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Abstract
Background: The e�cacy and safety of complement inhibition in Covid-19 patients is unclear.

Methods: A multicenter randomized controlled, open-label trial. Hospitalized Covid-19 patients with signs
of hyperin�ammation and hypoxemia (PaO2/FiO2 below 350 mHg) were randomized (2:1 ratio) to receive
standard of care with or without the C5 inhibitor zilucoplan daily for 14 days, under antibiotic prophylaxis.
The primary outcome was improvement in oxygenation at day 6 and 15.

Results: 81 patients were randomly assigned to zilucoplan (n=55) or the control group (n=26). 78 patients
were included in the safety and primary analysis. Most  were men (87%) and the median age was 63
years. The mean improvement in PaO2/FiO2 from baseline to day 6 was 56·4 mmHg in the zilucoplan
group and 20·6 mmHg in the control group (mean difference +35.8; 95% con�dence interval (CI) -9.4 to
80.9; p=0.12), an effect also observed  at day 15. Day 28 mortality was 9% in the zilucoplan and 21% in
the control group (odds ratio 0·4; 95% CI 0·1 to 1·5) At long-term follow up, the distance walked in a 6 min
test was 539·7 m in zilucoplan and 490·6 m in the control group (p=0·18). Zilucoplan lowered serum C5b-
9 (p<0·001) and interleukin-8 (p=0·03) concentration compared with control. No relevant safety
differences between the zilucoplan and control group were identi�ed.

Conclusion: Administration of zilucoplan to Covid-19 patients in this proof-of-concept randomized trial
was well tolerated under antibiotic prophylaxis. While not reaching statistical signi�cance, indicators of
respiratory function and clinical outcome suggest that C5 inhibition might be bene�cial, although this
requires further research in larger randomized studies.

(Funded by UCB and Ghent University Special Research Fund for COVID-19 Research; ClinicalTrials.gov,
NCT04382755 – May 11, 2020; EudraCT, 2020-002130-33 – May 6, 2020)

Background
What is already known on this topic – Dysregulated complement activation has been implicated in the
pathophysiology of Covid-19. Despite many ongoing trials, only one interventional trial targeting the
complement system has been published so far, which was not powered to assess e�cacy endpoints
(PANAMO trial, NCT04333420).

What this study adds – While the improved oxygenation upon C5 blockade did not reach statistical
signi�cance, a Bayesian approach suggested that Covid-19 patients with hypoxia and hyperin�ammation
on zilucoplan had a 89% chance to fare better. No safety signals for C5 inhibition emerged under
prophylactic antibiotics.

How this study might affect research, practice or policy – This study supports further research on C5
blockade in Covid-19. These results could also be relevant to ARDS in general, since complement
dysregulation is often seen in this form of acute lung injury.
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Introduction
Coronavirus disease 2019 (Covid-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) can progress from an initially mild upper airway disease to acute respiratory failure accompanied
by excessive in�ammation in the lung alveoli, and by microthrombi in the alveolar capillaries that impede
pulmonary gas exchange1. Despite vaccination and public health efforts to prevent spread, variants of
the virus continue to cause morbidity and mortality and after 2 years of extensive research, there are still
few effective treatments that prevent or improve respiratory failure due to Covid-19.

Evidence implicates excessive activation of the complement system in the progression from mild Covid-
19 disease to frank respiratory failure with thrombo-in�ammation2–12. The complement system is part of
the ancient innate immune system. Three different pathogen sensing pathways (the classical, alternative
and lectin pathway) converge on the activation of C5 convertase, that cleaves C5 in two components. The
anaphylatoxin C5a recruits in�ammatory cells into tissues2 and C5b sparks a further complement
cascade reaction building up the membrane attack complex (C5b-9) that can kill damaged cells and
opsonized pathogens, and also triggers formation of microthrombi on endothelial cells4,10,13−17,5,18–28. In
the clinical setting, several studies showed that increased complement activation is associated with a
worse clinical outcome in Covid-19 patients5,20−27. Not surprisingly, complement blockade has emerged
as a potential therapy for critically ill Covid-19 patients11,29. Initial case series and non-randomized trials
showed promising results of various complement inhibition strategies30–36, but outcomes of randomized
controlled trials have not been reported.

Zilucoplan is an investigational macrocyclic peptide inhibitor of the terminal complement protein C5 that
prevents both the formation of active C5a and the membrane attack complex C5b-9 and has been
clinically tested in neurological disease37. Here, we report the results of a proof-of-concept phase II
randomized controlled open-label trial to evaluate the feasibility, e�cacy and safety of zilucoplan
administration in Covid-19 patients with respiratory failure and signs of systemic in�ammation.

Methods
TRIAL DESIGN AND OVERSIGHT

We conducted a proof-of-concept phase 2, prospective, randomized, open-label study across 9 hospitals
in Belgium. The trial was approved by the Ethical Committee of Ghent University Hospital and conducted
in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki. Study design,
coordination, monitoring and data management was performed under the responsibility of the Health
Innovation and Research Institute UZ Gent (HIRUZ). UCB provided study medication and assistance with
data analysis and funded the study. Long-term follow-up of the patients was funded with the
ClinicalTrials.COV grant (BOFCOV2020000801) from University Hospital Ghent. An independent data
safety monitoring board monitored participant safety. Every patient or their legal representative provided
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informed consent before participation. All authors take responsibility for the integrity of the trial and the
publication.

PATIENTS

Eligible patients were over the age of 18, had a laboratory diagnosis of Covid-19 with symptoms
appearing between 6 and 16 days at inclusion, a ratio of the partial pressure of oxygen (PaO2) to the
fraction of inspired oxygen (FiO2; PaO2/FiO2) of less than 350 mmHg and bilateral pulmonary in�ltrates
on chest computed tomography (CT) within the last two days prior to randomization. Presence of
systemic in�ammation was de�ned38 by a single ferritin over 2000 µg/L at inclusion in patients
immediately requiring intensive respiratory support. In those without immediate respiratory failure, a
ferritin over 1000 µg/L and rising over 24 hours needed to be documented, or alternatively lymphopenia
below 800/mL with two of the following criteria, any of those rising over 24h: (1) a rising ferritin above
700 µg/L, (2) a rising lactate dehydrogenase above 300 IU/L, (3) a rising C-reactive protein above 70
mg/L or (4) rising D-dimers above 1000 ng/mL.

Exclusion criteria included mechanical ventilation for more than 24 hours at randomization, a clinical
frailty score >3 prior to SARS-CoV-2 infection39, an unlikelihood to survive beyond 48h as judged by the
treating physician, an active co-infection de�ned on clinical grounds, thrombocytopenia below 50 000/µL
or neutropenia below 1500/µL, active treatment with complement-inhibiting drugs; weight below 54 kg or
above 150 kg; high-dose systemic steroid or immunosuppressive drug use for a Covid-19-unrelated
disorder. The full list of in- and exclusion criteria can be found in the study protocol (Suppl. document 1).

RANDOMIZATION

Participants were allocated in a 2:1 ratio to the zilucoplan or control arm using simple randomization,
strati�ed by center. Randomization and subsequent data collection were done in an interactive Web
Response System (REDCap)40.

PROCEDURES

Patients allocated to the zilucoplan group received daily 32·4 mg zilucoplan subcutaneously for 14 days
or until discharge (whichever came �rst) and 2 g ceftriaxone i.v. for maximum 28 days (i.e. during
zilucoplan treatment and an additional 14 days after cessation of zilucoplan) as prophylaxis for
meningococcal infections, which occur more frequently in C5 de�cient states41. On clinical grounds,
ceftriaxone could be switched to any other antibiotic covering Neisseria meningitidis. Following hospital
discharge, antibiotics were switched to 500 mg cipro�oxacin once daily until 14 days after the last
zilucoplan administration. To control for the effect of antibiotics, patients in the control group also
received daily i.v. 2 g ceftriaxone for 7 days or until discharge (whichever occurred �rst).

OUTCOMES
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The primary e�cacy endpoint was the change in oxygenation (PaO2/FiO2, P(A-a) O2 gradient and a/A
PO2) from baseline to day 6 and to day 15 or discharge (whichever occurred �rst). The methods to derive
the parameters for oxygenation are described in the Statistical Analysis Plan (Suppl. Document 2).

Secondary objectives were to study the effects of zilucoplan on clinical outcomes (de�ned by duration of
hospital stay, 6-point ordinal scale, time to defervescence, supplemental oxygen use and severity of organ
failure assessment (SOFA) score), on progression to mechanical ventilation, ARDS, on duration of ICU
stay, on all-cause mortality rates, on the rate of nosocomial infections, and on ferritin and C-reactive
protein (CRP) serum levels. A follow-up visit was scheduled between 12- and 22-weeks post-
randomization to study long-term clinical evolution. A detailed list of the secondary endpoints is provided
in the study protocol (Suppl. Document 1).

Certain prede�ned endpoints were not analyzed due to insu�cient and/or missing data, i.e. duration of
mechanical ventilation in ventilated patients, time since randomization until �rst use of high-�ow oxygen
devices or mechanical ventilation in non-ventilated patients and duration of ICU stay (Suppl. Document
3).

Key safety endpoints included incidence of adverse events (AE) and serious adverse events (SAE) from
�rst day of study treatment until day 28.

BIOMARKER QUANTIFICATION

Serum cytokines (IL-6, IL-8, IL-18, IL-1RA, CXCL-10) were quanti�ed using Mesoscale Discovery. Soluble
membrane attack complex (sC5b-9) was quanti�ed in cell-free plasma using the MicroVue Complement
sC5b-9 Plus ELISA kit (Quidel).

STATISTICAL ANALYSIS

Sample size

The target difference was the change from baseline measured in PaO2/FiO2 (at day 6 and day 15)
between the control and the treated group. Given a sample size of 81 participants, 54 on the zilucoplan
arm and 27 on the control arm, there was >85% power to show a signi�cant difference from standard of
care (SoC) at the 2 sided 5% level if the underlying treatment difference was an 80-mmHg difference (25%
of 320 mmHg, being the mean at hospital admission prior to this study) in the PaO2/FiO2. This assumed
a standard deviation of 105 mmHg and a dropout rate of less than 10%.

E�cacy and safety analyses

All e�cacy analyses were carried out on the full analyses data set consisting of all participants who
received at least 1 dose of zilucoplan, when randomized to the zilucoplan group, and who had at least
one dose of intravenous prophylactic antibiotics, when randomized to the control group. The primary
endpoints were analyzed separately using a Mixed Model Repeated Measures (MMRM) analysis with
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�xed effects for baseline treatment, nominal day (using day 6 and day 15), baseline*nominal day
interaction and treatment*nominal day interaction. Participant was �tted as a random effect and an
unstructured covariance was used. A last observation carried forward (LOCF) approach was utilized for
the participants who were discharged early. If a patient died or withdrew, no data was imputed. The mean
change from baseline to day 6 and day 15 for both treatment arms and differences between treatments
in mean change from baseline to day 6 and day 15, their 95% CI and p-values were estimated directly
from the model. PaO2/FiO2, and a/A PO2 were analyzed on the natural scale. P(A-a)O2 gradient required a
log transformation therefore the differences from baseline and between treatment are expressed as
ratios.

Logistic regression models, including treatment as a factor, were �tted for mortality. The estimated odds
ratio, 95% CI and p-value were computed.

The above analyses were augmented with a series of Bayesian analyses which provide a useful,
additional interpretation of the results (Suppl. Document 4).

Safety data were analyzed descriptively in all patients who received at least one dose of zilucoplan in the
treated group and all patients who had at least one dose of prophylactic antibiotics in the control group
(safety population).

Baseline was de�ned as the last measure prior to dosing, with the exception of clinical laboratory
parameters and cytokines. Blood samples were not always prioritized prior to starting dosing hence
values up to 2 hours post-�rst dose were included for clinical laboratory parameters and 30 minutes post-
dose for cytokines.

No adjustments were made for multiplicity.

Statistical analysis was performed using SAS version 9·4 and R. The full statistical analysis plan is
available as an online supplement (Suppl. Document 2).

Results
PATIENTS

Between August 15th and December 16th, 2020, 81 patients were enrolled at 9 participating centers, with
the last patient last visit on May 27th 2021. 55 patients were allocated to zilucoplan and prophylactic
antibiotics, and 26 to prophylactic antibiotics (Fig.1). In the zilucoplan group, 54 patients received the
intervention and one withdrew consent prior to dosing. In the control group, 2 patients were excluded from
the primary analysis due to one clinical error (patient did not receive any antibiotics) and one patient not
meeting inclusion criteria. All patients were followed until clinical improvement or death, except for one
patient with withdrawal of consent, one patient transferred to a non-participating hospital and one patient
left the hospital against medical advice.
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68 patients (87%) were male and 10 patients (13%) were female (Table 1). The median age was 63 years
(range 35-85) and the majority of patients (87%) were Caucasian. At randomization a total of 10 patients
(13%) received invasive mechanical ventilation (IMV), while 27 patients (34.6%) received either non-
invasive mechanical ventilation or were breathing through a high �ow oxygen delivery device. 67 patients
(85.9%) were receiving glucocorticoids and 9 patients (12%) remdesivir. Biochemical signs of
hyperin�ammation, coagulation and complement activation were present.

Overall patient characteristics including comorbidities were similar. In the zilucoplan group, 15% of
patients were on invasive mechanical ventilation at day of randomization compared with 8% in the
control group. Seven patients in the zilucoplan arm had a SOFA score of 7 or more compared with none in
the control group. More patients were on antibiotics and glucocorticoids at day of randomization in the
zilucoplan group compared with the control group. In the zilucoplan group 17% of patients had prior
cardiovascular disease compared with 42% in the control group.

PRIMARY ENDPOINT

The improvement in PaO2/FiO2 from baseline to day 6 had a least square mean (LSmean) change of
56·4 mmHg (95% CI 31·9 to 80·9) in the zilucoplan group and 20·6 mmHg (95% CI –17·3 to 58·5) in the
control group, corresponding to a difference between groups of 35·8 mmHg, which failed to reach
statistical signi�cance (95% CI –9·4 to 80·9; p=0·12) (Fig. 2 and Table S1). A similar non-signi�cant
difference was seen at day 15, since the LSmean change from baseline in PaO2/FiO2 was 123·5 mmHg
(95% CI 94·3 to 152·7) in the zilucoplan group and 83·7 mmHg (95% CI 39·0 to 128·4) in the control
group. This corresponds to a difference in mean change from baseline to day 15 of 39·8 mmHg (95% CI
–13·6 to 93·2; p=0·14) between groups. Similar numerical improvements were observed for the other
measurements of oxygenation such as P(A-a) O2 gradient and A/a PO2 gradient, favoring the zilucoplan
group over the control group but failing to reach conventional thresholds for statistical signi�cance (Fig.
S1). In a Bayesian statistical analysis, the posterior probability that zilucoplan led to an improvement in
oxygenation compared with the control group was >89% for each of the three parameters at day 6 and
day 15.

SECONDARY ENDPOINTS

At day 28 post randomization, 5 out of 54 patients (9%) in the zilucoplan group and 5 out of 24 patients
(21%) in the control group had died, corresponding with an odds ratio of 0·4 (95% con�dence interval (CI)
0·1 to 1·5) (Fig. 2 and Table 2). Similar results were observed at 12-22 weeks follow-up, when 7 of 54
patients (13%) in the zilucoplan group and 5 of 24 patients (21%) in the control group had died,
corresponding with an odds ratio of 0·6 (95% CI 0.2 to 2.0). In a Bayesian analysis, the posterior
probability of survival in the zilucoplan group being superior to the survival in the control group was 91%
at day 28 and 81% at 12-22 weeks follow-up.

No differences in evolution on 6-point ordinal scale were observed between both groups (Table S1). There
was a slightly faster recovery in the control group compared with the zilucoplan group in terms of
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duration of hospital stay and time to absence of fever and to independence of supplemental oxygen,
however not statistically signi�cant (Table S1). No differences in progression to mechanical ventilation
and to ARDS were observed.

At 12-22 weeks follow-up, there was a non-signi�cant improvement towards a better result of a 6-minute
walk test in the zilucoplan (539·7 with standard deviation (SD) 107·7 m) compared with control (490·6
and SD 131·7 m) group (p=0·18) (Table S2). Participants did not develop lung �brosis post Covid-19
infection, as indicated by lung function testing and imaging13.

LABORATORY PARAMETERS AND BIOMARKERS

Zilucoplan administration was associated with a signi�cant decrease in sC5b-9 membrane attack
complexes to levels comparable to healthy controls (Fig. 3), con�rming target engagement37. Zilucoplan
administration also lowered the serum concentration of IL-8 compared with control, whereas
concentrations of CXCL-10, IL-6, IL-1RA, and IL-18 were not altered (Fig. 3). Serum C-reactive protein,
ferritin, lactate dehydrogenase and D-dimer levels declined over 15 days, without difference between
treatment groups (Fig. S2).

SAFETY

C5 inhibition with zilucoplan did not lead to an increase in overall or infectious SAEs and also for the AEs
the rate of in-hospital infections was similar across both treatment groups (Table 2). No Neisseria
infections, serious adverse reactions (SARs) or suspected unexpected serious adverse reactions
(SUSARs) occurred in this study. Overall, no unexpected safety �ndings and no relevant safety
differences between the zilucoplan and control group were identi�ed.

Discussion
In this proof-of-concept phase II trial, complement C5 inhibition with zilucoplan led to numerically relevant
respiratory and clinical improvements in hypoxemic Covid-19 patients with hyperin�ammation,
associated with a drop in sC5b-9 and IL-8 concentration, thus indicating engagement of zilucoplan on its
target protein in this population with high circulating C5 levels. Despite improvements across multiple
clinical oxygenation parameters at multiple time points, the group differences in mean change
oxygenation parameters did not reach a priori de�ned statistical signi�cance. A lower than anticipated
mean baseline PaO2/FiO2 (171 mmHg measured as opposed to 320 mmHg predicted), and more than
double the expected level of unavailable data (due to death, study dropout or study measures not taken)
impacted the ability to detect a mean 25% improvement in oxygenation over control. In this trial no
unexpected safety �ndings were identi�ed when prophylactic antibiotics were administered. At odds with
the encouraging effects of zilucoplan on oxygenation, there was a slightly improved median time to
discharge and a faster independence from supplemental oxygen in the control group. This difference
might be explained by the random allocation of more patients with higher SOFA scores at baseline in the
zilucoplan group. However, more patients had survived by day 28 in the zilucoplan group, although this
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was non-signi�cant since the trial was not su�ciently powered for this secondary endpoint. As a unique
feature, we report long-term outcomes in our cohort, showing overall low prevalence of persistent lung
abnormalities 12–22 weeks after Covid-19. On average, zilucoplan treated patients walked 49·1 m longer
during a 6-minute walk test at follow-up, a difference usually considered clinically signi�cant, but failing
to reach statistical signi�cance. These promising effects of zilucoplan on multiple endpoints including
survival at day 28 support further investigation of zilucoplan in larger trials with Covid-19 patients.

Sparked by enthusiasm from anecdotal case reports and non-controlled trials30–36, several randomized
controlled trials are currently investigating the effect of complement blockade in Covid-19 patients. There
is signi�cant variation between the ongoing trials, both in terms of complement target, timing of
intervention and patient category targeted. A trial (NCT04369469) investigating the C5-blocking antibody
ravulizumab in mechanically ventilated Covid-19 patients was stopped due to lack of e�cacy, as reported
by a press release42. Other trials with C5 blocking antibodies ravulizumab and eculizumab
(NCT04346797, NCT04288713, NCT04355494, NCT04390464, NCT04570397) are still recruiting or have
not yet reported results. Currently 2 additional RCT trials using zilucoplan (ACCORD trial, EudraCT 2020-
001736-95; COMMUNITY trial, NCT04590568) are ongoing, which may allow for future meta-analysis.

The contribution of complement to the clinical course of Covid-19 is likely complex and varies over
time12. Early in the disease, the complement system contributes favourably to host defence, by
opsonizing and neutralizing pathogens and recruiting neutrophils and monocytes to the lung, so early
complement blockade might be detrimental. In later stages, inappropriate complement activation might
drive excessive in�ammation and contribute to thrombo-in�ammation2,12, and complement blockade
could be bene�cial4,6,14. In Covid-19 patients with at least 6 days of symptoms, zilucoplan effectively
inhibited the formation of sC5b-9, most likely via blocking C5 activation in the lungs, the site most
in�amed in Covid-19. It is di�cult to speculate how precisely zilucoplan impacted oxygenation since we
did not sample the lung compartment during treatment. The profound reduction in sC5b-9 that was
observed in circulation might be a re�ection of reduced MAC formation in lung capillaries, vital for gas-
exchange. Most cytokines were not suppressed by zilucoplan, with the notable exception of IL-8, a
chemokine released by damaged endothelial cells in response to C5b-9 complex formation on the cell
surface, a process recently shown to be triggered by SARS-CoV-2-speci�c T cells43. This suggests that
endothelial injury was tempered by zilucoplan. Endothelial C5b-9 deposition is a well-known trigger of
microthrombus formation in various forms of thrombotic micro-angiopathy41, although D-dimer levels
were unaltered by treatment. Some clinical trials could reveal if C5 blockade also works by inhibiting C5a
formation and function in Covid-19. Indeed, two large trials of anaphylatoxin C5a antibody are ongoing
(NCT04333420; NCT04449588), one having reported favorable interim results with a positive trend on
survival44. However, a phase II trial with the receptor C5aR1 antibody avdoralimab (NCT04371367) in
mechanically ventilated patients was discontinued for lack of e�cacy, so the precise role of C5a in Covid-
19 remains unclear. One explanation is that blockade of C5aR1 alone is not su�cient to halt the
detrimental effects of complement in Covid-19 since C5b-9 is still formed or because C5 can still signal
through alternative receptors.
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This trial has limitations. First, an open-label design was adopted given the logistical challenges at the
start of the pandemic. Secondly, patients required prophylactic antibiotics for up to 14 days after the last
zilucoplan dose since there was no time for vaccination against meningococci. This might have
impacted outcomes. While we controlled for this bias by treating the control group with 7 days of the
same prophylactic antibiotic regimen (essentially eradicating bacterial carriage in the upper airways),
treatment duration was shorter. Thirdly, the trial took place in the Belgian health care setting and our
patient population was predominantly composed of white men, limiting the generalization of our results.
Fourthly, the parameters to evaluate oxygenation are subject to limitations. The FiO2 needs to be
estimated based on the method of oxygen delivery and oxygen �ow in patients on supplementary oxygen,
which was done in a standardized manner across all participating hospitals. Finally, there were
differences in baseline characteristics between groups. Less patients in the zilucoplan group had prior
cardiovascular disease (17% vs 42% in control) and more patients in the zilucoplan group were on
antibiotics (30% vs 8% in control) at the day of randomization. The difference in baseline antibiotic use is
likely irrelevant, since all patients received ceftriaxone according to study protocol following
randomization. Patients in the zilucoplan group were more severely ill as re�ected by the higher SOFA
score at baseline. Despite the higher organ failure scores at baseline, the mortality was lower on the
zilucoplan arm compared with the control arm.

In conclusion, this study shows safety and target engagement after administration of zilucoplan in
patients with Covid-19, while failing to show statistically signi�cant changes in mean oxygenation
parameters after 6 and 15 days of treatment. Future studies in larger patient populations will have to
elucidate the clinical e�cacy of such treatment and evaluate if patients with more severe disease
presentation or on glucocorticoids bene�t more from zilucoplan treatment.
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Figure 1

Enrollment and Randomization.  

Figure 2

Primary Outcome and Secondary Clinical Outcome.

ECMO, extracorporeal membrane oxygenation; FiO2, fraction of inspired oxygen; LSMean, Least Square
Means; PaO2, partial pressure of arterial oxygen.
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Figure 3

Cytokines and chemokines.

GeoMean, Geometric Mean. No adjustments for multiplicity were made.
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