severe Acute Respiratory Syndrome Coronavirus Infection.
J Infect (2015) 71(1):101–9. doi: 10.1016/j.jinf.2015.03.006

19. Wang Y, Yan J, Shi Y, Li P, Liu C, Ma Q, et al. Lack of Association Between
Polymorphisms of MASP2 and Susceptibility to SARS Coronavirus Infection.
BMC Infect Dis (2009) 9:51. doi: 10.1186/1471-2334-9-51

20. Holter JC, Pischke SE, de Boer E, Lind A, Jenum S, Holten AR, et al. Systemic
Complement Activation is Associated With Respiratory Failure in COVID-19
Hospitalized Patients. Proc Natl Acad Sci USA (2020) 117(40):25018–25.
doi: 10.1073/pnas.2010540117

21. Magro C, Mulvey JJ, Berlin D, Nuovo G, Salvatore S, Harp J, et al.
Complement Associated Microvascular Injury and Thrombosis in the
October 2021 | Volume 12 | Article 765330

https://www.frontiersin.org/articles/10.3389/fimmu.2021.765330/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.765330/full#supplementary-material
https://coronavirus.jhu.edu/map.html
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1038/s41591-020-1021-2
https://doi.org/10.1016/j.ebiom.2021.103382
https://doi.org/10.1056/NEJM200104123441506
https://doi.org/10.1056/NEJM200104053441406
https://doi.org/10.1016/j.molimm.2013.05.007
https://doi.org/10.1159/000242419
https://doi.org/10.1159/000242419
https://doi.org/10.1038/sj.gene.6364283
https://doi.org/10.1038/sj.gene.6364283
https://doi.org/10.1078/0171-2985-00155
https://doi.org/10.1046/j.1365-2567.1999.00781.x
https://doi.org/10.1046/j.1365-2567.1999.00781.x
https://doi.org/10.1371/journal.ppat.1008168
https://doi.org/10.3389/fimmu.2018.02177
https://doi.org/10.3389/fimmu.2018.02177
https://doi.org/10.3389/fimmu.2018.00590
https://doi.org/10.1128/JVI.00554-10
https://doi.org/10.1086/429631
https://doi.org/10.1086/491479
https://doi.org/10.1016/j.jinf.2015.03.006
https://doi.org/10.1186/1471-2334-9-51
https://doi.org/10.1073/pnas.2010540117
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Charitos et al. Complement System and COVID-19
Pathogenesis of Severe COVID-19 Infection: A Report of Five Cases. Transl
Res (2020) 220:1–13. doi: 10.1016/j.trsl.2020.04.007

22. Gao T, Hu M, Zhang X. Highly Pathogenic Coronavirus N Protein Aggravates
Lung Injury by MASP-2-Mediated Complement Over-Activation. medRxiv
(2020) 2020.03.29.20041962. doi: 10.1101/2020.03.29.20041962

23. Eriksson O, Hultstrom M, Persson B, Lipcsey M, Ekdahl KN, Nilsson B, et al.
Mannose-Binding Lectin is Associated With Thrombosis and Coagulopathy
in Critically Ill COVID-19 Patients. Thromb Haemost (2020) 120(12):1720–4.
doi: 10.1055/s-0040-1715835

24. Medetalibeyoglu A, Bahat G, Senkal N, Kose M, Avci K, Sayin GY, et al.
Mannose Binding Lectin Gene 2 (Rs1800450) Missense Variant may
Contribute to Development and Severity of COVID-19 Infection. Infect
Genet Evol (2021) 89:104717. doi: 10.1016/j.meegid.2021.104717

25. Hummelshoj T, Fog LM, Madsen HO, Sim RB, Garred P. Comparative Study of
the Human Ficolins Reveals Unique Features of Ficolin-3 (Hakata Antigen).Mol
Immunol (2008) 45(6):1623–32. doi: 10.1016/j.molimm.2007.10.006

26. White MR, Tripathi S, Verma A, Kingma P, Takahashi K, Jensenius J, et al.
Collectins, H-Ficolin and LL-37 Reduce Influence Viral Replication in Human
Monocytes andModulate Virus-Induced Cytokine Production. Innate Immun
(2017) 23(1):77–88. doi: 10.1177/1753425916678470

27. Verma A, White M, Vathipadiekal V, Tripathi S, Mbianda J, Ieong M, et al.
Human H-Ficolin Inhibits Replication of Seasonal and Pandemic Influenza A
Viruses. J Immunol (2012) 189(5):2478–87. doi: 10.4049/jimmunol.1103786

28. Medjeral-Thomas NR, Troldborg A, Hansen AG, Gisby J, Clarke CL,
Prendecki M, et al. Plasma Lectin Pathway Complement Proteins in
Patients With COVID-19 and Renal Disease. Front Immunol (2021)
12:671052. doi: 10.3389/fimmu.2021.671052

29. Beinrohr L, Dobo J, Zavodszky P, Gal P. C1, MBL-MASPs and C1-Inhibitor:
Novel Approaches for Targeting Complement-Mediated Inflammation.
Trends Mol Med (2008) 14(12):511–21. doi: 10.1016/j.molmed.2008.09.009

30. Urwyler P, Moser S, Charitos P, Heijnen I, Rudin M, Sommer G, et al.
Treatment of COVID-19With Conestat Alfa, a Regulator of the Complement,
Contact Activation and Kallikrein-Kinin System. Front Immunol (2020)
11:2072. doi: 10.3389/fimmu.2020.02072

31. Gutmann C, Takov K, Burnap SA, Singh B, Ali H, Theofilatos K, et al. SARS-
CoV-2 RNAemia and Proteomic Trajectories Inform Prognostication in
COVID-19 Patients Admitted to Intensive Care. Nat Commun (2021) 12
(1):3406. doi: 10.1038/s41467-021-23494-1

32. Mast AE, Wolberg AS, Gailani D, Garvin MR, Alvarez C, Miller JI, et al.
SARS-CoV-2 Suppresses Anticoagulant and Fibrinolytic Gene Expression in
the Lung. Elife (2021) 10:e64330. doi: 10.7554/eLife.64330

33. Ma L, Sahu SK, Cano M, Kuppuswamy V, Bajwa J, McPhatter JN, et al.
Increased Complement Activation is a Distinctive Feature of Severe SARS-
CoV-2 Infection. Sci Immunol (2021) 6(59):eabh2259. doi: 10.1126/
sciimmunol.abh2259

34. Sinkovits G, Mezo B, Reti M, Muller V, Ivanyi Z, Gal J, et al. Complement
Overactivation and Consumption Predicts In-Hospital Mortality in SARS-
CoV-2 Infection. Front Immunol (2021) 12:663187. doi: 10.3389/
fimmu.2021.663187

35. de Nooijer AH, Grondman I, Janssen NAF, Netea MG, Willems L, van de
Veerdonk FL, et al. Complement Activation in the Disease Course of
Coronavirus Disease 2019 and Its Effects on Clinical Outcomes. J Infect Dis
(2021) 223(2):214–24. doi: 10.1093/infdis/jiaa646

36. Vogt S, Trendelenburg M, TammM, Stolz D, Hostettler KE, Osthoff M. Local and
Systemic Concentrations of Pattern Recognition Receptors of the Lectin Pathway
of Complement in a Cohort of Patients With Interstitial Lung Diseases. Front
Immunol (2020) 11:562564. doi: 10.3389/fimmu.2020.562564

37. World Health Organization. WHO R&D Blueprint Novel Coronavirus
COVID-19 Therapeutic Trial Synopsis. R–D Blueprint (2020), 1–12.

38. Colombi D, Bodini FC, Petrini M, Maffi G, Morelli N, Milanese G, et al. Well-
Aerated Lung on Admitting Chest CT to Predict Adverse Outcome in
COVID-19 Pneumonia. Radiology (2020) 296(2):E86–96. doi: 10.1148/
radiol.2020201433

39. Ali YM, Ferrari M, Lynch NJ, Yaseen S, Dudler T, Gragerov S, et al. Lectin
Pathway Mediates Complement Activation by SARS-CoV-2 Proteins. Front
Immunol (2021) 12:714511. doi: 10.3389/fimmu.2021.714511

40. Malaquias MAS, Gadotti AC, Motta-Junior JDS, Martins APC, AzevedoMLV,
Benevides APK, et al. The Role of the Lectin Pathway of the Complement
Frontiers in Immunology | www.frontiersin.org 10
System in SARS-CoV-2 Lung Injury. Transl Res (2021) 231:55–63.
doi: 10.1016/j.trsl.2020.11.008

41. Shen B, Yi X, Sun Y, Bi X, Du J, Zhang C, et al. Proteomic and Metabolomic
Characterization of COVID-19 Patient Sera. Cell (2020) 182(1):59–72 e15.
doi: 10.1016/j.cell.2020.05.032

42. Yu J, Yuan X, Chen H, Chaturvedi S, Braunstein EM, Brodsky RA. Direct
Activation of the Alternative Complement Pathway by SARS-CoV-2 Spike
Proteins is Blocked by Factor D Inhibition. Blood (2020) 136(18):2080–9.
doi: 10.1182/blood.2020008248

43. Panagiotou A, Trendelenburg M, Osthoff M. The Lectin Pathway of Complement
in Myocardial Ischemia/Reperfusion Injury-Review of Its Significance and the
Potential Impact of Therapeutic Interference by C1 Esterase Inhibitor. Front
Immunol (2018) 9:1151. doi: 10.3389/fimmu.2018.01151

44. Igonin AA, Protsenko DN, Galstyan GM, Vlasenko AV, Khachatryan NN,
Nekhaev IV, et al. C1-Esterase Inhibitor Infusion Increases Survival Rates for
Patients With Sepsis*. Crit Care Med (2012) 40(3):770–7. doi: 10.1097/
CCM.0b013e318236edb8

45. Geyer PE, Arend FM,Doll S, LouisetM-L,Winter SV,Müller-Reif JB, et al. High-
Resolution Longitudinal Serum Proteome Trajectories in COVID-19 Reveal
Patients-Specific Seroconversion. medRxiv (2021) 2021.02.22.21252236.
doi: 10.1101/2020.03.29.20041962

46. Henry BM, Szergyuk I, de Oliveira MHS, Lippi G, Benoit JL, Vikse J, et al.
Complement Levels at Admission as a Reflection of Coronavirus Disease 2019
(COVID-19) Severity State. J Med Virol (2021) 93(9):5515–22. doi: 10.1002/
jmv.27077

47. Peoples N, Strang C. Complement Activation in the Central Nervous
System: A Biophysical Model for Immune Dysregulation in the Disease
State. Front Mol Neurosci (2021) 14:620090. doi: 10.3389/fnmol.
2021.620090

48. Nuijens JH, Eerenberg-Belmer AJ, Huijbregts CC, Schreuder WO, Felt-
Bersma RJ, Abbink JJ, et al. Proteolytic Inactivation of Plasma C1-
Inhibitor in Sepsis. J Clin Invest (1989) 84(2):443–50. doi: 10.1172/
JCI114185

49. Urwyler P, Charitos P, Moser S, Heijnen I, Trendelenburg M, Thoma R,
et al. Recombinant Human C1 Esterase Inhibitor (Conestat Alfa) in the
Prevention of Severe SARS-CoV-2 Infection in Hospitalized Patients
With COVID-19: A Structured Summary of a Study Protocol for a
Randomized, Parallel-Group, Open-Label, Multi-Center Pilot Trial
(PROTECT-COVID-19). Trials (2021) 22(1):1. doi: 10.1186/s13063-
020-04976-x

50. Mansour E, Bueno FF, de Lima-Junior JC, Palma A, Monfort-Pires M,
Bombassaro B, et al. Evaluation of the Efficacy and Safety of Icatibant and
C1 Esterase/Kallikrein Inhibitor in Severe COVID-19: Study Protocol for a
Three-Armed Randomized Controlled Trial. Trials (2021) 22(1):71.
doi: 10.1186/s13063-021-05027-9

51. Bain W, Li H, van der Geest R, Moore SR, Olonisakin TF, Ahn B, et al.
Increased Alternative Complement Pathway Function and Improved Survival
During Critical Illness. Am J Respir Crit Care Med (2020) 202(2):230–40.
doi: 10.1164/rccm.201910-2083OC

52. Bibert S, Guex N, Lourenco J, Brahier T, Papadimitriou-Olivgeris M, Damonti
L, et al. Transcriptomic Signature Differences Between SARS-CoV-2 and
Influenza Virus Infected Patients. Front Immunol (2021) 12:666163.
doi: 10.3389/fimmu.2021.666163

53. Investigators R-C, Gordon AC, Mouncey PR, Al-Beidh F, Rowan KM, Nichol AD,
et al. Interleukin-6 Receptor Antagonists in Critically Ill PatientsWith Covid-19.N
Engl J Med (2021) 384(16):1491–502. doi: 10.1056/NEJMoa2100433

54. Group RC. Tocilizumab in Patients Admitted to Hospital With COVID-
19 (RECOVERY): A Randomised, Controlled, Open-Label, Platform
Trial. Lancet (2021) 397(10285):1637–45. doi: 10.1016/S0140-6736(21)
00676-0

55. Diebold M, Martinez AE, Adam KM, Bassetti S, Osthoff M, Kassi E, et al.
Temporal Trends of COVID-19 Related in-Hospital Mortality and
Demographics in Switzerland - a Retrospective Single Centre Cohort Study.
Swiss Med Wkly (2021) 151:w20572. doi: 10.4414/smw.2021.20572

Conflict of Interest:MT reports receiving a grant from the Swiss National Science
Foundation, and having research collaborations with Roche, Novartis, and Idorsia
(all outside of the submitted work). MO reports receiving grants from the Swiss
October 2021 | Volume 12 | Article 765330

https://doi.org/10.1016/j.trsl.2020.04.007
https://doi.org/10.1101/2020.03.29.20041962
https://doi.org/10.1055/s-0040-1715835
https://doi.org/10.1016/j.meegid.2021.104717
https://doi.org/10.1016/j.molimm.2007.10.006
https://doi.org/10.1177/1753425916678470
https://doi.org/10.4049/jimmunol.1103786
https://doi.org/10.3389/fimmu.2021.671052
https://doi.org/10.1016/j.molmed.2008.09.009
https://doi.org/10.3389/fimmu.2020.02072
https://doi.org/10.1038/s41467-021-23494-1
https://doi.org/10.7554/eLife.64330
https://doi.org/10.1126/sciimmunol.abh2259
https://doi.org/10.1126/sciimmunol.abh2259
https://doi.org/10.3389/fimmu.2021.663187
https://doi.org/10.3389/fimmu.2021.663187
https://doi.org/10.1093/infdis/jiaa646
https://doi.org/10.3389/fimmu.2020.562564
https://doi.org/10.1148/radiol.2020201433
https://doi.org/10.1148/radiol.2020201433
https://doi.org/10.3389/fimmu.2021.714511
https://doi.org/10.1016/j.trsl.2020.11.008
https://doi.org/10.1016/j.cell.2020.05.032
https://doi.org/10.1182/blood.2020008248
https://doi.org/10.3389/fimmu.2018.01151
https://doi.org/10.1097/CCM.0b013e318236edb8
https://doi.org/10.1097/CCM.0b013e318236edb8
https://doi.org/10.1101/2020.03.29.20041962
https://doi.org/10.1002/jmv.27077
https://doi.org/10.1002/jmv.27077
https://doi.org/10.3389/fnmol.2021.620090
https://doi.org/10.3389/fnmol.2021.620090
https://doi.org/10.1172/JCI114185
https://doi.org/10.1172/JCI114185
https://doi.org/10.1186/s13063-020-04976-x
https://doi.org/10.1186/s13063-020-04976-x
https://doi.org/10.1186/s13063-021-05027-9
https://doi.org/10.1164/rccm.201910-2083OC
https://doi.org/10.3389/fimmu.2021.666163
https://doi.org/10.1056/NEJMoa2100433
https://doi.org/10.1016/S0140-6736(21)00676-0
https://doi.org/10.1016/S0140-6736(21)00676-0
https://doi.org/10.4414/smw.2021.20572
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Charitos et al. Complement System and COVID-19
National Science foundation outside of the submitted work, and consulting fees
from Pharming Technologies B.V. during the conduct of the study and grants
from Pharming Biotechnologies B.V. outside the submitted work. AE reports
receiving grants from the Swiss National Science foundation outside of the
submitted work. No conflict of interest for this work.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
Frontiers in Immunology | www.frontiersin.org 11
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Charitos, Heijnen, Egli, Bassetti, Trendelenburg and Osthoff. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
October 2021 | Volume 12 | Article 765330

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Functional Activity of the Complement System in Hospitalized COVID-19 Patients: A Prospective Cohort Study
	Introduction
	Materials and Methods
	Ethics Statement
	Patient Inclusion and Sample Collection
	Laboratory Assessment
	Primary and Secondary Outcomes and Data Extraction
	Statistical Analysis

	Results
	Patient Characteristics
	Association With Disease Severity
	Correlation With Inflammation

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


