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Abstract
Mechanisms underlying the SARS-CoV-2-triggered hyperacute thrombo-inflammatory response that causes multi-organ 
damage in coronavirus disease 2019 (COVID-19) are poorly understood. Several lines of evidence implicate overactivation 
of complement. To delineate the involvement of complement in COVID-19, we prospectively studied 25 ICU-hospitalized 
patients for up to 21 days. Complement biomarkers in patient sera and healthy controls were quantified by enzyme-linked 
immunosorbent assays. Correlations with respiratory function and mortality were analyzed. Activation of complement via 
the classical/lectin pathways was variably increased. Strikingly, all patients had increased activation of the alternative path-
way (AP) with elevated levels of activation fragments, Ba and Bb. This was associated with a reduction of the AP negative 
regulator, factor (F) H. Correspondingly, terminal pathway biomarkers of complement activation, C5a and sC5b-9, were 
significantly elevated in all COVID-19 patient sera. C5a and AP constituents Ba and Bb, were significantly associated 
with hypoxemia. Ba and FD at the time of ICU admission were strong independent predictors of mortality in the following 
30 days. Levels of all complement activation markers were sustained throughout the patients’ ICU stays, contrasting with the 
varying serum levels of IL-6, C-reactive protein, and ferritin. Severely ill COVID-19 patients have increased and persistent 
activation of complement, mediated strongly via the AP. Complement activation biomarkers may be valuable measures of 
severity of lung disease and the risk of mortality. Large-scale studies will reveal the relevance of these findings to thrombo-
inflammation in acute and post-acute COVID-19.
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Introduction

Despite vaccines targeting SARS-CoV-2, COVID-19 is 
likely to remain a major health and socioeconomic bur-
den. The emergence of variant forms of the virus with 
increased virulence and/or transmissibility, raises con-
cerns that SARS-CoV-2 may not be eradicated. Indeed, 
some predict that the pandemic will transition to endemic, 
causing multiple reinfections [1]. It is furthermore widely 
recognized that there are long-term and often serious 
sequelae of SARS-CoV-2 infections, and these will pose 
further challenges to healthcare systems and economies 
worldwide [2]. It is clear that there remains an urgent 
need to increase our understanding of the pathogenesis of 
COVID-19, in the hopes that such knowledge will yield 
better diagnostic and therapeutic strategies.

Although the clinical course varies, COVID-19 may 
manifest as a rapidly progressive, multi-organ thrombo-
inflammatory disorder—a clinico-pathologic presentation 
consistent with an innate immune host response that has 
escalated out of control. Several lines of evidence point 
to overactivation of the blood-borne complement system, 
a major component of innate immunity, as playing a key 
role, not only in the inflammatory syndrome, but also in 
the micro- and macro-vascular thrombosis that commonly 
occurs [3–11].

The complement system comprises > 40 soluble and 
membrane-bound proteins, serving to rapidly recognize 
and discard foreign pathogens and damaged host cells, 
recruit inflammatory cells, promote adaptive immunity, 
and facilitate healing (reviewed [12, 13]). Complement 
can be activated via the classical (CP), lectin (LP), and 
alternative (AP) pathways. The CP is initiated primar-
ily on immune complexes via recognition of IgG, IgM or 
pentraxins by C1q, a component of the C1 complex. This 
sequentially activates C1r and C1s, leading to proteolysis 
of complement factors C4 and C2 to generate the CP C3 
convertase, C4b2b, and liberation of activation fragments 
C4a and C2a. The LP is initiated by binding of complexes 
of mannose-binding lectin (MBL), collectins or ficolins 
and MBL-associated serine proteases (MASPs) to micro-
bial pathogen surfaces. Similar to C1s, MASP-2 cleaves 
C4 and C2 to generate the LP, C3 convertase C4b2b. The 
AP is constitutively active at a low level by continuous 
hydrolysis of C3 to a C3b-like moiety, C3(H2O). Circu-
lating factor D (FD) cleaves factor B, liberating activa-
tion fragment Ba and generating Bb complexed to C3b, 
thus forming the AP C3 convertase, C3bBb. The C3 con-
vertases cleave C3–C3b, promoting feedback amplifica-
tion of the cascade that generates more C3 convertase and 
addition of C3b molecules to the AP and CP/LP C3 con-
vertases to form the respective C5 convertases. Cleavage 

of C5 releases the potent anaphylatoxin C5a, while C5b 
spontaneously assembles with C6, C7, C8 and multiple 
C9 molecules to form the lytic C5b-9 membrane attack 
complex (MAC), which also circulates in a soluble form 
(sC5b-9) [14]. Several soluble and membrane-anchored 
proteins, including serum factor H (FH), prevent excess 
complement activation. Diminished functional expression 
of one or more of these negative regulators, increases the 
risk of atypical hemolytic uremic syndrome (aHUS) with 
diffuse microvascular thrombosis, inflammation and multi-
organ damage, a syndrome with features similar to those 
of COVID-19 [15–23]. Notably, anti-complement inter-
ventions are highly effective in preventing thrombosis in 
aHUS [24].

To gain further insights into the role of complement acti-
vation in COVID-19, we prospectively evaluated 25 criti-
cally ill patients with COVID-19 over the course of their 
stay in the intensive care unit (ICU), correlating serum lev-
els of complement activation markers with clinical data and 
pulmonary outcomes (e.g.,  PaO2/FIO2 and static lung com-
pliance), comparing the findings with those from a healthy 
cohort. We show that complement activation via all three 
pathways, but most prominently the AP, is markedly elevated 
in all critically ill COVID-19 patients; that this is sustained 
for the duration of their ICU stay up to 21 days; and that spe-
cific markers of complement activation correlate with lung 
function and are strong independent predictors of mortality. 
Our findings reveal potentially important biomarkers of dis-
ease activity and severity that may be useful in the design of 
treatments for acute and chronic COVID-19.

Materials and methods

Human ethics and biosafety

This study was conducted in accordance with the most cur-
rent Declaration of Helsinki and with approval of the Uni-
versity of British Columbia Clinical Research Ethics Board 
(H20-00971). Informed written consent was obtained from 
all participants. Samples of blood from COVID-19 patients 
were obtained from an existing arterial line and handled in 
accordance with safety protocols approved by the University 
of British Columbia Biosafety Committee (B17-0174).

Study site, recruitment, and sample composition

Participants were 25 critically ill COVID-19 patients admit-
ted to the Intensive Care Unit (ICU) of Vancouver General 
Hospital between March 24, 2020 and May 9, 2020 follow-
ing a diagnosis of pneumonia associated with SARS-CoV-2 
infection. Diagnoses were confirmed by reverse transcrip-
tion polymerase chain reaction-positive nasopharyngeal 
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or tracheal swabs. Details of the management of these 
patients have been previously reported [25]. Patients were 
anonymized and assigned enrolment numbers sequentially. 
Blood samples to obtain serum or EDTA-plasma for imme-
diate processing, aliquoting and storage at − 80 °C, were 
collected on the day of admission to the ICU or study enrol-
ment (between 0 and 7 days post-admission), and then daily 
up until day 7, day 10, day 14 and day 21. Samples were 
selected from day 1, 4, 7, 10, 14 and 21 where available. 
Healthy controls (n = 25) were drawn from a pre-existing 
biobank for baseline normative data with consideration, as 
best as possible, of age and sex. Demographic characteristics 
of each cohort are presented in Table S1. Timing of blood 
draws, clinical measurements (e.g.,  PaO2/FIO2 and serum 
creatinine [Cr]), comorbidities, and mortality of the patient 
cohort are presented in Table S2.

Lung function assessment

Determination of each patient's  PaO2/FIO2 and static lung 
compliance were performed as previously reported [25].

Quantification of complement activation

Wieslab® Complement System Screen kits (Wieslab AB, 
Malmö, Sweden) were used to measure complement acti-
vation via the CP, the LP (MBL-dependent), and the AP 
in the serum of participants according to the manufac-
turer’s instructions. All determinations were performed in 
duplicate.

Serum and EDTA-plasma concentrations of comple-
ment activation products were measured using ELISA kits 
according to the manufacturers' instructions, with sample 
dilutions adjusted to fall within the linear range of stand-
ard curves. MicroVue™ EIA kits from Quidel Corporation 
(San Diego, USA) were used to measure C5a (cat #A025), 
sC5b-9 (cat #A029), Ba (cat #A033), Bb (cat #A027), and 
C4d (cat #A009). Hycult Biotech kits (Uden, NE) were 
used to measure FD (cat #HK343) and FH (cat #HK342). 
Serum levels of IL-6 were measured using the Simoa HD-1 
platform (Quanterix Corporation, Billerica, USA), as previ-
ously reported [25]. Reported precision for each comple-
ment ELISA kit are listed as follows (analyte, coefficient of 
variation): C5a, ≤ 3.9%; sC5b-9, ≤ 6.8%; Ba, 2.3%; Bb, ≤ 4%; 
C4d, ≤ 9.7%. Precision characteristics were not available for 
FD and FH kits. All samples were tested in duplicate and 
only values with a CV of ≤ 15% were included in analyses.

Statistical analyses

Comparisons of two independent groups were performed 
using the Mann–Whitney U test. In each comparison, 
α < 0.05 was considered significant. Bars on scatterplots 

represent the median. Spearman’s rank correlation was used 
to evaluate associations between continuous variables. Cor-
relative analyses were corrected for family-wise error using 
the Benjamini–Hochberg method with the false discovery 
rate set to 5%.

Simple logistic regression was used to investigate the 
effect of continuous and categorical variables on mortality 
within 30 days of ICU admission. Odds ratios and respective 
95% confidence intervals (CI) were obtained to describe the 
odds of mortality based on a given predictor variable. Area 
under the receiver operator characteristic curve (ROC AUC) 
and classification rate were used to estimate model perfor-
mance. McFadden’s pseudo-R squared was used to estimate 
goodness of fit of the maximum likelihood curve fitted to 
each model. p values were not considered, given the small 
sample size and exploratory nature of this analysis. To con-
trol for the effect of demographic variables on mortality, age 
and sex were tested alongside complement markers in mul-
tivariable logistic regressions, but given the low probability 
of an event (i.e., death within 30 days of ICU admission), 
the estimated minimum sample size required to reliably per-
form multivariable analyses was 118, using the formula 10×k

p
 , 

where k is the number of independent variables (2) and p is 
the probability of an event (0.17). The likelihood ratio test 
was performed to determine whether the inclusion of age or 
sex as predictor variables enhanced the fit of the data. In 
cases of complete separation between the categorical predic-
tor variable and the outcome variable, the odds ratio and 
95% CI were calculated using a 2 × 2 contingency table. All 
calculations were performed automatically by Prism 8 
(GraphPad Software, San Diego, CA, USA).

Role of the funding source

The funders of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results

Increased activation of complement via the CP 
and AP in COVID‑19 patients

The sera of 25 critically ill COVID-19 patients and a subset 
of 11 healthy controls were screened for ex vivo function 
of the 3 complement pathways by complement pathway-
specific ELISA kits (Complement System Screen). Lower 
ex vivo activity reflects prior strong in vivo activation of 
the specific pathway with consumption of one or more key 
factors and consequently reduced residual capacity to acti-
vate complement via that pathway. In contrast to sera from 
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healthy controls where expected complement levels were 
measured, we saw a marked reduction in residual capac-
ity to activate complement via the CP in the sera of 72% 
of the COVID-19 patients and via the AP in 100% of the 

COVID-19 patients (Fig. 1). MBL-triggered complement 
activation in the sera of healthy controls was highly variable, 
consequently proportionate effects due to COVID-19 were 
insignificant.

COVID‑19 patients have elevated in vivo 
complement pathway activation biomarkers

To better delineate the pathways and factors involved, we 
measured serum concentrations of complement proteins 
and activation products in COVID-19 patients throughout 
their ICU stay. No significant sex-dependent differences in 
the concentrations of complement products were detected 
(Table S4). Compared to healthy controls, median levels 
of C5a and sC5b-9 in COVID-19 patients at the time of 
enrolment were 8.8-fold and 4.2-fold higher, respectively 
(p < 0.001 for both), indicating markedly increased activa-
tion of the terminal pathway (Fig. 2A, B) for all COVID-
19 patients. We observed only a moderate association 
between serum sC5b-9 and C5a (rho = 0.48, p = 0.02), sug-
gesting that circulating sC5b-9 and C5a levels vary some-
what independently, consistent with differences in their 
circulating half-lives and clearance. Given the feedback 
between coagulation and complement, which could poten-
tially alter the between-group differences in complement 

Fig. 1  In vitro complement pathway activity in serum from criti-
cally ill COVID-19 patients and healthy general population controls. 
Wieslab solid-phase screening assays were conducted to compare 
the residual complement pathway activity in healthy control (●) and 
COVID-19 patient (○) sera. All samples were tested in duplicate to 
obtain a mean

Fig. 2  Markers of complement pathway activation or complement 
proteins in serum from healthy general population controls and criti-
cally ill COVID-19 patients admitted to the ICU. In all experiments, 
samples were tested in duplicate to obtain a mean. Prior to calculating 
protein concentrations, absorbance values were corrected for back-

ground absorbance of the detection system. Closed (●) and open (○) 
circles represent data for healthy controls and COVID-19 patients, 
respectively. Statistical significance was determined using the Mann–
Whitney U test. p values were calculated automatically by Prism 8
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activation products measured in serum, we assayed C5a 
and sC5b-9 in autologous EDTA-plasma from the 25 
patients and a subset of controls. EDTA-plasma C5a and 
sC5b-9 were similarly significantly elevated in patients 
compared to controls, with similar effect sizes observed 
(Table S3). To further delineate the pathways involved, 
the C4b proteolytic fragment, C4d was measured. COVID-
19 patient sera had significantly increased serum levels 
of C4d (3.1-fold higher, p < 0.0001), indicating elevated 
activation of the CP and/or the LP (Fig. 2C). Consistent 
with the functional Complement System Screen analyses, 
approximately 20% of COVID-19 patients had serum C4d 
levels that were within the normal range.

The Complement System Screen data showed activa-
tion of the AP for all COVID-19 patients. This was fur-
ther evidenced by significantly elevated serum antigenic 
levels of Ba and Bb as compared to healthy controls 
(Ba: 4.4-fold higher; Bb: 2.5-fold higher; p < 0.0001 for 
both; Fig. 2D, E). Since Ba and Bb may be increased via 
enhanced cleavage of FB by FD, we measured the latter 
by ELISA. A subset of COVID-19 patients had increased 
serum levels of FD, although the overall difference was 
not significant, further highlighting the phenotypic het-
erogeneity of COVID-19 patients (p = 0.23, Fig. 2F). Ba 
and Bb may also be elevated if there is increased forma-
tion or stability of the AP C3 convertase, caused in part, 
by reduced functional levels of the negative AP regulator, 
FH. Notably, serum levels of FH were significantly lower 
in the COVID-19 patients compared to healthy controls 
(p = 0.0062, Fig. 2G). Immunoblot analysis of patient sera 
did not reveal changes in the apparent molecular weight of 
FH under reducing conditions (Fig. S1), suggesting that 
major in vivo degradation of FH did not occur.

Renal dysfunction differentially affects levels of Ba 
and FD in patients with COVID‑19

The major site of catabolism of both Ba and FD is the kidney 
[26, 27]. Thus, as might be predicted, circulating Ba and 
FD were elevated in patients with renal dysfunction [26, 
28]. We tested whether renal dysfunction could explain the 
higher serum levels of Ba and FD in critically ill COVID-19 
patients by comparing Ba and FD to serum creatinine (Cr), 
the latter being a measure of renal function. We observed 
strong positive correlations between Ba and FD (rho = 0.75, 
p < 0.0001), Ba and Cr (rho = 0.76, p < 0.0001), and FD and 
Cr (rho = 0.67, p < 0.0003). Patients were then stratified into 
two groups based on normal (Cr ≤ 100 mg/dL) or elevated 
serum Cr. Compared to healthy controls, COVID-19 patients 
with normal serum Cr still had significantly higher serum 
levels of Ba (Fig. 3A), but these Ba levels were significantly 
lower than those of the COVID-19 patients with elevated 
serum Cr (i.e. > 100 mg/dL). FD levels were similar between 
healthy controls and COVID-19 patients with normal serum 
Cr (p = 0.36, Fig. 3B), but significantly elevated in COVID-
19 patients with renal dysfunction (serum Cr > 100 mg/dL). 
This suggested that increased FD in COVID-19 patients 
may reflect renal dysfunction that is linked to, but not solely 
responsible for increased Ba, and that a portion of the ele-
vated Ba in critically ill COVID-19 patients arises from 
hyperactivation of the alternative pathway in vivo.

Interestingly, in a subset of 11 COVID-19 patients with 
high serum levels of FD (> 1.5 µg/ml), there was a strong 
positive correlation between serum FD and FH (rho = 0.75, 
p = 0.009), which was not evident when all 25 patients were 
analyzed (rho = 0.24, p = 0.25) or when the remaining 14 
patients with normal Cr were analyzed (rho = 0.25, p = 0.39) 
(Fig. S2). In spite of the higher FH levels in these patients, 

Fig. 3  Serum Ba fragment and factor D in critically ill COVID-19 
patients at the time of ICU admission separated by serum creatinine 
levels. Ba fragment (A) and factor D (B) concentrations in healthy 
general population controls compared to critically ill COVID-19 
patients with clinically normal (≤ 100 mg/dL) or elevated (> 100 mg/

dL) serum creatinine. Closed (●) circles, open (○) circles, and 
open diamonds (◊) represent data for healthy controls, COVID-19 
patients, and patients with serum Cr > 100, respectively. Statistical 
significance was determined using the Mann–Whitney U test. P val-
ues were calculated automatically by Prism 8
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complement activation via the AP was heightened, as it was 
in the entire cohort of patients with COVID-19. This sug-
gests that the expression/function of other negative regula-
tors of complement may also be reduced in COVID-19 [13].

Elevated Ba and FD are predictive biomarkers 
for mortality of critically ill COVID‑19 patients 
within 30 days post‑ICU admission

Elevated serum Cr has been shown to be a predictor of 
in-hospital mortality within 30 days [29, 30]. Given the 
strong positive correlations of serum Cr with Ba and FD, 
we similarly tested the ability of Cr, Ba, and FD to predict 
mortality in the 30 days following ICU admission in this 
cohort. Using a simple logistic regression model, we found 

serum Cr at the time of ICU admission was useful for 
discriminating between non-survivors and survivors, but 
elevated Cr at the time of ICU admission did not substan-
tially affect the odds of dying (Table 1). By comparison, 
we found that both Ba and FD were useful for discriminat-
ing between non-survivors and survivors, they fit the data-
set well, and a one unit increase of Ba or FD increased the 
odds of dying 4-5-fold (Table 1). Other complement ana-
lytes were also analyzed but none conveyed an increased 
odds of dying in this cohort. We also performed multivari-
able logistic regressions using Ba and age, Ba and sex, FD 
and age, or FD and sex as predictor variables (Table S5). 
These showed that neither age nor sex enhanced the power 
of Ba or FD in predicting mortality.

Table 1  Logistic regression 
model characteristics

Values in brackets are the 95% CI for the indicated measurement
CKD chronic kidney disease
* McFadden’s Pseudo-R squared was selected to calculate goodness of fit
† Could not be tested in logistic regression due to complete separation. Odds ratio was calculated using a 
2 × 2 contingency table, and 1 was added to each cell to eliminate cells containing zeros
PaO2/FIO2 = partial pressure of arterial oxygen divided by the fraction of inspired oxygen

Odds ratio Model performance Goodness of fit

ROC AUC Classification rate Pseudo-R squared*

Complement analytes
 Ba 4.90 (1.23–54.05) 0.85 (0.69–1) 79.17% 0.250
 FD 4.07 (0.97–24.85) 0.88 (0.74–1) 79.17% 0.171
 C5a 0.94 (0.84–0.99) 0.88 (0.75–1) 75% 0.284
 sC5b-9 0.77 (0.51–1.02) 0.74 (0.44–1) 87.50% 0.147
 C4d 1.02 (0.99–1.05) 0.75 (0.53–0.97) 83.33% 0.102
 Bb 0.78 (0.38–1.29) 0.60 (0.33–0.87) 83.33% 0.041
 FH 1.00 (0.99–1.01) 0.56 (0.20–0.96) 83.33% 0.022

Reported biomarkers
 D-dimer 0.99 (0.99–1.00) 0.67 (0.35–0.98) 83.33 0.008
 Cr 1.01 (0.99–1.02) 0.89 (0.75–1) 83.33% 0.154

Inflammatory analytes
 TNF-α 1.10 (0.90–1.37) 0.66 (0.41–0.91) 83.33% 0.044
 IL-6 0.99 (0.98–1.00) 0.5 (0.21–0.79) 16.67% 0.015
 CRP (n = 19) 0.99 (0.96–1.01) 0.65 (0.40–0.89) 84.21% 0.084
 Ferritin (n = 20) 0.99 (0.99–1.00) 0.55 (0.18–0.90) 85% 0.004

Demographics
 Age 1.06 (0.98–1.17) 0.69 (0.47–0.91) 83.33% 0.094
 Sex 0.50 (0.02–4.74) 0.58 (0.27–0.88) 83.33% 0.016

Respiratory status
  PaO2/FIO2 0.99 (0.98–1.01) 0.5 (0.23–0.78) 83.33% 0.006

Known comorbidities
 Hypertension† 7.44 (0.35–156.29) – – –
 Diabetes 9.00 (0.92–207.10) 0.75 (0.48–1) 83.33% 0.165
 Obesity 6.33 (0.21–194.40) 0.60 (0.26–0.94) 83.33% 0.061
 Dyslipidemia 1.22 (0.13–11.92) 0.53 (0.21–0.84) 83.33% 0.002
 CKD 1.33 (0.57–14.24) 0.53 (0.20–0.85) 83.33% 0.002
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Similar to serum Cr, d-dimer has been proposed as a 
biomarker for the severity of COVID-19 and risk of mor-
tality. Therefore, we compared the models for complement 
analytes to ICU admission levels of d-dimer. d-dimer was 
poor at discriminating between non-survivors and survivors, 
evidenced by the model performance, goodness of fit, and 
odds ratio (Table 1). This suggests that while d-dimer is 
useful for predicting death in cohorts comprising individu-
als with mild, moderate, and severe disease, it may not be 
useful for predicting death amongst critically ill patients, as 
shown here.

We also examined whether concentrations of inflamma-
tory markers, respiratory status, and the presence of comor-
bidities at the time of ICU admission could be used to pre-
dict mortality. Consistent with other studies, only a previous 
diagnosis of hypertension, diabetes, or obesity appeared to 
increase the odds of dying in this cohort (Table 1).

Increased complement activation persists 
throughout hospitalization

In a prospective study of 39 COVID-19 patients, Holter 
et al. reported that complement activation persists for up to 
10 days following hospitalization [3]. Similarly, we found 
that serum levels of C5a, sC5b-9, C4d, Ba, and Bb remained 
elevated over the 21-day study period. Time-course analy-
ses of AP (Fig. 4) or terminal pathway (Fig. 5) components 
from individual patients showed that complement activation 
remained elevated but fluctuated in response to the admin-
istration of corticosteroids or the IL-6 receptor antagonist 
tocilizumab. Increased serum levels of FD and decreased 
levels of FH similarly persisted over the duration. The dis-
tributions of admission values showed considerable overlap 
with maximum and minimum recorded values (Fig. S3). 
Accordingly, the dynamic ranges of complement markers 

Fig. 4  Serum concentrations of AP analytes FH, Ba, Bb, and FD 
throughout ICU stay for patients in which at least four time-points 
were available for testing. Patients who received the IL-6 recep-
tor antagonist tocilizumab (B, C, E, F) were given a single dose of 
400 mg on the day indicated. Shaded areas indicate the duration of 
daily corticosteroid administration for each patient where applicable. 
A Patient was treated with hydrocortisone on days 8–11, received 

50  mg on day 13, and 25  mg on days 14–17. B Patient received 
40  mg methylprednisolone daily from days 12–17 post-ICU admis-
sion. D patient received 100  mg hydrocortisone from days 12–16, 
50 mg on day 17, and 100 mg from days 18–23. E Patient received 
hydrocortisone from days 2–6, day 8, and days 19–20. F Patient 
received hydrocortisone from days 7–16
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were substantially lower than those of acute-phase reactants 
IL-6, C-reactive protein (CRP), and ferritin (Fig. S4).

Serum levels of C5a, Ba, and Bb are associated 
with poor respiratory function in critically ill 
COVID‑19 patients

We previously reported a significant negative associa-
tion between IL-6 levels and  PaO2/FIO2 in this cohort of 
COVID-19 patients, with IL-6 being significantly elevated 
in those with ARDS [25]. Extending these studies to the 
complement system, correlation analyses revealed that 
significantly elevated serum concentrations of C5a, Ba, 

and Bb were negatively associated with  PaO2/FIO2 in the 
COVID-19 patients on admission, with FD approach-
ing significance (Table 2). The strength of each of these 
associations was similar to that of IL-6 [25]. Interest-
ingly, there was a weak correlation between serum IL-6 
with each of the serum levels of C5a, Ba, Bb, and FD 
(rho ≤ 0.25, p ≥ 0.24). There was also a negative correla-
tion between Ba and Bb and static lung compliance on 
admission, measured in the 13 COVID-19 patients who 
were receiving invasive mechanical ventilation (n = 13, 
rho ≥ 0.6, p ≤ 0.042). sC5b-9 was the only complement 
analyte in serum that was significantly different between 
patients with and without ARDS, although the median 

Fig. 5  Serum concentrations of terminal pathway analytes C5a 
and sC5b-9 throughout ICU stay for patients in which at least four 
time-points were available for testing. Patients who received the 
IL-6 receptor antagonist tocilizumab (B, C, E, F) were given a sin-
gle dose of 400 mg on the day indicated. Shaded areas indicate the 
duration of daily corticosteroid administration for each patient where 
applicable. A Patient was treated with hydrocortisone on days 8–11, 

received 50  mg on day 13, and 25  mg on days 14–17. B patient 
received 40 mg methylprednisolone daily from days 12–17. D Patient 
received 100 mg hydrocortisone from days 12–16, 50 mg on day 17, 
and 100 mg from days 18–23. E Patient received hydrocortisone from 
days 2–6, day 8, and days 19–20. F Patient received hydrocortisone 
from days 7–16



45Medical Microbiology and Immunology (2022) 211:37–48 

1 3

difference between these groups was only ~ 20% (3 µg/ml; 
Table S6).

Discussion

In this report, we show that patients with severe COVID-19 
all had increased activation of complement that persisted for 
at least 3 weeks from the time of ICU admission, and that 
ICU admission serum levels of Ba and FD were useful pre-
dictors of mortality in this cohort. Further, serum levels of 
AP components Ba and Bb and terminal pathway activation 
marker C5a inversely correlated with respiratory function, 
suggesting a relationship between the amount of AP activa-
tion and the severity of respiratory disease. These findings 
build on and are consistent with previous observations by 
other groups [3, 29–34], providing new insights into the 
important role that complement plays in COVID-19.

Although the mechanisms by which complement acti-
vation is triggered by SARS-CoV-2 remain poorly under-
stood, recent studies are providing some interesting insights. 
Drawing from work with other highly pathogenic corona-
viruses SARS-CoV-1 and MERS-CoV, the spike protein 
and nucleocapsid (N)-protein of SARS-CoV-2 can bind to 
MBL, ficolin-2 and collectin-11, thereby triggering activa-
tion of complement via the LP [32, 35, 36]. There is also a 
highly conserved motif within the N-protein of the highly 
pathogenic coronaviruses, including SARS-CoV-2, that 
binds to MASP-2 and triggers its autoactivation, result-
ing in enhanced generation of the LP C3 convertase in the 
presence of mannan and MBL [32]. Increased C4d levels in 
COVID-19 patients in our cohort and that of others, cannot 
distinguish the CP from the LP [3]. However, our Comple-
ment System Screen data implicate the CP in contributing to 

increased complement activation in most of our COVID-19 
patients.

The mechanisms by which the CP participates in COVD-
19 is less clear, but it is likely triggered by C1q recognition 
of anti-SARS-CoV-2 antibodies [3]. The CP may also be 
initiated in an antibody-independent manner via a direct 
interaction of the globular region of C1q with viral envelope 
glycoproteins shown for several viruses including, HIV-1, 
HTLV-1, EBV and CMV (reviewed in [37, 38]). To the best 
of our knowledge, these antibody-independent mechanisms 
of activation of the CP have not been definitively shown for 
SARS-CoV-2 or any of the other highly pathogenic corona-
viruses. However, viral surfaces may be also recognized by 
serum amyloid peptide P, SIGN-R1 (a C-type lectin) and 
CRP, to which C1q can bind and trigger the CP [38]. In this 
regard elevated CRP levels, observed in our patient cohort, 
have been correlated with severity of COVID-19 [39] and 
may therefore contribute to CP activation.

Recent exciting advances reveal that complement activa-
tion is not restricted to the circulation, but may also occur 
within the cellular compartment, triggered by viruses and 
other pathogens (reviewed [40]). Thus, most complement 
components, including C3, C5 and FH, may be synthesized 
by immune and non-immune cells, including epithelial and 
endothelial cells. SARS-CoV-2 infection of respiratory epi-
thelial cells has been shown to induce cleavage of intra-
cellular C3, which may result in local release of C3a [41, 
42]. Interestingly, generation of C3a by the virus-infected 
cells could not only be blocked by JAK 1/2 inhibitors, but 
also by a factor B inhibitor, the latter effect implicating an 
alternative-like pathway of activation [41]. The discovery of 
such intriguing cellular mechanisms of complement activa-
tion obviously have potential therapeutic implications and 
are worthy of further study.

Of the three complement pathways, it was only the AP, 
via which increased activation was observed in all of our 
COVID-19 patients. Recent studies have suggested that the 
SARS-CoV-2 spike protein may trigger activation of com-
plement via the AP by competing with FH for cell-surface 
heparan sulfate, thus compromising its AP inhibitory role 
[4]. Changes in the function and/or quantity of other compo-
nents of the AP might also contribute to heightened activa-
tion via the AP. In our COVID-19 cohort, elevated serum 
Ba and Bb levels were accompanied by a ~ 25% decrease 
in FH, a key negative regulator of the AP. The basis for the 
FH reduction is unknown, although it may be caused by 
increased clearance by the acute-phase reactant, CRP [43], 
the levels of which were elevated in our cohort of COVID-19 
patients, as in others [30]. Nonetheless, this reduction in FH 
alone would not likely be sufficient to cause the thrombo-
inflammatory response observed in COVID-19, but could 
contribute.

Table 2  Associations between  PaO2/FIO2 and complement analytes

Analytes are ranked from top to bottom based on the strength of the 
association. Spearman’s correlation coefficient, 95% CI, and p values 
were calculated automatically by Prism 8. The Benjamini–Hochberg 
method was used to correct for multiple comparisons with the false 
discovery rate set to 5%. q values obtained from correcting for multi-
ple comparisons are reported

PaO2/FIO2 vs Spearman rho 95% CI q value

Bb − 0.61 − 0.82 to − 0.27 0.008
C5a − 0.53 − 0.77 to − 0.16 0.028
IL-6 − 0.48 − 0.74 to − 0.10 0.032
Ba − 0.48 − 0.74 to − 0.09 0.032
FD − 0.41 − 0.70 to − 0.01 0.064
FH − 0.17 − 0.54 to 0.25 0.466
sC5b-9 0.01 − 0.40 to 0.41 0.971
C4d 0.18 − 0.24 to 0.55 0.466
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Our finding of sustained activation of complement in crit-
ically ill COVID-19 patients, has also been noted by others 
[3, 34]. These were extended by our studies by evaluating 
patients for up to 21 days. Even over that prolonged time 
period, complement activation persisted at a high steady 
level. This is notable, as the short circulating half-lives of 
the C3/C5 convertases and most of the complement activa-
tion products (e.g., Ba, Bb, and C5a) implies that, despite 
patients being discharged from the ICU to the ward and 
without obvious evidence of organ dysfunction, there is 
likely ongoing damage that is sustained or perpetuated by 
complement activation. Particularly in light of the relatively 
common occurrence of long-term and often serious sequelae 
post-SARS-CoV-2 infection, underlying complement activa-
tion may be clinically relevant. The fact that serum levels 
of other inflammatory markers, including IL-6, ferritin and 
CRP, varied widely in concentration and duration of eleva-
tion within and between patients, suggests that the comple-
ment pathway(s) may offer a more efficacious target for pre-
vention/treatment of the "long-haul" post-acute syndrome, 
since biomarkers were persistently elevated in every patient.

We previously reported that IL-6 is significantly associ-
ated with severity of hypoxemia in our COVID-19 patient 
cohort [25], and some studies have shown efficacy in treat-
ing COVID-19 with the anti-IL-6 antibody tocilizumab 
[44–46]. In these COVID-19 patients, we show that Ba, Bb, 
and C5a were independently associated with lung function 
and that the associations with  PaO2/FIO2 were as reliant as 
IL-6. Interestingly, although Ba, Bb, C5a, serum ferritin, 
CRP and IL-6 are each independently associated with  PaO2/
FIO2, there was no significant correlation between the mark-
ers of complement activation (Ba, Bb, C5a), and the acute-
phase reactant markers of inflammation (IL-6, CRP, ferritin). 
This would imply that the influencing pathways are distinct. 
Such information may be of value in strategically designing 
combination therapies at different times in the course of the 
disease.

Other blood-borne biomarkers that are predictive of poor 
outcome have been identified by other groups. For example, 
multiple studies have concluded that elevated D-dimer is 
highly predictive of in-hospital mortality [29, 30, 47–50]. 
Our studies, however, did not reveal such an association, 
a discordance that is likely attributable to our small cohort 
size, and that our study was restricted to severely ill COVID-
19 patients, but may indicate that complement biomarkers 
offer a more instructive correlation.

In spite of the small cohort, our between-group compari-
sons were effectively powered given the magnitude of dif-
ferences of complement activation markers between patients 
and controls. However, logistic regression analyses were 
limited by sample size and may be underpowered. Larger 
cohort studies could further support the utility of Ba and 
FD as early predictors of mortality in COVID-19, and the 

current study serves as rationale. Small sample size also lim-
ited our ability to develop multivariable models of comple-
ment analytes to predict mortality as well as the performance 
of forward selection of additional variables to control for 
potential confounding effects of age, sex, and known comor-
bidities. Age-dependent changes in complement factors have 
been reported, but these observations only strengthen our 
findings, in that with age, circulating levels of FD decreased, 
while the complement inhibitor protein, C1-INH, increased 
[51]. The novelty of our findings also limited our ability to 
perform cross-validation of these models using other pub-
lished datasets. Finally, although we attempted to consider 
age in the selection of our control cohort, strict age match-
ing of patients to controls was not feasible, limiting our 
control of the effects of age-related changes in complement 
responses.

In summary, our data align very closely with others, 
in that complement activation in COVID-19 is markedly 
increased, that all pathways are likely involved, and that 
some activation markers have striking predictive value in 
terms of clinical outcomes [3]. Here we present the first 
study to report serum levels of Ba and FD in COVID-19, 
thereby providing additional insights into the pathways 
involved and the potential utility of these markers as predic-
tors of disease and outcome. From a therapeutic perspective, 
there are numerous anti-complement therapies in preclini-
cal and clinical development for COVID-19, none of which 
have yet yielded overwhelming benefit. This may be due to 
many factors, including for example, the dose and timing 
of administration, the complement activation site of inter-
vention, the subset of patients being treated, and the use of 
concomitant therapies. Lack of major success by blocking 
the terminal pathway with a C5 inhibitor alone may be due 
to in part to the existence of C5 bypass pathways [52, 53]. 
Recent studies implicating the C5a–C5a receptor 1 (C5aR1) 
axis in the pathophysiology of COVID-19-associated acute 
lung injury and ARDS [54, 55], suggest that blockade of 
this pathway may be more beneficial [56–58]. Our data and 
that of others would support interfering with the AP by, for 
example, inhibiting FD. Most intriguing is the potential con-
tribution of intracellular complement that may yield entirely 
new therapeutic strategies [41, 42]. Overall, our study high-
lights the involvement of complement in COVID-19, and 
provides strong rationale for continued efforts to identify 
predictive biomarkers of disease activity, and to delineate 
the underlying mechanisms toward the development of bet-
ter treatments.
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