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Alexander Röth,1,* Scott T. Rottinghaus,2 Anita Hill,3 Eric S. Bachman,2 Jin Seok Kim,4 Hubert Schrezenmeier,5,6 Louis Terriou,7
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Service Baden-Württemberg-Hessen/University Hospital Ulm, Ulm, Germany; 7Clinical Immunology, Department of Internal Medicine, Centre Hospitalier Régional Universitaire de
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Key Points

• Ravulizumab provided
rapid and sustained re-
duction in complement-
mediated hemolysis at
dosing intervals up to
12 weeks.

• Patients receiving
higher trough expo-
sures experienced
greater frequency of
LDH normalization, with
no episodes of break-
through hemolysis.

Ravulizumab (ALXN1210), a humanizedmonoclonal antibody to complement component C5,was

engineered from eculizumab to have a substantially longer terminal half-life, permitting longer

dosing intervals for paroxysmal nocturnal hemoglobinuria (PNH) treatment. Two phase

1b/2multicenter open-label studies evaluated efficacy and safety of multiple doses and regimens

of ravulizumab in PNH patients naive to complement-inhibitor treatment. Patients in study

103 (n5 13) received ravulizumab 900 mg (lower trough exposure) or 1800 mg every 4 weeks

(higher trough exposure); those in study 201 (n 5 26) received 1000 mg every 4, 1600 mg every

6, 2400 mg every 8, or 5400 mg every 12 weeks. Trough exposure levels with study 201 dosing

regimens were similar to the study 103 900-mg every-4-weeks regimen. Rapid sustained

reduction of plasma lactate dehydrogenase (LDH) occurred across all cohorts (73%-90% at end

point vs baseline). A greater proportion of patients had normalized LDH (,234 U/L) at least

once from days 29 to 253 in the higher- (85.7%) vs lower-trough-exposure (50.0%-83.3%) cohorts;

the weighted average of the proportion of instances of LDH normalization from days 29 to

253was highest in higher- vs lower-trough-exposure cohorts (62.3% vs 31.4%-54.5%). No patients

in the higher-trough-exposure cohort, but 1 to 2 patients in all lower-trough-exposure cohorts,

experienced breakthrough hemolysis. Ravulizumab improved quality of life (QoL) measures

in all cohorts. Two patients experiencedmeningococcal infections; both recovered and continued

in the study. In summary, ravulizumab provided rapid and sustained reduction in complement-

mediated hemolysis and improved QoL at dosing intervals up to 12 weeks. This trial was registered

at www.clinicaltrials.gov as #NCT02598583 (study 103) and NCT02605993 (study 201).

Introduction

Prior to the introduction of eculizumab (Soliris; Alexion Pharmaceuticals, Inc, New Haven, CT),1,2 treatment of
paroxysmal nocturnal hemoglobinuria (PNH) consisted of supportive therapies such as red blood cell (RBC)
transfusions to manage anemia, anticoagulants to manage thrombophilia, and immunosuppressive therapy

Submitted 5 May 2018; accepted 25 July 2018. DOI 10.1182/
bloodadvances.2018020644.

*A.R. and J.W.L. provided lead roles for each of the 2 studies reported herein, and
should both be considered lead authors of this manuscript.

Portions of this work were presented at the 59th annual meeting of the American
Society of Hematology, 9-12 December 2017, Atlanta, GA.
The full-text version of this article contains a data supplement.
© 2018 by The American Society of Hematology

2176 11 SEPTEMBER 2018 x VOLUME 2, NUMBER 17

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/2/17/2176/881559/advances020644.pdf by guest on 07 M

ay 2024

http://www.clinicaltrials.gov
https://crossmark.crossref.org/dialog/?doi=10.1182/bloodadvances.2018020644&domain=pdf&date_stamp=2018-08-31


to manage bone marrow failure, all aiming to control clinical
manifestations of the disease.3 Since its approval in 2007,1,2 eculizumab
transformed the management of patients with PNH. Eculizumab
decreases intravascular hemolysis and thrombotic events, improves
anemia, reduces need for transfusions, improves quality of life (QoL), and
reduces mortality in patients with PNH.4-9

Eculizumab has a terminal half-life of ;11 days that necessitates
dosing intervals of every 2 weeks.10 Data compiled from patients
with PNH have shown that 11% to 27% of patients treated with
eculizumab experience breakthrough hemolysis and may require
shortened dosing intervals or higher doses.6,11,12 Importantly, break-
through hemolysis causes adverse clinical signs and symptoms and
increases the risk of thrombosis,13,14 the leading cause of death in
patients with PNH.15,16 In addition, a high-frequency IV dosing regimen
may challenge patient adherence and impair QoL.17

To address these unmet medical needs, ravulizumab (Alexion
Pharmaceuticals, Inc), an innovative, humanized monoclonal antibody
to complement component C5, was engineered to achieve an
extended duration of complement inhibition while retaining the efficacy
and safety of eculizumab.18,19 Ravulizumab differs from eculizumab by
the substitution of 4 amino acids, which alters the pharmacokinetics
and pharmacodynamics of the molecule. Mechanistically, these amino
acid substitutions promote endosomal dissociation of the ravulizumab-
C5 complex and result in lysosomal degradation of C5, while allowing
recycling of ravulizumab to the vascular space due to enhanced affinity
of ravulizumab for the neonatal Fc receptor (FcRn) (supplemental
Figure 1).20 These modifications resulted in a novel antibody against
C5with a terminal half-life that is 4 times longer than that of eculizumab.
The molecule is thus designed to provide highly specific C5 inhibition
over extended dosing intervals.18,19,21

The primary objective of studies ALXN1210-PNH-103 (study 103) and
ALXN1210-PNH-201 (study 201) was to assess the efficacy and
safety of multiple IV dosing regimens of ravulizumab in patients with
PNH who were naive to complement inhibitor therapy. Post hoc
analyses were performed to evaluate the proportion of patients
achieving lactate dehydrogenase (LDH) normalization at least once
after day 29 through day 253, as well as the weighted average of the
proportion of instances of LDH normalization for the same time period.
Additional post hoc analysis evaluated criteria for and identification of
breakthrough hemolysis to further inform phase 3 studies. Preliminary
reports of these studies demonstrated that ravulizumab provided rapid,
sustained inhibition of complement-mediated hemolysis.21,22 Here, we
report the protocol-specified end point data for both studies.

Materials and methods

Trial design and oversight

All patients provided written informed consent before study participa-
tion. The institutional review board/independent ethics committee at
each site approved the protocol and informed consent form. These
studies were conducted in accordance with the Declaration of Helsinki
and the International Council for Harmonisation Good Clinical Practice
Guidelines. The sponsor (Alexion Pharmaceuticals, Inc), in collabora-
tion with investigators and subinvestigators, oversaw the trial design
and its conduct with assistance from an independent data and
safety monitoring committee. The sponsor collected and analyzed
the data, to which all authors had access. All authors meet
International Committee of Medical Journal Editors authorship

criteria and assume responsibility for the accuracy and complete-
ness of the reported data.

An overview of the study designs is presented in Figure 1. Study 103
was an intrapatient dose-escalation study where patients received
ravulizumab once weekly or every 2 weeks during an induction phase
and every 4 weeks during the maintenance period (total duration of
treatment was up to 169 days). Dose escalation was staggered in
successive cohorts to enable safety reviews before initiating higher
doses of ravulizumab (Figure 1A). During the maintenance period,
patients in cohort 1 received ravulizumab at 900 mg every 4 weeks,
resulting in a lower trough exposure, whereas patients in cohort 2
received 1800 mg every 4 weeks, resulting in a higher trough
exposure, thereby providing dose ranging to facilitate phase 3 dose
selection. Before completion of the 2-year extension period, all patients
were transitioned to the phase 3 weight-based dosing regimen of
3000 to 3600 mg every 8 weeks (NCT02946463); results from the
extension period will be reported separately.

Study 201 was conducted in parallel and tested longer dosing intervals
as compared with study 103, with all cohorts achieving ravulizumab
trough exposures approximating that of the study 103 lower-trough-
exposure cohort. Patients received ravulizumab every 2, 3, or 4 weeks
during the induction phase, which was staggered to enable safety
evaluations during escalation, and every 4, 6, 8, or 12 weeks during the
maintenance period (total duration of treatment was up to 253 days;
Figure 1B). Before completion of the 2-year extension period, patients
in cohorts 1, 2, and 3 were transitioned to the phase 3 every-8-weeks
dosing regimen (NCT02946463); results from the extension period will
be reported separately.

Eligibility criteria were identical for both studies, with the aim of
enrolling a representative population of hemolytic PNH patients,
including those who were transfusion-dependent. Men and
nonpregnant women $18 years of age who had a diagnosis of
PNH confirmed by high-sensitivity flow cytometry and were naive
to complement inhibitor therapy were eligible for inclusion in the
studies. Patients were required to have a baseline LDH $3 times
the upper limit of normal (ULN) at screening and documented
meningococcal vaccination ,3 years prior to dosing. Key exclusion
criteria included platelet count ,30 3 109/L or absolute neutrophil
count ,0.5 3 109/L; history of bone marrow transplantation; history
of major surgery ,90 days prior to dosing on study day 1; or history
of Neisseria meningitidis infection. All entry criteria are provided in
supplemental Appendix I.

Outcome measures

The end points were similar for both studies. The primary efficacy end
point was change in mean plasma LDH levels from baseline to day
169 (study 103), day 253 (study 201, cohorts 1-3), or day 281 (study
201, cohort 4). Secondary end points included changes from baseline
in free hemoglobin, haptoglobin, reticulocyte levels, and clinical
manifestations of PNH, including fatigue, abdominal pain, dyspnea,
dysphagia, chest pain, and erectile dysfunction. Exploratory end points
included change from baseline in blood transfusion requirements,
major adverse vascular events (MAVEs), and estimated glomerular
filtration rate (eGFR; using the Modification of Diet in Renal Disease
formula); impact on QoL was measured using the Functional
Assessment of Chronic Illness Therapy (FACIT)-Fatigue version 4.023,24

and the European Organisation for Research and Treatment of
Cancer Quality of Life Questionnaire-Core 30 scale (EORTC
QLQ-C30) version 3.0.25,26 Total scores for the FACIT-Fatigue
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questionnaire range from 0 to 52, with a higher score indicating less
fatigue. Each subscale on the EORTC QLQ-C30 questionnaire has a
range of 0 to 100, with a high score representing a higher response
level; a high score on functional scales represents a high level of
functioning and a high score on symptom scales represents a high
level of symptomatology. Both the EORTC QLQ-C30 and FACIT-
Fatigue questionnaires have been validated for use in patients with
PNH.25

Post hoc analyses assessed proportions of patients reaching LDH
normalization (LDH level of,234 U/L at least once after days 29 to
253, as well as the weighted average of the proportion of instances
of normalized LDH from days 29 to 253) and incidence of
breakthrough hemolysis during the maintenance period. A definition
of breakthrough hemolysis was established for this analysis based
upon thorough review of published reports and consultation with
experts in PNH therapy. Breakthrough hemolysis was defined as

B Study 201 (Phase 2)
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Induction and Maintenance Period

Up to 253 Days

Cohort 1
n=6
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* **
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Screening
Up to 30 Days
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Up to 169 Days

Phase 3 Dose q8w

Study 103 (Phase 1b) 

Figure 1. Overview of study designs. (A) Study 103. Patients in cohort 1a (n 5 2) received ravulizumab 400 mg on days 1 and 8, 600 mg on day 15, and 900 mg

administered every 28 days beginning on day 29 for a total of 5 maintenance doses. Patients in cohort 1b (n 5 4) received ravulizumab 600 mg on days 1 and 15, and then

900 mg administered every 28 days beginning on day 29 for a total of 5 maintenance doses. Patients in cohort 2 (n 5 7) received ravulizumab 600 mg on day 1, 900 mg on

day 15, and then 1800 mg administered every 28 days beginning on day 29 for a total of 5 maintenance doses. After receiving 5 maintenance doses, each cohort entered a

2-year extension period at the same dosage and frequency as during the maintenance period. *Enrollment into cohort 1b began after the first two 400-mg doses were confirmed safe

and tolerable in the first 2 patients. **Enrollment into cohort 2 began 14 days after the first maintenance dose of 900 mg was administered to the second patient in cohort 1a and a data

monitoring committee reviewed cumulative safety and tolerability data and confirmed no identified safety risks. (B) Study 201. Patients in cohort 1 (n 5 6) received ravulizumab1400 mg

on day 1, 1000 mg on day 15, and then 1000 mg administered every 28 days beginning on day 29 for a total of 8 maintenance doses. Patients in cohort 2 (n 5 6) received ravulizumab

2000 mg on day 1, 1600 mg on day 22, and then 1600 mg every 42 days beginning on day 43 for a total of 5 maintenance doses. Patients in cohort 3 (n 5 7) received ravulizumab

1600 mg on days 1 and 15, and then 2400 mg every 56 days beginning on day 29 for a total of 4 maintenance doses. Patients in cohort 4 (n 5 7) received ravulizumab 3000 mg on

day 1, and then 5400 mg every 84 days for a total of 3 maintenance doses. After the treatment period, each cohort entered a 2-year extension period at the same dosage and

frequency that was received during the treatment period. D, day; q8w, every 8 weeks; wks, weeks.
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$1 symptom or sign of intravascular hemolysis (fatigue, abdominal
pain, shortness of breath [dyspnea], anemia [hemoglobin,100 g/L
and hemoglobin less than the level at baseline], MAVEs [including
thrombosis], dysphagia, or erectile dysfunction) within 67 days
of an elevated LDH $2 times ULN after prior LDH reduction to
,1.5 times ULN on therapy.

Safety end points included adverse events (AEs) and immunogenicity,
reflected by development of anti-drug antibodies.

Statistical analysis

The efficacy and safety data were analyzed using descriptive statistics.
LDH levels, measured by a central laboratory, were assessed at each
visit and compared with baseline, which was the average of all
measurements prior to study drug initiation. The safety population
included all patients who received $1 dose of ravulizumab. The
efficacy population included all patients in the safety population
who had a baseline LDH measurement and $1 postbaseline LDH
measurement. For study 103, a sample size of 12 patients was
expected to provide ;80% power to detect a mean paired difference
in LDH from baseline of 240% with an estimated standard deviation
(SD) of 45%. For study 201, a sample size of 20 patients was
expected to provide ;95% power to detect a mean (SD) paired
difference of 240% (45%).

Results

Patients

Of 50 patients with PNH who were screened and provided
informed consent, 39 were treated with ravulizumab (study 103,
n 5 13; study 201, n 5 26). The most common reason for screen
failure was LDH levels ,3 times ULN (supplemental Figure 2). All
patients who fulfilled screening requirements were evaluable
through the primary completion date. Patient demographics and
clinical characteristics at baseline are summarized in Table 1. Most
patients in study 103 were Asian and tended to have a lower
baseline weight than patients in study 201. The majority of patients
in study 201 cohorts 1 and 2 were white, whereas cohorts 3 and 4
included Asian patients. Patients in cohorts 3 and 4 had higher
mean baseline LDH levels than patients in cohorts 1 and 2. Mean
baseline free hemoglobin levels (reference range, 0-152 mg/L) and
reticulocyte counts (reference range, 0.033 1012/L to 0.133 1012/L)
were above the ULN in all cohorts and mean plasma haptoglobin
levels were below the lower limit of normal (LLN; lower limit of
detection, 0.1 g/L; reference range, 0.3-2.0 g/L) in all study cohorts.
Mean PNH granulocyte clone size ranged from 78.3% to 91.1% at
baseline and mean PNH type III erythrocyte clone size ranged from
23.9% to 35.1% across all study cohorts. Disease histories were
similar across both studies except for higher incidences of hepatobiliary
disorders in patients in study 103, and vascular disorders and history
of MAVEs in patients in study 201.

Efficacy

Change in LDH. Compared with baseline, treatment with
ravulizumab resulted in significant reduction in mean LDH levels in
all cohorts and across all time points assessed during induction and
maintenance dosing in both studies. At the primary efficacy end
point, mean LDH percent reduction from baseline ranged from
72.9% in study 201/cohort 1% to 89.6% in study 201/cohort 4
(Table 2). Time-course studies of patient data from study 103

revealed that treatment with ravulizumab produced rapid, sustained
reductions in plasma LDH levels as early as day 8 across both
cohorts; however, a greater, more consistent reduction was observed
with the higher-trough-exposure dose (cohort 2, 1800 mg every
4 weeks) than with the lower-trough-exposure dose (cohort 1,
900 mg every 4 weeks). Specifically, almost all LDH values in the
higher-trough-exposure group were,1.53 ULN at all visits (except
for 2 patients on day 29 and 1 patient on day 113). In contrast, there
were multiple episodes in which LDH levels exceeded 1.53 ULN in
the lower-trough-exposure group (Figure 2A-B). Consistent with
study 103, rapid and sustained reductions in LDH were also
observed, as early as day 8, in all cohorts in study 201 (Figure 2C).

The greatest proportion of patients achieving LDH normalization at
least once after days 29 to 253 (85.7%) occurred in study 103/cohort
2, which received the highest trough exposure of ravulizumab
(1800 mg every 4 weeks). In the lower ravulizumab exposure
cohorts, 50.0% to 83.3% of patients achieved LDH normalization
at least once after days 29 to 253 (Table 2). LDH levels did not
reach .2 times ULN during treatment in any patient in study 103/
cohort 2 compared with at least 1 patient in every other cohort
across the studies. When examined by the weighted average of
the proportion of instances of LDH normalization from days 29 to
253, the average percentage of patients reaching LDH normal-
ization was greatest in the higher-trough-exposure group (62.3%)
compared with the lower-trough-exposure groups (range, 31.4%-
54.5%; Table 2). No patients in study 103/cohort 2 had
breakthrough hemolysis, compared with 1 to 2 patients experiencing
breakthrough hemolysis in all other cohorts (Table 2).

Key secondary end points. Mean free hemoglobin levels
were above normal in all cohorts in both studies at baseline, and
decreased from baseline by $10% with ravulizumab treatment in all
cohorts except study 201/cohort 1 (supplemental Table 1); mean free
hemoglobin levels decreased to the normal range (reference range, 0-
152 mg/L) in the higher-trough-exposure cohort (study 103/cohort 2)
at study end point. Improvement in total hemoglobin was also observed
across all study cohorts (supplemental Table 1). Mean haptoglobin
levels were below the LLN at baseline (reference range, 0.3-2.0 g/L)
and remained below LLN throughout the maintenance period in all
treatment cohorts (supplemental Table 1). Mean reticulocyte counts
were above the normal range (reference range, 0.03 3 1012/L to
0.13 3 1012/L) in all cohorts at baseline and remained above ULN
during maintenance treatment (supplemental Table 1).

The most common PNH-related symptom reported was fatigue
(27 of 39 patients [69.2%] at baseline; 13 of 39 [33.3%] at end of
maintenance treatment). Among patients who experienced PNH
symptoms at baseline, symptom burden decreased during treatment
with ravulizumab. The proportions of patients reporting fatigue,
dyspnea, abdominal pain, chest pain, erectile dysfunction, and
dysphagia all decreased during the treatment period (Table 3).

Exploratory end points. Clinically meaningful absolute im-
provements from baseline in mean FACIT-Fatigue scores ($3) occurred
in all cohorts, ranging from 6.3 to 13.9 (Table 4). Mean scores for the
global health status/QoL scale on EORTC QLQ-C30 assessment
improved from baseline by 8 to 28 points across the cohorts with
ravulizumab treatment. Improvement in mean EORTC QLQ-C30
functional subscale scores was also observed across the study cohorts
in the assessments of physical, role, emotional, and social functioning;
mean scores for cognitive scale improved in 5 of 6 treatment cohorts
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(supplemental Table 2). Results for EORTC QLQ-C30 symptom scales
are summarized in supplemental Table 3. Mean scores for the fatigue,
dyspnea, appetite loss, constipation, and diarrhea symptom scales
showed improvement from baseline across all cohorts in both studies.
Mean scores on the nausea and vomiting, insomnia, and financial difficulty
scales improved in 5 of 6 treatment cohorts; mean scores on the pain
scale improved in 4 of 6 treatment cohorts.

Treatment with ravulizumab was associated with a reduction in
transfusions. In study 201, 7 of the 26 patients (26.9%) had received
at least 1 RBC transfusion within 1 year prior to entering the study; of
these 7 patients, 3 (42.8%) remained transfusion-free through the
maintenance period. One patient in study 201, who had not previously
received an RBC transfusion, required transfusions after initiating
treatment with ravulizumab due to the new development of aplastic
anemia (supplemental Appendix II). In study 103, 5 of the 13 patients
(38.5%) had received at least 1 transfusion within 1 year prior to the
study; of these, 3 patients (60.0%) remained transfusion-free through the
ravulizumab maintenance period. Further details on the 6 patients who
continued to require transfusion are provided in supplemental Appendix II.

No MAVEs were reported in either study. In study 201, mean (SD)
eGFR values showed small and inconsistent changes from baseline
during the maintenance period, which were not clinically meaning-
ful. In study 103, small decreases in mean (SD) eGFR were
observed in both cohorts during the maintenance period, which
were not regarded as clinically meaningful.

Safety/adverse events. Ravulizumab was well tolerated in
these studies. AEs are summarized in Table 5. Headache was themost
frequently reported AE overall (17 of 39 patients [43.6%]), and the
most frequently reported treatment-related AE (6 of 39 patients
[15.4%]), occurring most commonly at initiation of treatment with
ravulizumab. Aside from meningococcal infections, all other treatment-
related AEs occurred in 1 patient each.

Two patients in study 201 experienced meningococcal infections
presenting as sepsis. One patient was a 28-year-old man receiving
penicillin prophylaxis who presented with symptoms on day 57. The
blood culture grew serogroup Y/W135meningococcus that showed
intermediate sensitivity to penicillin. The second patient was an
18-year-old man who was not receiving penicillin prophylaxis, and
who presented with symptoms on day 222; his blood culture grew
penicillin-resistant serogroup Y meningococcus. Both patients had
been vaccinated with ACWY and B vaccines as per the risk mitigation
protocol for eculizumab; both completely recovered following treat-
ment with IV ceftriaxone and continued receiving ravulizumab.
Additional information is provided in supplemental Appendix II.

There were no discontinuations of ravulizumab during the mainte-
nance period, no patient withdrew due to an AE, and no patients
developed anti-drug antibodies. No clinically meaningful changes
from baseline were observed in physical examination assessments,
vital signs, electrocardiogram parameters, or laboratory assessments.

Discussion

The approved maintenance regimen of eculizumab 900 mg given
every 2 weeks has been transformative for patients with PNH.4-7

However, breakthrough hemolysis has been observed in some
patients especially in the context of complement-activating condi-
tions such as infection, and particularly during the last 1 to 2 days of
the 2-week dosing interval5,6,11 and in those who have received
eculizumab beyond the indicated 2-week dosing interval.11 In some
cases, the burden of the frequency of eculizumab infusions every
2 weeks may result in the use of unapproved dosing intervals to
mitigate patients’ concerns regarding QoL and/or convenience.11

In these studies, we show that in patients with PNH who were naive
to complement inhibitor therapy, treatment with ravulizumab leads
to a rapid reduction in hemolysis (as reflected in LDH levels)

Table 2. Hemolysis, LDH normalization, and breakthrough hemolysis

Study 201 Study 103

Cohort 1: Cohort 2: Cohort 3: Cohort 4: Cohort 1: Cohort 2:

1000 mg q4w, 1600 mg q6w, 2400 mg q8w, 5400 mg q12w, 900 mg q4w, 1800 mg q4w,

n 5 6 n 5 6 n 5 7 n 5 7 n 5 6 n 5 7

LDH reduction from baseline, mean (SD),* % 72.85 (12.082) 77.82 (6.474) 84.96 (4.423) 89.58 (3.037)† 85.95 (3.190) 84.74 (3.774)

LDH at end point,‡ mean (SD), U/L 230.00 (44.018) 266.00 (54.262) 306.14 (130.664) 228.33 (52.997)† 232.00 (82.292) 227.86 (50.581)

LDH normalization achievement, days 29-253,§
n (%)

LDH normalized 5 (83.3) 3 (50.0) 4 (57.1) 5 (71) 4 (66.7) 6 (85.7)

LDH $1.53 ULN 4 (66.7) 3 (50.0) 2 (28.6) 3 (43) 2 (33.3) 1 (14.3)

LDH .23 ULN 2 (33.3) 1 (16.7) 2 (28.6) 1 (14) 1 (16.7) 0

No., weighted average proportion of instances

of LDH normalization, days 29-253, n (%)

LDH normalized 38 (54.3) 22 (31.4) 37 (44.6) 43 (52.4) 36 (54.5) 48 (62.3)

Breakthrough hemolysis, days 29-253,|| n (%)

Incidence of breakthrough hemolysis through
end point‡

2 (33.3) 1 (16.7) 2 (28.6) 1 (14.3) 1 (16.7) 0 (0)

*Primary efficacy end point.
†n 5 6 for this parameter.
‡LDH parameters at a protocol-specified end point: Study 103, day 169/24 weeks. Study 201: cohorts 1-3, day 253/36 weeks; cohort 4, day 281/40 weeks.
§Patients meeting each parameter at least once after day 29 through day 253. Reference range, 53 to 234 U/L.
||Defined as at least 1 symptom or sign of intravascular hemolysis (fatigue, abdominal pain, shortness of breath [dyspnea], anemia [hemoglobin ,100 g/L and hemoglobin less than

baseline hemoglobin], MAVE [including thrombosis], dysphagia, or erectile dysfunction) within 67 days of an elevated LDH $23 ULN after prior LDH reduction to ,1.53 ULN on therapy.
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beginning at the first evaluable time point (week 1) and continuing
for #24 to 40 weeks of treatment at dosing intervals up to every
12 weeks. Mean reductions from baseline in LDH levels ranged
from 72.9% to 89.6%, and the proportions of patients experiencing
LDH normalization at least once after days 29 to 253 ranged from
50.0% to 85.7% across the cohorts. The group with higher
ravulizumab trough exposure dosing had the greatest proportion
of patients with normal LDH levels at least once after days 29 to
253 (6 of 7 [85.7%]). In addition, the weighted average of the
proportion of instances of LDH normalization was greatest in
the higher-trough-exposure group (62.3% of patients) compared
with the lower-trough-exposure groups (31.4%-54.5% achieved
normalization), and the higher-trough-exposure cohort was the only
group where there were no incidences of breakthrough hemolysis
during the entire study period. The higher-trough-exposure cohort was
the only group that reached normal mean free hemoglobin levels. Total
hemoglobin levels were also elevated in all cohorts.

Clinically meaningful reductions in hemolysis following treatment with
ravulizumab were also associated with improvement of PNH-related
symptomatology and QoL. First, the proportion of patients who
reported PNH-related symptoms (fatigue [noted to be the most
frequent], dyspnea, abdominal pain, chest pain, erectile dysfunction,
and dysphagia) at baseline was notably reduced at end point. Second,
all ravulizumab study cohorts reported improvement in FACIT-Fatigue
scores (ranging from 6.3 to 13.9 points), exceeding the threshold that

delineates clinically meaningful improvement (.3 points). Third,
improvements in all EORTC QLQ-C30 domains were observed in
study 103 and consistent improvements were observed across most
of the EORTC QLQ-C30 domains in study 201.

Ravulizumab was well tolerated in these studies and exhibited a safety
profile consistent with that observed for eculizumab.4-6 The most
frequently reported AE was headache (17 of 39 [43.6%]), which
is consistent with previously reported rates for eculizumab, ranging
from 44% to 55%.4-6 Headaches that were considered related to
ravulizumab commonly occurred early after the initiation of treatment,
which may be associated with a transient surge in plasma nitric oxide
levels induced by the cessation of the depletion of nitric oxide by free
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Table 3. Patients reporting PNH-related symptoms

Symptom

Study 201, n (%), N = 26 Study 103, n (%), N = 13

Baseline Day 253 Baseline Day 169

Fatigue 18 (69.2) 6 (23.1) 9 (69.2) 7 (53.8)

Dyspnea 9 (34.6) 1 (3.8) 7 (53.8) 4 (30.8)

Abdominal pain 3 (11.5) 0 3 (23.1) 0

Chest pain 3 (11.5) 0 3 (23.1) 1 (7.7)

Erectile dysfunction 5 (19.2) 1 (3.8) 2 (15.4) 1 (7.7)

Dysphagia 3 (11.5) 0 1 (7.7) 0
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hemoglobin.5 This phenomenon is believed to be the mechanism
underlying transient headaches observed during induction of treatment
with eculizumab.4-6 Two patients experienced meningococcal infec-
tions; however, both fully recovered following antibiotic treatment and
continued to receive ravulizumab. The risk of meningococcal infections
in patients receiving eculizumab and patients with congenital deficien-
cies in terminal complement activity is well established4,5,27; therefore,
the occurrence of meningococcal infection in patients receiving
ravulizumab is not unexpected. For this reason, risk mitigationmeasures,
including meningococcal vaccination, safety cards, and educational
materials for patients and physicians have been put in place as part of
the risk evaluation and mitigation strategies and risk management plans
for patients receiving eculizumab.1,2 Finally, 1 patient developed
moderate aplastic anemia during the course of ravulizumab treatment.
This patient’s clinical history and treatment course mirrors the natural

history of PNH and aplastic anemia. PNH may occur in the setting of
aplastic anemia, and both diseases can be successfully treated
through complement C5 inhibition and immunosuppressive therapy.8

There is no evidence that complement inhibition may be a precipitant
for the development of aplastic anemia.

Meaningful interpretation of these results is facilitated by the use
of identical inclusion criteria, which allowed for enrollment of a
demographically broad patient population, regardless of transfusion
history. The combined size of the patient population across these
2 studies is similar to the 2 original registration trials of eculizumab
(TRIUMPH [N5 43]4 and AEGIS [N5 29]28), allowing comparisons
to be made among patients naive to C5 antibody treatment. Finally,
rigorous criteria were used to define breakthrough hemolysis and LDH
normalization, which allowed for in-depth, objective assessment of dose
response; use of these criteria may also be applicable in clinical settings.

Table 4. FACIT-Fatigue scores

Parameter

Study 201, mean (SD) Study 103, mean (SD)

Cohort 1: Cohort 2: Cohort 3: Cohort 4: Cohort 1: Cohort 2:

1000 mg q4w, 1600 mg q6w, 2400 mg q8w, 5400 mg q12w, 900 mg q4w, 1800 mg q4w,

n 5 6 n 5 6 n 5 7 n 5 7 n 5 6 n 5 7

Baseline 32.0 (11.02)* 29.7 (17.32) 28.7 (15.20) 34.4 (10.08) 35.5 (10.03) 25.4 (14.35)

End point† 42.0 (6.45) 39.4 (13.48)* 40.8 (10.19)‡ 43.3 (5.57)‡ 41.8 (8.77) 39.3 (10.48)

Absolute change from baseline 9.8 (8.70)* 13.6 (11.01)* 12.3 (16.87)‡ 11.2 (8.64)‡ 6.3 (11.38) 13.9 (10.42)

Total scores range from 0 to 52, with higher score indicating less fatigue.
*n 5 5.
†Study 103, day 169. Study 201: cohorts 1-3, day 253; cohort 4, day 281.
‡n 5 6.

Table 5. Treatment-emergent AEs

Characteristic

Study 201,* n (%) Study 103,† n (%)

Cohort 1: Cohort 2: Cohort 3: Cohort 4:

Overall,

Cohort 1: Cohort 2:

Overall,1000 mg q4w, 1600 mg q6w, 2400 mg q8w, 5400 mg q12w, 900 mg q4w, 1800 mg q4w,

n 5 6 n 5 6 n 5 7 n 5 7 N 5 26 n 5 6 n 5 7 N 5 13

Patients with TEAEs 6 (100) 6 (100) 7 (100) 7 (100) 26 (100) 5 (83.3) 7 (100) 12 (92.3)

Patients with related TEAEs‡ 2 (33.3) 2 (33.3) 3 (42.9) 2 (28.6) 9 (34.6) 1 (16.7) 2 (28.6) 3 (23.1)

Headache 1 (16.7) 1 (16.7) 1 (14.3) 2 (28.6) 5 (19.2) 0 1 (14.3) 1 (7.7)

Pain 0 0 0 0 0 0 1 (14.3) 1 (7.7)

Nausea 1 (16.7) 0 0 0 1 (3.8) 0 0 0

Abnormal GI sounds 0 0 1 (14.3) 0 1 (3.8) 0 0 0

Asthenia 0 1 (16.7) 0 0 1 (3.8) 0 0 0

Infusion site swelling 0 0 1 (14.3) 0 1 (3.8) 0 0 0

Anemia 0 0 0 0 0 1 (16.7) 0 1 (7.7)

Atrial flutter 0 0 0 0 0 0 1 (14.3) 1 (7.7)

Meningococcal sepsis/infection 0 1 (16.7)§ 1 (14.3)‡,§ 0 2 (7.7) 0 0 0

Myalgia 0 1 (16.7) 0 0 1 (3.8) 0 0 0

Neutropenia 0 1 (16.7) 0 0 1 (3.8) 0 0 0

Skin lesion 0 0 1 (14.3) 0 1 (3.8) 0 0 0

Thrombophlebitis, superficial 1 (16.7) 0 0 0 1 (3.8) 0 0 0

Patients with serious TEAEs 2 (33.3) 2 (33.3) 3 (42.9) 1 (14.3) 8 (30.8) 0 0 0

Patients with related serious TEAEs 0 0 1 (14.3) 0 1 (3.8) 0 0 0

GI, gastrointestinal; TEAE, treatment-emergent AE.
*Coded using the Medical Dictionary for Regulatory Activities v20.0.
†Coded using the Medical Dictionary for Regulatory Activities v18.1.
‡Judged by the investigator to be possibly, probably, or definitely related to ravulizumab treatment.
§This was a serious TEAE.
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Interpretation of these results may be limited by several features. First,
the number of patients who received the higher-trough-exposure
dose of ravulizumab (n5 7) was small compared with the number of
patients who received lower-exposure doses of ravulizumab (n5 32).
Second, although the duration of treatment for the primary end point
was shorter in study 103 (169 days) than in study 201 (253 days for
cohorts 1, 2, and 3; 281 days for cohort 4), examination of the time-
course data reveals that reductions in LDH in both studies were
sustained over time. Third, estimation for LDH normalization in these
studies was derived from 2 post hoc analyses that tabulated the
number of patients whose LDH achieved normalization at least once
at any time between days 29 and 253, or when more stringently
evaluated on a per-visit basis. The latter methodology revealed that
62.3% of patients receiving ravulizumab at the higher-trough-exposure
levels achieved LDH normalization compared with 31.4% to 54.5% of
patients across the lower-trough-exposure cohorts. In contrast, estima-
tion of LDH normalization in the ravulizumab phase 3 studies will use
methods that account for the repeated measures of LDH normalization
data acquired on a per-visit basis over the 26-week primary analysis
period. Finally, variability in racial demographics and mean LDH levels at
baseline across the cohorts may limit comparisons between the cohorts.
However, the diverse patient population and consistent response to
ravulizumab therapy suggest that results here may be generalizable.

In conclusion, in these phase 1b/2 studies, treatment with
ravulizumab, administered at extended dosing intervals, achieved
a rapid and sustained reduction in complement-mediated hemo-
lysis in patients with PNH. These studies demonstrated drug/
exposure vs response relationships, with higher-ravulizumab-trough
exposure (1800-mg every-4-weeks cohort) being associated with a
greater proportion of patients reaching plasma LDH levels consid-
ered to be of low risk for hemolysis (normalization [or below 1.53
ULN]), reductions in free hemoglobin, and lack of breakthrough
hemolysis relative to all other cohorts. The prolonged duration of
action of ravulizumab will reduce the number of infusions required for
the management of PNH, which may have a positive impact on patients’
QoL. In the phase 3 studies, patients randomized to ravulizumab receive
a loading dose (2400 mg for patients$40 kg to,60 kg, 2700 mg for
patients $60 kg to ,100 kg, and 3000 mg for patients $100 kg) on
day 1, followed by maintenance doses of ravulizumab (3000 mg for
patients$40 kg to,60 kg, 3300mg for patients$60 to,100 kg, and
3600 mg for patients $100 kg) on day 15 and every 8 weeks
thereafter. The 2 phase 3 studies of ravulizumab include .440
patients with PNH who were either naive to (NCT02946463) or
receiving prior complement inhibitor therapy (NCT03056040).
Additionally, we continue to evaluate the every-12-weeks dosing
regimen in study 201/cohort 4.
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