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ABSTRACT

Introduction: Terminal complement amplifi-
cation is hypothesized to be a key contributor to
the clinical manifestations of severe coronavirus
disease 2019 (COVID-19). Ravulizumab, a
humanized monoclonal antibody that binds
with high affinity to complement protein C5
and inhibits terminal complement activation, is
being evaluated as a treatment for COVID-19-
related severe pneumonia, acute lung injury,
and acute respiratory distress syndrome in an
ongoing phase 3 randomized controlled trial
(ALXN1210-COV-305). To address the overac-
tivation of terminal complement in severe
COVID-19 compared to the diseases in which
ravulizumab is currently approved, a modified
dosing regimen was adopted. This analysis
evaluates preliminary pharmacokinetic/

pharmacodynamic data to confirm the modi-
fied dosing regimen.
Methods: Weight-based ravulizumab doses
were administered on days 1, 5, 10, and 15.
Serum levels of ravulizumab and free C5 were
measured before and after administration of
ravulizumab and any time on day 22. Free C5
levels\ 0.5 lg/mL indicate complete C5 inhi-
bition. The pharmacokinetic target was defined
as ravulizumab concentrations at the end of the
dosing interval[175 lg/mL, the concentration
above which C5 is completely inhibited.
Results: Twenty-two patients were included in
this evaluation. At baseline, mean C5 concen-
tration was 240 ± 67 lg/mL. In all patients and
at all individual timepoints after the first dose
was administered, ravulizumab concentrations
remained[175 lg/mL and free C5 concentra-
tions remained\ 0.5 lg/mL.
Conclusion: High levels of baseline C5
observed in patients with severe COVID-19
contribute to the growing body of evidence that
suggests this disease is marked by amplification
of terminal complement activation. Data from
this preliminary pharmacokinetic/pharmaco-
dynamic evaluation of 22 patients with severe
COVID-19 show that the modified ravulizumab
dosing regimen achieved immediate and com-
plete terminal complement inhibition, which
can be sustained for up to 22 days. These data
support the continued use of this dosage regi-
men in the ongoing phase 3 study.
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PLAIN LANGUAGE SUMMARY

While many people have no or mild COVID-19
symptoms, a small number of people become
very sick and require hospitalization in inten-
sive care units. One part of their immune sys-
tem, known as complement, overreacts and
attacks the lungs and other organs. Researchers
are looking for a way to keep the immune sys-
tem from attacking the body instead of pro-
tecting it. Ravulizumab is a medication
currently used to do this in other diseases.
Ravulizumab is being studied to see if it can
reduce the destructive and deadly effects of the
coronavirus infection. In this evaluation, ravu-
lizumab effectively reduced complement in
patients with severe COVID-19.

Key Summary Points

Why carry out this study?

There is an urgent clinical need for
approved treatments that target immune
system dysregulation and consequent
amplification of the terminal complement
pathway in patients with severe acute
respiratory distress syndrome related to
coronavirus disease 2019 (COVID-19).

Ravulizumab, a humanized monoclonal
antibody that binds with high affinity to
C5 and inhibits terminal complement
activation, is being evaluated in an
ongoing phase 3 randomized controlled
trial (ALXN1210-COV-305) in patients
with COVID-19 severe pneumonia, acute
lung injury, or acute respiratory distress
syndrome.

This evaluation assesses whether the
modified dosing regimen selected to
mitigate the amplification of terminal
complement results in immediate and
complete terminal complement
inhibition.

What was learned from the study?

The high baseline serum C5 levels
observed in patients with severe COVID-
19 contributes to the growing body of
evidence that suggests this disease is
marked by amplification of terminal
complement activation.

This evaluation of preliminary
pharmacokinetic/pharmacodynamic data
from 22 patients with severe COVID-19
shows that the modified ravulizumab
dosing regimen achieved immediate and
complete terminal complement
inhibition for up to 22 days and supports
the continued use of the dosage regimen
in the ongoing phase 3 study.
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DIGITAL FEATURES

This article is published with digital features,
including a summary slide and plain language
summary, to facilitate understanding of the
article. To view digital features for this article go
to https://doi.org/10.6084/m9.figshare.
14113445.

INTRODUCTION

Severe coronavirus disease 2019 (COVID-19) is
caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and is characterized
by acute respiratory distress syndrome in
approximately one-third of hospitalized
patients [1]. Though the pathophysiology of the
severe disease is still under investigation, it
appears to be characterized by a dysregulation
of the host immune response, by a proinflam-
matory, hypercoagulable state, and potentially
by alterations in the complement system [2–5].
In particular, data collected from small groups
of patients have shown that elements of the
terminal complement pathway are amplified
beyond what is expected in a typical immune
response to viral infections [6–13]. Complement
component C5a is an anaphylatoxin that
recruits neutrophils, amplifies NETosis, and
induces the prothrombotic state [2]. The mem-
brane attack complex (C5b-9) directly promotes
platelet adhesion and coagulation and can
cause endothelial inflammation and microvas-
cular injury [2]. These C5 activation products
are elevated in patients with severe COVID-19
and increase with disease severity [2, 5–13].

While these data do not allow us to deter-
mine whether complement overactivation is a
marker or a driver of disease progression, a small
body of evidence may suggest a causal link.
Mouse models of severe acute respiratory syn-
drome coronavirus (SARS-CoV) and Middle East
respiratory syndrome coronavirus (MERS-CoV)
have shown that compared to wild-type con-
trols, complement-deficient mice infected with
SARS-CoV or MERS-CoV develop less respiratory
dysfunction, less lung tissue damage, and lower
levels of tissue and systemic inflammation
[14, 15]. In addition, case reports and one small,

proof-of-concept, compassionate-use study
suggest that inhibition of terminal complement
at C5, the precursor to C5a and C5b-9, may
interrupt tissue-damaging feedback loops and
improve clinical outcomes and prognosis
[6, 16–18]. Together these data suggest that C5
inhibition may represent a potential therapeu-
tic target for severe COVID-19.

Ravulizumab (UltomirisTM; Alexion Pharma-
ceuticals, Inc., Boston, MA, USA) is a human-
ized monoclonal antibody that binds with high
affinity to C5 [19] and inhibits its cleavage into
C5a and C5b. Ravulizumab is efficacious and
safe for the treatment of paroxysmal nocturnal
hemoglobinuria (PNH) and atypical hemolytic
uremic syndrome (aHUS), two diseases in which
complement levels are moderately elevated
[20–22]. In these immunomodulatory diseases,
ravulizumab inhibits the terminal complement
pathway; and as a result, pathological sequelae,
which develop from uncontrolled terminal
complement activation, such as cell death and
tissue damage, are obviated.

To determine whether treatment with ravu-
lizumab can improve outcomes in patients with
COVID-19 severe pneumonia, acute lung
injury, or acute respiratory distress syndrome, a
phase 3, open-label randomized controlled trial
(ALXN1210-COV-305; NCT04369469) is
underway [23]. As terminal complement may be
more highly amplified in patients with severe
COVID-19 than in patients with PNH or aHUS,
[6, 16, 20–22], a modified dosing regimen was
adopted. This preliminary pharmacokinetic
(PK)/pharmacodynamic (PD) evaluation was
undertaken to document levels of C5 in patients
with severe COVID-19 and to determine if the
modified dosing regimen provides immediate
and complete C5 inhibition in these patients
[23]. The protocol-specified outcomes will be
the subject of a separate analysis.

METHODS

A detailed protocol description of ALXN1210-
COV-305 has been published [23]. In brief,
ALXN1210-COV-305 is an ongoing phase 3,
open-label randomized controlled trial. Patients
with a confirmed diagnosis of SARS-CoV-2

Infect Dis Ther (2021) 10:1045–1054 1047

https://doi.org/10.6084/m9.figshare.14113445
https://doi.org/10.6084/m9.figshare.14113445


infection requiring hospitalization and
mechanical ventilation (invasive or non-inva-
sive) due to COVID-19 severe pneumonia, acute
lung injury, or acute respiratory distress syn-
drome were enrolled. Patients were excluded if
they were not expected to survive for more than
24 h; if they had been on invasive mechanical
ventilation with intubation for more than 48 h
prior to screening; if they had severe pre-exist-
ing cardiac disease or an unresolved Neisseria
meningitidis infection; or if they were under
current treatment with a complement inhibitor,
under intravenous immunoglobulin treatment
within 4 weeks prior to randomization, or under
current or prior (previous 30 days) treatment
with an investigational therapy. Investigational
therapies and antiviral therapies (such as
remdesivir) were allowed if they were received
as part of best supportive care (BSC) through an
expanded access protocol or emergency
approval for the treatment of COVID-19.

Patients were randomized to BSC or ravuli-
zumab ? BSC [20, 23]. The modified dosing
schedule was designed to accommodate the
expected higher baseline levels of C5, to sustain
serum levels of ravulizumab, and to maintain
C5 inhibition until day 29 [23]. These doses
were based on dose simulations performed
using a ravulizumab population PK model with
an additional modification to accommodate the
suspected faster anti-C5 antibody clearance in
diseases that severely activate the terminal
complement pathway. Weight-based ravulizu-
mab doses were administered on days 1, 5, 10,
and 15. On day 1, patients were administered
the standard dose of ravulizumab: 2400 mg,
2700 mg, or 3000 mg if they weighed C 40 to
\60 kg, 60 to \100 kg, or C 100 kg, respec-
tively. Additional doses that are not approved
for PNH and aHUS [20] were administered on
days 5 and 10; patients were administered
600 mg if they weighed\60 kg and 900 mg if
they weighed C 60 kg. On day 15, all patients
were administered ravulizumab 900 mg, a
modified dose that was selected to sustain
serum levels of ravulizumab and maintain C5
inhibition until day 29 [23].

This PK/PD evaluation included patients
randomized to the ravulizumab ? BSC group.
The cutoff for patient inclusion was predefined

as the point at which the first 10 patients in the
ravulizumab ? BSC group had received the
day 15 dose. Patients who had received at least
one dose of ravulizumab at the time of cutoff
were included in the analysis. Data from
patients who withdrew from treatment were
included until the time of withdrawal. Data up
to the day 29 timepoint were included.

Blood samples were collected at baseline,
before and after administration of each ravuli-
zumab dose on days 1, 5, 10, and 15, and any
time on day 22 and day 29. Assays used to
measure serum ravulizumab levels and serum
free C5 were performed as previously described
[21]. Free C5 levels\ 0.5 lg/mL indicate com-
plete C5 inhibition (target PD threshold) [20]. A
ravulizumab concentration at the end of the
dosing interval (Ctrough)[ 175 lg/mL indi-
cates a near maximal PD effect (target PK
threshold) [24].

Statistical analyses were descriptive. No
sample size calculations were performed for this
preliminary PK/PD evaluation. Data for missing
timepoints were not imputed.

Compliance with Ethics Guidelines

Study ALXN1210-COV-305 is ongoing and is
being conducted in accordance with the proto-
col; all applicable government regulations; the
consensus ethical principles derived from
international guidelines including the Declara-
tion of Helsinki 1964, and its later amendments;
the Council for International Organizations of
Medical Sciences International Ethical Guideli-
nes; and applicable International Council for
Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use Good Clinical
Practice Guidelines. Ethics Committee approval
was obtained from the Western Institutional
Review Board ([IRB] central IRB tracking num-
ber, 20201059; work order number, 1-1297217-
1; date of approval, 23 April 2020) and from
available local IRBs (local IRB not available for
two sites). Patients or their legal representative
provided written informed consent. If the
patient and legal representative were unable to
provide informed consent and if local regula-
tions allowed it, exceptions could be granted
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per the judgement of the investigator or
designee. Written certification from the inves-
tigator and a physician who was not involved
with the research was necessary and needed to
be submitted to the IRB (local and central)/in-
dependent ethics committee within 5 working
days of administration of the initial dose.

RESULTS

At cutoff, 22 patients had been randomized to
ravulizumab ? BSC and had received at least
one dose of ravulizumab. Fifty-five percent of
patients were male (Table 1). At baseline, med-
ian age was 66 years (range 39–77 years). Med-
ian weight was 87.2 kg (range 63.5–160.0 kg);
eight patients weighed C 100 kg. The most
common comorbidities were diabetes mellitus
(50% of patients), hypertension (46%), hyper-
lipidemia (36%), and obesity (27%).

At baseline, the mean (± standard deviation)
C5 concentration was 240 ± 67 lg/mL (range
106–343 lg/mL). Three patients had C5
levels\ 150 lg/mL. All other patients (86%)
had C5 levels[ 190 lg/mL.

At cutoff, the number of patients who had
received ravulizumab at the day 1, 5, 10, and 15
timepoints was 22, 16, 12, and 10, respectively.
Three patients reached the day 22 timepoint
and one patient reached the day 29 timepoint.
The latter patient was excluded from the day 15,
day 22, and day 29 PK/PD analysis after receiv-
ing multiple packed red blood cell transfusions
starting on day 12. Thus, only two patients were
included in the day 22 analysis and no patients
were evaluable at day 29.

Administration of the first dose of ravulizu-
mab increased serum ravulizumab levels above
the target PK threshold of 175 lg/mL in all
patients (Fig. 1a). Serum ravulizumab concen-
trations remained above 175 lg/mL in all
patients and at all measured timepoints up to
day 22. For all patients, serum free C5 concen-
trations dropped below 0.5 lg/mL (the target
threshold for complete terminal complement
inhibition) after administration of the first dose
of ravulizumab (Fig. 1b). All individual serum
free C5 levels measured until day 22 remained
below 0.5 lg/mL.

Table 1 Demographics and baseline clinical characteristics

Characteristic Ravulizumab 1 BSC
N = 22

Male, n (%) 12 (54.5)

Age in years

Mean ± SD 62 ± 11

Median (min, max) 66 (39, 77)

Age by category, n (%)

\ 50 years 3 (13.6)

50 to\ 70 years 12 (54.5)

C 70 years 7 (31.8)

Weight in kg

Mean ± SD 94.8 ± 22.7

Median (min, max) 87.2 (63.5, 160.0)

Weight by category, n (%)

C 40 to\ 60 kg 0

C 60 to\ 100 kg 14 (63.6)

C 100 kg 8 (36.4)

Country, n (%)

GBR 4 (18.2)

USA 18 (81.8)

Race, n (%)

White 10 (45.5)

Black or African American 6 (27.3)

Asian 2 (9.1)

Other 1 (4.5)

Unknown 3 (13.6)

Medical conditionsa, n (%)

Diabetes mellitus 11 (50.0)

Hypertension 10 (45.5)

Hyperlipidemia 8 (36.4)

Obesityb 6 (27.3)

Depression 4 (18.2)

Drug hypersensitivity 4 (18.2)

Gastroesophageal reflux disease 4 (18.2)

Asthma 3 (13.6)

Chronic kidney disease 3 (13.6)

Hyperglycemia 3 (13.6)

Hypokalemia 3 (13.6)

Myocardial infarction 3 (13.6)

Sleep apnea syndrome 3 (13.6)

BSC best supportive care, GBR Great Britain, min minimum, max
maximum, SD standard deviation, USA United States of America
a Current or past non-acute comorbidities present in[ 10% of
patients
b Per physician assessment as many patients were proned and height
was not measured
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Fig. 1 Ravulizumab and free C5 concentrations over time.
a Mean (± standard deviation) serum ravulizumab con-
centrations; b serum free C5 concentrations. Serum
ravulizumab and free C5 concentrations were measured
before and after ravulizumab was administered on study
days 1, 5, 10, and 15, and any time on day 22. Complete
terminal complement inhibition (PD threshold) was
defined as serum free C5 levels\ 0.5 lg/mL [20]. The
PK threshold for maintaining complete terminal

complement inhibition was defined as a serum ravulizu-
mab concentration[ 175 lg/mL [24]. an = 13 pre-dose;
one patient withdrew after the day 10 pre-dose blood draw
but prior to receiving the day 10 ravulizumab dose. In b,
the top and the bottom of the box correspond to the 75th
and 25th percentiles, respectively. The whiskers represent
1.5 times the interquartile range (75th percentile–25th
percentile). PK pharmacokinetic, PD pharmacodynamic

1050 Infect Dis Ther (2021) 10:1045–1054



DISCUSSION

As terminal complement pathway amplification
is associated with lung inflammation, lung
damage, and respiratory distress in patients
with severe COVID-19 [6–10, 16], inhibition of
terminal complement at the level of C5 may
reduce amplification of the inflammatory and
hypercoagulation pathways without inhibiting
upstream complement pathways, which pre-
serve the innate immune response. Herein, we
evaluated whether the modified ravulizumab
dosing regimen selected for this study popula-
tion resulted in terminal complement inhibi-
tion in the first 22 patients enrolled in the
ravulizumab ? BSC treatment group.

In these severe COVID-19 patients, baseline
levels of C5 ranged from 106 to 343 lg/mL.
These data suggest that compared to healthy
individuals whose C5 levels are typically below
100 lg/mL [25], terminal complement levels
were elevated in all 22 patients. Three patients
had baseline levels of C5 that were similar to
those reported in PNH and aHUS, which typi-
cally range from 100 to 150 lg/mL [21, 22],
whereas 19 patients had levels that were quan-
titatively higher than those observed in PNH
and aHUS ([ 150 lg/mL). Variations in baseline
terminal complement levels have also been
reported in a study of 103 patients hospitalized
with COVID-19, in which circulating sC5b-9
levels were significantly elevated in 64% of
patients compared to healthy controls [6].

The dosing regimen implemented in this
study resulted in ravulizumab concentrations
remaining above the threshold of 175 lg/mL,
which indicates a near maximal PD effect
(complete C5 inhibition), at all measured
timepoints including in the two patients at
day 22. These data demonstrate that the modi-
fied dosing regimen achieved complete termi-
nal complement inhibition with the first dose
of ravulizumab and that complete terminal
complement inhibition was likely to be sus-
tained for at least 22 days with doses on days 1,
5, 10, and 15. Overall, these PK/PD data support
the continued use of this modified dosing regi-
men in this setting. Analysis of the total study
population data will determine the

generalizability of these PK/PD results and
whether inhibition of terminal complement
results in improved clinical outcomes.

Though this evaluation included only 22
patients, baseline characteristics appear to be
representative of patients who develop severe
COVID-19 with respiratory distress and a need
for mechanical ventilation. Patients with severe
COVID-19 tend to be elderly, heavier, and have
a history of hypertension, cardiovascular dis-
ease, or diabetes mellitus [26]. In this analysis,
[30% of patients were over the age of 70 years;
and all 22 patients weighed at least 60 kg. A
large percentage of patients reported diabetes
mellitus, hypertension, hyperlipidemia, or
obesity.

Kidney function, liver function, and age
have not been shown to affect the PK/PD of
ravulizumab in PNH and aHUS [20]. On the
basis of the present analysis, which included
elderly patients with comorbidities, it is not
anticipated that further dose adjustments will
be required for patients with severe COVID-19.
Although the modified dosing regimen appears
to accommodate the augmented complement
activation successfully, there may be clinical
circumstances, related to COVID-19, which
require additional dose adjustments, such as
blood transfusions.

Limitations

This PK/PD evaluation does not include clinical
outcomes and therefore no inferences about the
impact of ravulizumab on the course of disease
can be made. The baseline C5 data reported
herein suggest an association between severe
COVID-19 and terminal complement upregu-
lation, but do not inform whether C5 is a mar-
ker of disease severity or a contributor to the
pathobiology. In addition, as there is a paucity
of data describing C5 levels in viral infections,
interpreting baseline C5 levels in the context of
infectious disease is difficult. A control group
was not included in this analysis; and therefore,
inhibition of C5 levels can only be presumed to
reflect ravulizumab inhibition of terminal
complement. Descriptions of the change in free
C5 levels in patients on BSC would be needed to
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support this conclusion. In this cohort, no
patients weighed\60 kg. Though additional
data are needed, drug exposures are expected to
be no lower in patients\ 60 kg than those
achieved in this evaluation. A full PK/PD char-
acterization using model-based techniques and
an outcome analysis of the whole cohort of
study ALXN1210-COV-305 are planned.

CONCLUSIONS

These results contribute to the growing body of
evidence that suggests that severe COVID-19 is
a disease characterized by significant terminal
complement amplification [6–10]. In this pre-
liminary PK/PD evaluation of 22 patients with
severe COVID-19 enrolled in the ALXN1210-
COV-305 phase 3 study, a modified ravulizu-
mab dosing regimen resulted in immediate and
complete terminal complement inhibition that
could be sustained for up to 22 days. Data from
this analysis support the continued use of this
dosage regimen in the ongoing phase 3 study.
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