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Abstract
Ravulizumab, a novel long-acting complement component 5 (C5) inhibitor
administered every 8 weeks (q8w), was non-inferior to eculizumab for all
efficacy outcomes in two randomised, open-label, phase 3 trials in C5 inhibitor-na€ıve (Study 301) and eculizumab-experienced (Study 302) adult
patients with paroxysmal nocturnal haemoglobinuria (PNH). This prespecified analysis characterised ravulizumab pharmacokinetics (PK), pharmacodynamics (PD; free C5 levels), and PD differences between medications (Study 301, n = 246; Study 302, n = 195). Ravulizumab PK
parameters were determined using non-compartmental analysis. Serum free
C5 was quantified with a Gyros-based fluorescence assay (ravulizumab) and
an electrochemiluminescence ligand-binding assay (eculizumab). Ravulizumab PK parameters were numerically comparable in both studies; the median time to maximum concentrations ranged from 23 to 28 and 23 to
26 h in studies 301 and 302, respectively. Ravulizumab steady-state serum
concentrations were achieved immediately after the first dose and sustained
throughout treatment. For ravulizumab, the mean (SD) post hoc terminal
elimination half-life was 497 (89) days. Serum free C5 concentrations
<05 µg/ml were achieved after the first ravulizumab dose and sustained
throughout treatment in both studies. In a minority of patients, free C5
concentrations <05 µg/ml were not consistently achieved with eculizumab
in either study. Ravulizumab q8w was more consistent in providing immediate, complete, sustained C5 inhibition than eculizumab every-2-weeks in
patients with PNH.
Keywords: complement C5, eculizumab, half-life, L-lactate dehydrogenase,
ravulizumab.
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Ravulizumab (UltomirisTM; Alexion Pharmaceuticals, Inc.,
Boston, MA, USA), recently approved by the USA Food and
Drug Administration (FDA), the European Medicines
Agency, the Japanese Pharmaceutical and Medical Devices
Agency, Health Canada, and the Brazilian Health Regulatory
Agency, is a new long-acting complement component 5 (C5)
inhibitor developed from eculizumab (Soliris; Alexion Pharmaceuticals, Inc.), which is the current standard of care for
the treatment of patients with paroxysmal nocturnal
haemoglobinuria (PNH). Although highly effective, eculizumab has a terminal half-life that requires dosing every
2 weeks (q2w; Alexion Pharmaceuticals 2019). This is likely
due to the eculizumab-C5 complex not dissociating efficiently within the endosome, and therefore undergoing both
lysosomal degradation and recycling.1 In ravulizumab, the
substitution of four amino acids results in enhanced endosomal dissociation of C5 and increased affinity for the neonatal
FC receptor (FcRn), resulting in lysosomal degradation of
free C5 and recycling of unbound ravulizumab back into the
vascular compartment via the FcRn pathway. Consequently,
ravulizumab has a mean terminal half-life that is approximately fourfold longer than eculizumab,2,3 which enables
ravulizumab to be administered via an every-8-weeks (q8w)
dosing interval.4–7
In two phase 3 randomised, open-label, multicentre clinical trials that compared q8w administration of ravulizumab
with standard of care q2w administration of eculizumab in
patients with PNH, ravulizumab was shown to be non-inferior to eculizumab on all primary and key secondary outcomes assessed.4,5 Study 301 (ClinicalTrials.gov identifier:
NCT02946463)5 was carried out in complement inhibitorna€ıve patients with lactate dehydrogenase (LDH) levels ≥15
times the upper limit of normal (ULN) and one or more
PNH-related signs or symptoms at screening. In that trial,
ravulizumab was non-inferior to eculizumab on the co-primary endpoints of transfusion avoidance and LDH normalisation (LDH ULN = 246 u/l).5 Ravulizumab was also noninferior to eculizumab on all four key secondary endpoints:
percentage change from baseline in LDH levels, change from
baseline in quality of life (QoL) assessed by the Functional
Assessment of Chronic Illness Therapy (FACIT)-Fatigue

scale, proportion of patients with breakthrough haemolysis
(BTH) and proportion of patients with stabilised haemoglobin levels.5
Study 302 (ClinicalTrials.gov identifier: NCT03056040)4
included complement inhibitor-experienced patients who
were stable for ≥6 months on eculizumab treatment, with
LDH levels ≤15 9 ULN at screening. In that trial, ravulizumab was shown to be non-inferior to eculizumab on the primary endpoint of the percentage change from baseline in
LDH levels.4 Ravulizumab was also non-inferior on all four
key secondary endpoints: the proportion of patients with
BTH, change from baseline in QoL assessed by the FACITFatigue scale, proportion of patients with transfusion avoidance and proportion of patients with stabilised haemoglobin
levels.4
The objectives of the present analysis were to characterise
the relationship between plasma drug levels [pharmacokinetics (PK)] on corresponding plasma free and total C5 levels
[pharmacodynamics (PD)] associated with ravulizumab q8w
versus eculizumab q2w in adult patients with PNH in these
clinical trials.

PATIENTS AND METHODS
Study designs
This was a pre-specified analysis of PK and PD data from
studies 301 and 302.4,5 The protocols for studies 301 and 302
were approved by the Institutional Review Board or independent Ethics Committee at each participating centre, and the
studies were conducted in accordance with the Declaration
of Helsinki and Council for International Organization of
Medical Sciences International Ethical Guidelines. Figure 1
presents an overview of the study designs. Briefly, in Study
301, patients with PNH who were complement inhibitorna€ıve and had LDH levels ≥15 9 ULN were randomly
assigned to ravulizumab or eculizumab.4,5 In Study 302,
patients with PNH on labelled-dose (900 mg q2w) eculizumab for >6 months were randomly assigned 1:1 to switch to
ravulizumab or continue eculizumab.4,5 All patients gave
written informed consent prior to study participation.
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Fig 1. Study designs. aRavulizumab loading dose = 2400 mg for patients weighing ≥40 to <60 kg, 2700 mg for patients weighing ≥60 to <100 kg,
and 3000 mg for patients weighing ≥100 kg. bRavulizumab maintenance dose = 3000 mg for patients weighing ≥40 to <60 kg, 3300 mg for
patients weighing ≥60 to <100 kg, and 3600 mg for patients weighing ≥100 kg. cEculizumab induction dose = 600 mg (Study 301 only). dEculizumab maintenance dose = 900 mg. eApproved dose for PNH. fBlood was collected for serum drug assessment (ravulizumab and eculizumab) and
free and total serum C5 quantitation on day 1 at the end of infusion, and anytime on days 8, 22, 29, 43, 57, 85, 99, 113, 141, 155, and 169, for
the ravulizumab group and pre-dose for the eculizumab group; at days 15, 71, and 127 data are from pre-dose and end of infusion for both treatment groups; and at day 183 data are from end of the primary evaluation period (prior to dosing) for both treatment groups. gExtension period
for Study 301 is planned to conclude at the end of 5 years; extension period for Study 302 is planned to conclude at the end of 3 years. C5, complement component 5; ECU, eculizumab; LDH, lactate dehydrogenase; PNH, paroxysmal nocturnal haemoglobinuria; q2w, every 2 weeks; q8w,
every 8 weeks; RAV, ravulizumab; ULN, upper limit of normal (246 u/l).

Patients randomised to ravulizumab received weight-based
dosing: ≥40 to <60 kg received a loading dose of 2400 mg on
day 1, then 3000 mg on day 15 and q8w thereafter; ≥60 to
<100 kg received a loading dose of 2700 mg on day 1, then
3300 mg on day 15 and q8w thereafter; and ≥100 kg received
a loading dose of 3000 mg on day 1, then 3600 mg on day 15
and q8w thereafter.4,5 Patients randomised to eculizumab
received 900 mg loading dose on day 1 and q2w thereafter.4,5
Each study had a screening period of up to 4 weeks, a primary evaluation period of 26 weeks, and an extension period
(concluding at the end of 5 years for Study 301 and at the
end of 3 years for Study 302). Patients randomised to eculizumab were allowed to switch to an open-label extension of
ravulizumab after the 26-week primary evaluation period.4,5
Patients included in the present analysis had received at least
one dose of ravulizumab or eculizumab and had evaluable
PK data from the primary evaluation period of 26 weeks.
Details about the PK sampling methods for detecting free
serum C5 levels have been published previously4,5 and are
summarised briefly in the Data S1. Detailed methods for detection of total serum C5 and for quantification of serum levels of
eculizumab and ravulizumab are also presented in the Data S1.

Pharmacokinetic and pharmacodynamic investigations
PK parameters assessed included ravulizumab time to maximum observed serum concentration (tmax), maximum
478

observed serum concentration (Cmax), and concentrations at
the end of the dosing interval (Ctrough). PD assessments
included change in serum free C5 levels over time and serum
total C5 levels over time. Quantification of the key PD parameter, serum free C5, was carried out using validated bioanalytical assays that have a lower limit of quantification of <005 lg/ml
(Data S1), which correlates with maximal intravascular
haemolysis control (Alexion Pharmaceuticals 12/2018) and
complete terminal complement inhibition (Alexion Pharmaceuticals 12/2018, Alexion Pharmaceuticals 2019).

Statistical analyses
Ravulizumab and eculizumab concentrations were summarised over time using descriptive statistics [number of
patients, mean, standard deviation (SD), coefficient of variation (CV), median, minimum, maximum]. All evaluable PK
data were used to derive PK parameters. Non-compartmental
PK parameters for ravulizumab were summarised by descriptive statistics (number of observations, mean, SD, CV, median, minimum, maximum, geometric mean, %CV).
Summary statistics of the absolute values in total and free C5
serum concentrations were presented over time by treatment
group using the full analysis set, which included all patients
who received at least one dose of randomised study drug. All
PK analyses were performed using Phoenix WinNonlin (version 7.1; Certara USA, Inc., Princeton, NJ, USA).
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Serum ravulizumab
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A

Study 301
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1500
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Fig 2. Mean (SD) maximum and trough
serum drug concentrations for ravulizumab
following the last maintenance dose, stratified
by dose group (PK analysis population). (A)
Study 301. (B) Study 302. Cmax, maximum
observed serum concentration; Ctrough, concentration at the end of the dosing interval; PK,
pharmacokinetic; SD, standard deviation.
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RESULTS
Patients
Baseline characteristics and disposition of the separate study
populations were previously reported (Table S1).4,5 In the
total population of both studies, there was a slightly higher
proportion of males [526% (232/441)] vs. females [474%
(209/441)]. Study 301 had a higher proportion of Asian
patients [524% (129/246)] than Study 302 [215% (42/195)].
In Study 301, 246 patients were included in the PK analysis
population (ravulizumab, n = 125; eculizumab, n = 121). In
Study 302, 195 patients were included in the PK analysis
population (ravulizumab, n = 97; eculizumab, n = 98).

Ravulizumab pharmacokinetic profile
The mean steady-state Cmax of ravulizumab was numerically
comparable in both studies and when stratified by weightbased dosing (Fig 2). There appeared to be a lower steadystate Ctrough with increasing weight, but mean Ctrough levels
remained above the PK threshold for maintaining complete

261·3

233·0

115·9

560·7

484·1

423·5

135·2

143·1

108·7

terminal complement inhibition in all body weight groups.
The median (minimum, maximum) tmax values (Study 301/
Study 302) were 28 (24, 3091)/26 (23, 35) h in the ≥40to <60-kg group, 23 (20, 3358)/23 (20, 52) h in the ≥60to <100-kg group, and 26 (23, 29)/24 (23, 28) h in the
≥100-kg group. The mean ravulizumab PK parameters were
consistent across both studies. The mean (SD) ravulizumab
and eculizumab serum concentration versus time profiles are
shown in Fig 3. In both studies, steady-state serum concentrations of ravulizumab were achieved immediately after the
first dose and were sustained with q8w maintenance dosing
throughout the entire 183-day treatment period. In Study
301, the mean (SD) steady-state Cmax was 13731 (2863) µg/ml
for ravulizumab and 4502 (1316) µg/ml for eculizumab
(day 127, post-dose) and the mean (SD) steady-state Ctrough
was
4748 (1591) µg/ml
for
ravulizumab
and
2126 (958) µg/ml for eculizumab (day 183, pre-dose). In
Study 302, the mean (SD) steady-state Cmax was
13863 (2684) µg/ml for ravulizumab and 4927 (1343) µg/ml
for eculizumab (day 127, post-dose) and the mean (SD)
steady-state Ctrough was 5008 (1432) µg/ml for ravulizumab
and 2637 (1250) µg/ml for eculizumab (day 183, pre-dose).
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Pharmacodynamics
Serum free C5 levels. The mean (SD) baseline serum free C5
levels were 1041 (279) µg/ml and 1444 (332) µg/ml in the
ravulizumab and eculizumab groups, respectively, in Study
301 and 002 (002) µg/ml and 005 (003) µg/ml, respectively, in Study 302. Immediate, complete, and sustained inhibition of serum free C5 (<05 lg/ml) was achieved by the end
of the first ravulizumab infusion and maintained throughout
the entire 26-week treatment period in both studies (Fig 4A,
B). In both studies, no patient who received ravulizumab was
observed to have a post-baseline serum free C5 level of
≥05 µg/ml, whereas among patients who received eculizumab,
15 of the 121 patients (124%) in Study 301 and seven of the
98 patients (71%) in Study 302 had one or more individual
post-baseline serum free C5 levels ≥05 µg/ml over the 26week treatment period (treatment difference Study 301:
124%, Fisher’s exact P < 00001, treatment difference Study
302: 71%, Fisher’s exact P = 00140). Statistical analyses
indicated that the treatment differences in both studies were
480

Fig 3. Mean (SD) serum drug concentrations
over time (PK analysis population). (A) Study
301. (B) Study 302. Blood was collected for
serum drug assessment (ravulizumab and eculizumab) and free and total serum C5 quantitation on day 1 at the end of infusion, and
anytime on days 8, 22, 29, 43, 57, 85, 99, 113,
141, 155, and 169, for the ravulizumab group
and pre-dose for the eculizumab group; at days
15, 71, and 127 data are from pre-dose and
end of infusion for both treatment groups; and
at day 183 data are from end of the primary
evaluation period (prior to dosing) for both
treatment groups. Lower limit of quantitation
was 100 µg/ml for ravulizumab and 500 µg/ml
for eculizumab. PK, pharmacokinetic; SD,
standard deviation. [Colour figure can be
viewed at wileyonlinelibrary.com]

significant; however, this result should be interpreted with caution as it was not a pre-specified analysis and the method used
to evaluate free C5 levels differed between the treatment
groups. Of the 15 eculizumab-treated patients with a postbaseline serum free C5 level of ≥05 µg/ml in Study 301, nine
patients exceeded this level at only one time point, and the
other six patients at multiple time points [two time points (n =
1), three time points (n = 1), four time points (n = 1), five time
points (n = 2) and nine time points (n = 1)]. Of the seven eculizumab-treated patients with a post-baseline serum free C5
level of ≥05 µg/ml in Study 302, three patients exceeded this
level at one time point, and the other four patients at multiple
time points [two time points (n = 2), six time points (n = 1),
10 time points (n = 1)].
Serum total C5 levels. The mean (SD) baseline serum total
C5 levels were 1040 (244) µg/ml and 1065 (263) µg/ml in
the ravulizumab and eculizumab groups, respectively, in
Study 301 and 2028 (295) µg/ml and 2067 (373) µg/ml,
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Fig 4. Serum free C5 concentrations over time. (A) Study 301. (B) Study 302. Dashed horizontal lines indicate serum free C5 concentration of
05 µg/ml. Horizontal line in the middle of each box is the median; the top and the bottom mark the 75th and 25th percentiles, respectively. The
diamond indicates the mean and whiskers represent the 15 interquartile range of the lower quartile and upper quartile. Asterisks represent outliers. Y-axis is a log scale. For the ravulizumab group, for free C5 values that were BLOQ, LLOQ/2 = 000915 lg/ml was utilised. For the eculizumab group, for free C5 values that were BLOQ, LLOQ/2 = 00137 lg/ml was utilised. For Study 301, the following free C5 samples were
excluded as they were considered biologically implausible: ravulizumab, n = 3 day 1 free C5 samples at EOI had values similar to pre-treatment
values; eculizumab, n = 3 Day 1 free C5 samples were BLOQ at pre-treatment, n = 5 Day 1 free C5 samples at EOI had values similar to pretreatment values. For Study 302, day 1 baseline free C5 sample from each treatment group was excluded as the data were considered biologically
implausible. The exclusions were corroborated with the paired PK data, as the PK and free C5 samples were collected from the same blood draw.
BLOQ, below limit of quantitation; C5, complement component 5; EOI, end of infusion; LLOQ, lower limit of quantitation

respectively, in Study 302. In Study 301, the total mean (SD)
C5 levels increased in the ravulizumab and eculizumab
groups from 1040 (244) µg/ml and 1065 (263) lg/ml,
respectively, at baseline to 1833 (365) µg/ml and
1961 (385) lg/ml, respectively, at day 183. In Study 302,
the total mean (SD) C5 levels were elevated in the ravulizumab and eculizumab groups at baseline [2028 (295) µg/ml

and 2067 (373) lg/ml, respectively] and remained elevated
at day 183 [1966 (293) µg/ml and 2265 (402) lg/ml,
respectively]. The rate and magnitude of change in mean
serum total C5 over time were numerically comparable
between the treatment groups throughout the 26-week treatment period in both studies, as indicated by the overlapping
confidence intervals (Fig 5).
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DISCUSSION
In the two largest phase 3 randomised clinical trials conducted
to date in patients with PNH, ravulizumab, a novel long-acting
C5 inhibitor derived from targeted modification of eculizumab, was dosed based on body weight and administered q8w.
Ravulizumab was shown to achieve better free C5 control compared with eculizumab, the first approved C5 inhibitor.
Steady-state therapeutic serum concentrations of ravulizumab
were achieved after the first ravulizumab dose, with a greater
than four-times longer mean (SD) terminal half-life observed
in ravulizumab-treated patients across both studies
[497 (89) days] (Alexion Pharmaceuticals 12/2018) compared with the previously reported terminal half-life of eculizumab [113 (34) days] (Alexion Pharmaceuticals 2019).8
Immediate and complete terminal complement inhibition was
attained by the end of the first ravulizumab infusion and sustained throughout the entire 26-week treatment period. In
contrast, suppression of serum free C5 levels with the approved
dosing regimen of eculizumab (900 mg q2w) was inconsistent.
Prior to this analysis, little was known about the PK/PD
of ravulizumab. Preclinical analysis described the significant
482

141

155

169

183

Fig 5. Serum total C5 concentrations over
time [mean (95% CI)]. (A) Study 301. (B)
Study 302. Lower limit of quantitation was
250 µg/ml. Baseline was defined as the last
non-missing assessment value prior to the first
dose of study drug. Two patients treated with
eculizumab in Study 301 had missing baseline
values and were omitted from this analysis. BL,
baseline; C5, complement component 5; CI,
confidence interval. [Colour figure can be
viewed at wileyonlinelibrary.com]

increase in terminal half-life due to the four amino acid substitutions that differentiate ravulizumab from eculizumab1
and an analysis of PK/PD in a phase 1 study of single subtherapeutic doses of ravulizumab demonstrated that the
mean Cmax increased in a dose-proportional manner and that
the mean terminal half-life was approximately 32 days.9 In
contrast, there is significantly more known about eculizumab.
An overview of PK/PD data compiled from previous eculizumab studies has recently been reported.10 An analysis of data
from patients in the TRIUMPH11 (ClinicalTrials.gov Identifier: NCT00122330) and SHEPHERD12 (ClinicalTrials.gov
Identifier: NCT00130000) studies to assess the relationship
between eculizumab plasma levels and haemolytic activity
showed that 36% of eculizumab-treated patients (49/135
patients with available data) were observed to have trough
concentrations below the threshold needed for adequate
complement inhibition (<35 µg/ml), and 74% of these
patients (36/49) exhibited intravascular haemolysis.13
Another study in paediatric patients with PNH (n = 7)
reported by Reiss et al. 14 showed that eculizumab concentrations ≥124 µg/ml corresponded with complete complement
inhibition. Finally, the French group15 analysed the
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association between eculizumab concentrations and haemolytic complement activity (reported as CH50) in eculizumabtreated patients with PNH (n = 22). In that study, none of
the patients who had eculizumab serum levels >150 µg/ml
exhibited BTH during the study period. However, suboptimal complement inhibition, defined as CH50 values >10%,
was observed in 49% (180/364) of the patient samples
obtained.
One factor with the potential to have affected the PK/PD
characteristics of eculizumab in these studies could be body
weight, as eculizumab was given at a fixed dose every
14 days. As with many therapeutic monoclonal antibodies,16–
19
body weight is a covariate that affects the PK of ravulizumab, with higher body weight patients experiencing lower
exposures to ravulizumab than those with lower body
weights. Thus, a weight-based dosing regimen for ravulizumab was developed and evaluated in these phase 3 studies in
order to limit inter-patient variability in exposures across a
wide range of patient weights.
In clinical practice, patients treated with eculizumab who
had experienced BTH due to suboptimal C5-inhibition
(ranging from 11% to 27%) have been successfully managed
by adjusting either the dosage or frequency of maintenance
doses to achieve and maintain efficacy of treatment, adjustments that may differ from the approved regimen.20–24 As
shown in these clinical studies, the overall incidence of BTH
(defined as one or more new or worsening signs or symptoms of intravascular haemolysis in the presence of LDH
≥2 9 ULN after prior reduction of LDH to <15 9 ULN on
treatment)5 observed with ravulizumab in Study 301 [40%
of ravulizumab patients vs. 107% of eculizumab patients,
between-group difference [95% confidence interval (CI),
67% ( 1421, 0180; Pinf <00001],5 and Study 302 [0% of
ravulizumab patients vs. 51% of eculizumab patients,
between-group difference (95% CI) 51% ( 889, 1899); Pinf
<00004]4 showed non-inferiority between treatment groups.
However, no BTH events in patients receiving ravulizumab
in either study were associated with elevations in free C5.25
In contrast, patients who received eculizumab experienced
BTH events associated with elevations in free C5, suggesting
these patients had suboptimal C5 control.25 A preliminary
analysis of the correlation between free C5 levels and BTH
episodes was presented previously25 and a more detailed
analysis will be presented separately (manuscript in preparation). Inconsistency and variability in inhibition of free C5
with eculizumab could possibly be associated with manifestations of free C5-related BTH, thereby driving the numerical
difference in that clinical endpoint. However, elevated C5
levels, for example due to infection, may also be able to
cause BTH by overwhelming C5 inhibition by eculizumab or
ravulizumab.25
Treatment with eculizumab and ravulizumab was associated with increased total C5 levels. In eculizumab-na€ıve
patients, a two-fold increase in total C5 over baseline was
observed, and comparable results were seen in patients who

were stable on prior eculizumab treatment before randomisation to either ravulizumab or eculizumab. The increase in
total C5 levels requires additional analysis and further study.
There are several limitations to the present study. Direct
(1:1) correlations between free C5 levels and efficacy as
reflected by LDH levels were not assessed. Also, the clinical
utility of free C5 levels requires further study as free C5
assays are not often used in clinical practice. In addition,
eculizumab dosing in the 301 and 302 studies was per the
approved labelled dosage versus a weight-based dosing regimen for ravulizumab.

Conclusion
Ravulizumab represents a major advance in C5-inhibitor
therapy. Ravulizumab, derived from targeted modification of
eculizumab and dosed based on body weight, achieves
steady-state therapeutic serum concentrations immediately
after the first dose that are sustained throughout the entire
treatment period, and has a mean half-life of approximately
50 days. In addition, ravulizumab q8w achieved immediate,
complete, and sustained terminal complement inhibition
throughout the entire 26-week primary treatment period in
two large phase 3 studies. These results provide a mechanistic
basis for the overall efficacy of ravulizumab and have implications with respect to free C5-related BTH.
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