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ABSTRACT

culizumab is first-line treatment for paroxysmal nocturnal hemoglo-

binuria (PNH); however, approximately 11-27% of patients may

experience breakthrough hemolysis (BTH) on approved doses of
eculizumab. Ravulizumab, a new long-acting C5 inhibitor with a four
times longer mean half-life than eculizumab, provides immediate, com-
plete, and sustained C5 inhibition over 8-week dosing intervals. In two
phase III studies, ravulizumab was non-inferior to eculizumab (P,
<0.0004) for the BTH endpoint; fewer patients experienced BTH with
ravulizumab versus eculizumab in both studies (301 [complement
inhibitor—naive patients], 4.0% vs. 10.7%; 302 [patients stabilized on
eculizumab at baseline], 0% vs. 5.1%). In the current analysis, patient-
level data were evaluated to assess causes and clinical parameters associ-
ated with incidents of BTH reported during the 26-week treatment peri-
ods in the ravulizumab phase III PNH studies. Of the five BTH events
occurring in ravulizumab-treated patients across the studies, none were
temporally associated with suboptimal C5 inhibition (free C5 =20.5
ug/mL); four (80%) were temporally associated with complement-ampli-
fying conditions (CAC). Of the 22 events occurring in eculizumab-treated
patients, 11 were temporally associated with suboptimal C5 inhibition,
including three events also associated with concomitant infection. Six
events were associated with CAC only. Five events were unrelated to free
C5 elevation or reported CAC. These results suggest that the immediate,
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complete, and sustained C5 inhibition achieved through weight-based dosing of ravulizumab reduces the
risk of BTH by eliminating BTH associated with suboptimal C5 inhibition in patients with PNH.
(Registered at clinicaltrials.gov identifiers: Study 301, NCT02946463; Study 302, NCT03056040.)

Introduction

Until recently, eculizumab was the only approved treat-
ment for paroxysmal nocturnal hemoglobinuria (PNH),"
and since its regulatory approval in 2007, it has changed the
paradigm for the treatment of patients with PNH.**Long-
term experience has established that eculizumab is effica-
cious and well tolerated; however, approximately 11-27%
of patients may experience breakthrough hemolysis (BTH)
on approved dosages of eculizumab during long-term treat-
ment.”’

Breakthrough hemolysis, characterized by the return of
intravascular hemolysis and reappearance of classical PNH
symptoms,”*" may occur due to suboptimal C5 inhibition'
and/or CAC such as infection, surgery, or pregnancy that
may lead to increased complement activation resulting
from higher C3b density.”" In some patients with subopti-
mal C5 inhibition or CAC, BTH may be ameliorated by
shortening the 2-week dosing interval and/or increasing the
dose of eculizumab.”

Ravulizumab is a new long-acting C5 inhibitor developed
to reduce the treatment burden associated with eculizumab
through an improved dosing regimen and is now approved
for treatment of adult patients with PNH in the USA, Japan,
and Europe."™" It is notable that the mean terminal half-
life of ravulizumab is approximately four times longer than
that of eculizumab, allowing ravulizumab to provide
immediate, complete, and sustained terminal C5 inhibition
with an 8-week dosing interval.""*"

In the two largest international phase III clinical studies
conducted to date in PNH patients, ravulizumab was non-
inferior to eculizumab across all key efficacy endpoints in
patients naive to complement inhibitor therapy (study 301)
as well as in those on stable eculizumab therapy (study
302).*" BTH, a key secondary endpoint in both studies,
was defined as one or more new or worsening symptoms
or signs of intravascular hemolysis (fatigue, hemoglobin-
uria, abdominal pain, dyspnea, anemia [hemoglobin <10
g/dL], major adverse vascular event [MAVE] including
thrombosis, dysphagia, or erectile dysfunction) in the pres-
ence of elevated lactate dehydrogenase (LDH) =2 times the
upper limit of normal (ULN) after prior LDH reduction to
<1.5xULN while on therapy. Point estimates for propor-
tions of patients with BTH favored ravulizumab in study
301 (4.0% vs. 10.7%, difference, —6.7% [95% confidence
interval (CI): —=14.21, 0.18]; P. <0.0001) and study 302 (0%
vs. 5.1%, difference, —5.1% [95%CIl: -8.89, 18.99; P.
<0.0004)."*" The purpose of the current analysis was to
investigate the causes of and clinical parameters associated
with incidents of BTH at the patient level in both studies.
Post hoc analyses were also performed to further evaluate
BTH in ravulizumab- and eculizumab-treated patients.

Methods

Patients and treatment
Both studies (study 301 and 302) included patients aged =18
years with a confirmed diagnosis of PNH by flow cytometry.'*"

In study 301 (clinicaltrials.gov identifier: NCT02946463), adult
patients naive to complement inhibitor with LDH =1.5 times the
ULN and at least one PNH symptom (consistent with high disease
activity as described in the Summary of Product Characteristics’)
were randomized 1:1 to receive ravulizumab or eculizumab for
183 days."” In study 302 (dinicaltrials.gov identifier: NCT03056040),
adult patients with PNH stable on eculizumab therapy (LDH <1.5
times ULN) for at least 6 months were randomized 1:1 to
ravulizumab or eculizumab for 183 days.' Patients randomized to
ravulizumab received loading followed by weight-based dosing
every 8 weeks.'"" Patients randomized to eculizumab received
900 mg every two weeks.'*" In study 301, patients with a hemo-
globin level <7 g/dL or <9 g/dL in the presence of anemia-related
signs or symptoms warranting transfusion received red blood cell
transfusion.” Data from patients who experienced BTH in the 26-
week study period were subject to detailed investigation of BTH
events. Both studies were approved by the institutional review
board or independent ethics committee at participating centers
and were conducted in accordance with the Declaration of
Helsinki and the Council for International Organizations of
Medical Sciences International Ethical Guidelines.

Derivation of breakthrough hemolysis definition

Because there is no consensus in the medical literature regarding
the definition of BTH, the definition was derived prospectively for
use in both studies based on a literature review and interviews of
eight study investigators. The resulting definition'® was reviewed
with and agreed upon by the US Food and Drug Administration,
the European Medicines Agency, and the Japan Pharmaceuticals
and Medical Device Agency before studies started.

Literature review - the literature review revealed that several bio-
markers have been used to describe BTH (Online Supplementary
Table S1). Elevated LDH level was most commonly used;™***
however, variables such as eculizumab level** other markers of
serum hemolytic activity,”” aspartate aminotransferase level,’
reticulocyte count,” and bilirubin level* have also been used.
There was no consensus on whether hemoglobin levels and/or
transfusion requirements should be considered when defining
BTH. 4192124

Physician interviews - parameters used by participating investiga-
tors to measure BTH included symptomatic manifestations (e.g.,
hemoglobinuria, abdominal pain, and other PNH-related symp-
toms) and laboratory indicators (e.g., decreased hemoglobin lev-
els, elevated LDH levels, increased total complement levels, and
increased bilirubin levels) (Online Supplementary Table S2).

Outcomes

The key outcome of interest in this study was BTH causality.
BTH events were categorized as the following: (i) temporal asso-
ciation that is free C5-related, defined as BTH associated with
time-matched occurrence of free C5 20.5 ug/mL;' (i) CAC-relat-
ed, defined as BTH due to an inciting event (e.g., infection, trauma,
or surgery); or (iii) BTH unrelated to elevated C5 and without a
reported time-matched CAC. BTH causality was also analyzed
by assessment of the correlation between serum free C5 concen-
trations <0.5 ug/mL or 0.5 ug/mL and BTH.

Additional analyses
Additional post hoc analyses were conducted as follows: (i)
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Table 1. Incidence of breakthrough hemolysis and overall temporal association.

Study 301 Study 302
(Naive patients) (Patients stable on eculizumah)
Ravulizumah Eculizumah Ravulizumah Eculizumah

n=125 n=121 n=97 n=98

Patients with BTH, n (%) 5 (4.0) 13 (10.7) 0 (0.0) 5(5.0)
BTH events, n 5 15 0 7
BTH events with free C5 =0.5 ug/mL 0 7 0 4
BTH events with infection (with no free C5 elevation) 4 4 0 2
BTH events unrelated to elevated free C5 or infection® 1 4 0 1

n: total number of patients in treatment group; BTH: breakthrough hemolysis. “Two patients in the eculizumab group with suboptimal C5 inhibition also had concomitant infec-
tion. "One patient in the eculizumab group with suboptimal C5 inhibition also had concomitant infection. “These cases had neither suboptimal C5 inhibition nor concomitant

infection identified to explain cause of breakthrough hemolysis.

estimated prevalence of LDH excursion as reflected by eleva-
tions in LDH to =2xULN without regard for signs or symptoms
of hemolysis; (ii) estimated exposure-adjusted incidence of BTH
per 100 patient-years of study drug exposure; (iii) estimated time
to first BTH events temporally associated with suboptimal C5
inhibition with adjustment for competing risk due to CAC or
undetermined causality; and (iv) correlation between serum free
C5 concentrations <0.5 ug/mL or =0.5 ug/mL and BTH events.
(See Omnline Supplementary Appendix for further details of the
methods used.)

Results

Patients

Study 301 included 125 patients treated with weight-
based dosing of ravulizumab and 121 patients treated
with approved eculizumab dose (900 mg every 2 weeks,
q2w), and study 302 included 97 patients treated with
weight-based dosing of ravulizumab and 98 patients
treated with eculizumab (900 mg, g2w).'*”” We have pre-
viously reported patient demographics and clinical char-
acteristics at baseline for both studies. Briefly, the per-
centage of male patients was 54.5% and 50.3% and the
mean (standard deviation [SD]) age at first infusion of
study drug was 45.5 (15.7) years and 47.7 (14.2) years in
studies 301 and 302, respectively.’*” Mean LDH (SD)
was 1,606.4 (752.7) U/L and 231.6 (49.2) U/L in study 301
and study 302, respectively.'”” In study 301, 13.8% of
patients had baseline LDH 1.5 to <3xULN and 86.2% of
patients had baseline LDH =3xULN.” Mean (SD) glyco-
sylphosphatidylinositol-deficient granulocyte clone size
was 84.7% (20%) in study 301 and 83.3% (22.5%) in
study 302.""" Mean (SD) total PNH red blood cell clone
size was 38.6% (23.4%) in study 301 and 60.1% (31.9%)
in study 302."%” Mean (SD) hemoglobin levels in study
301 were 9.4 (1.5) g/dL in the ravulizumab arm and 9.6
(1.7) g/dL in the eculizumab arm, and in study 302 were
11.1 (1.8) g/dL in the ravulizumab arm and 10.9 (1.8)
g/dL in the eculizumab arm.

Incidence of breakthrough hemolysis

As previously reported, there were numerically fewer
occurrences of BTH in patients treated with ravulizumab
compared with eculizumab in both studies.'*” BTH
recurred in the eculizumab but not the ravulizumab arms
of both studies: two of the 13 patients experiencing BTH
suffered two events each in the 301 study, and in study
302 one of five patients experiencing BTH suffered three

events. In study 301, it was noted that the mean (SD)
baseline LDH was numerically higher in patients who
experienced BTH (1,764.1 [809.7]) as compared with
those who did not (1,593.9 [748.5]).

Breakthrough hemolysis causality: temporal
association

In study 301, none of the five BTH events in the
ravulizumab group were temporally associated with sub-
optimal C5 inhibition (free C5 20.5 ug/mL) (Table 1); four
were temporally associated with CAC (all infections), and
one did not have concomitant free C5 =0.5 ug/mL or a
time-matched CAC reported. In the eculizumab group,
seven of the 15 BTH events were temporally associated
with suboptimal C5 inhibition; CAC (all infections) were
associated with six of the 15 events, including two events
in patients who also had suboptimal C5 inhibition, and
four patients did not have concomitant free C5 =20.5
ug/mL or a time-matched CAC reported.

In study 302, no BTH events were observed in patients
treated with ravulizumab. Four of the seven events that
occurred in the eculizumab group were temporally asso-
ciated with suboptimal C5 inhibition, and three events
were associated with CAC (all infections), including one
event in a patient who also had suboptimal C5 inhibition
(Table 1). This patient had three BTH events spanning
113 days of treatment. On day 113, the patient was hos-
pitalized for BTH with symptoms of vomiting, flu-like
symptoms, and cola-colored urine; the vomiting was
thought to have been caused by a viral infection. This
patient discontinued treatment and left the study due to
lack of efficacy. One event was neither associated with
incomplete C5 inhibition nor a reported CAC.

Breakthrough hemolysis: patient narratives

Patient narratives on BTH in study 301 are shown in
Table 2 for the ravulizumab group and in Table 3 for the
eculizumab group. BTH events occurring in the
eculizumab group in study 302 are summarized in Table
4. Overall, the majority of patients with BTH (70% [16
of 23]) exhibited one or two PNH-related signs or symp-
toms; the most commonly reported PNH-related signs
and symptoms were anemia, dyspnea, hemoglobinuria,
and fatigue. With respect to red blood cell transfusion, 8
patients (3 in the ravulizumab group and 5 in the
eculizumab group) experiencing BTH required transfu-
sion in study 301 (Tables 2 and 3) and 3 patients experi-
encing BTH in the eculizumab group required transfu-
sion in study 302 (Table 4).



Table 2. Ravulizumab breakthrough hemolysis events and narratives: study 301.

Patients’ Breakthrough Study LDH: Free C5° RBC Possible Association
characteristics hemolysis day (u/L) (ug/mlL) transfusion (U) CAC
(sex, age, event;
body weight) symptoms
1 Female; 34y, 14 fatigue 155 593 0.105 None Giardiasis CAC
115kg abdominal pain, 169 511 0.101
dyspnea
2 Female; 30y; 1*; hemoglobinuria 71 687 0.0787 None Viral infection CAC
57 kg
3 Female; 24y, 1% hemoglobinuria, 113 517 0.0602 2 Influenza, CAC
57 kg anemia 127 73 0.0768 upper respiratory infection
155 513 0.0428
169 926 0.0895
183 595 0.0909
4 Male; 37y; 1*; anemia 71 544 0.0623 2 Gum infection CAC
66 kg 85 525 0.0414
99 821 0.0505
5 Male; 43 y; 1%, anemia 99 615 0.0766 3 None Unexplained
70 kg

C5: complement component 5; CAC: complement-amplifying condition; LDH: lactate dehydrogenase; Pt: patient; RBC: red blood cell; U: number of units transfused; y: years..
“The upper limit of normal for LDH is 246 U/L."Free C5 concentrations were quantified using a Gyros-based fluorescence assay.

Additional analyses

Lactate dehydrogenase excursion only - an analysis assessing
the prevalence of excursions of LDH =2xULN after reduc-
tion below 1.5xULN without regard to symptoms (i.e., the
LDH portion of the BTH definition) showed treatment
with ravulizumab to be superior to eculizumab with sig-
nificantly fewer ravulizumab-treated patients experienc-
ing LDH excursions compared with eculizumab-treated
patients in both study 301 (8.8% [95%CI: 8.8, 13.8] vs.
20.7% [95%ClI: 18.5, 27.9], respectively; treatment differ-
ence —11.7% [95%Cl: -20.7, -2.7]; P=0.012) and study
302 (5.2% [95%CI: 0.8, 9.6] vs. 16.3% [9.0, 23.6], respec-
tively; treatment difference, —11.2% [95%CI: -20.3, -2.4];
P=0.015).

Exposure-adjusted BTH event rate - an analysis to evaluate
the estimated incidence of BTH events per 100-patient
years of exposure showed rates to be approximately
3-fold higher (incidence rate ratio, 0.32 [95%CI: 0.11,
0.92]; P=0.034) in the eculizumab group (21.5 [95%CI: 8.9,
51.7] events per 100 patient-years) versus the ravulizumab
group (6.8 [95%Cl: 2.2, 21.5] events per 100 patient-years)
in study 301. In study 302, the estimated incidence rate
per 100-patient years of exposure was 19.9 (95%CI: 7.2,
54.9) in the eculizumab group, whereas the exposure-
adjusted incidence rate was non-estimable in the
ravulizumab group because no events were observed.

Time 1o first event with adjustment for competing risk - in study
301, the analysis of time to first BTH event due to any cause
showed significantly lower hazard in the ravulizumab
group compared with the eculizumab group (hazard ratio
[HR] 0.36 [95%CI: 0.13, 1.0]; P=0.049) (Online
Supplementary Figure S1A). In the analysis to assess BTH
events temporally associated with suboptimal C5 inhibi-
tion, after adjustment for competing risk due to a CAC or
undetermined causality, the probability of a BTH event due
to suboptimal C5 inhibition was shown to be significantly
reduced with the ravulizumab group compared with the
eculizumab group (HR 0; P<0.001) (Online Supplementary

Figure S2A). In a conservative evaluation, when the same
analysis was applied to BTH events temporally associated
with suboptimal C5 inhibition or undetermined causality
after adjustment for competing risk due to a CAC, the haz-
ard was still significantly lower in the ravulizumab group
(HR [95%CI]: 0.10 [0.01, 0.81]; P=0.031) (Omnline
Supplementary Figure S3A). In study 302, the hazard ratio
estimates in the time-to-event analyses were all zero due to
no BTH events occurring in the ravulizumab group (Online
Supplementary Figures S1B, 2B and 3B).

Correlation of BTH with serum free C5 levels - all post-base-
line free C5 values in ravulizumab-treated patients were
<0.5 ug/mlL in both the 301 and 302 studies throughout 26
weeks of treatment. In study 301, the overall percentage
of patients with BTH among patients who had any free
C5 concentration 20.5 ug/mL across both treatment
groups was 40% compared with 5.2% among those who
had free C5 concentrations <0.5 ug/mL for every assess-
ment (relative risk, 7.7) (Online Supplementary Table S3). In
study 302, the percentage of patients with BTH among
patients who had any free C5 concentration 20.5 ug/mL
was 28.6% compared with 1.6% in patients with all free
C5 concentrations <0.5 ug/mlL (relative risk, 17.9) (Online
Supplementary Table S3).

Discussion

In patients with PNH receiving complement inhibitor
therapy, a BTH event represents loss of disease control.
BTH is manifested by classical PNH symptoms and can
require blood transfusion,"*****but more critically it can be
associated with the return of the morbidity associated
with PNH, including potentially life-threatening throm-
boembolic events.”” A consensus definition of BTH
derived after a literature review and interviews with PNH
experts, and prospectively accepted by regulatory author-
ities, was used in the two phase III studies of ravulizumab
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Table 3. Eculizumab breakthrough hemolysis events and narratives: study 301.

Pt Patients’ Breakthrough Study LDH* Free C5° RBC Possible Association
characteristics hemolysis day (u/L) (ng/mL) transfusion (U) CAC
(sex, age, event;
body weight) symptoms
1 Male; 25 y; 1*; anemia 99 866 55.9 2 None Free C5 =0.5 umg/mL
92 kg
2 Male; 45y; 1% hemoglobinuria 155 933 344 None None Free C5 =0.5 umg/mL
T4 kg
3 Female; 35 y; 1%, fatigue, 57 571 24.2 2 None Free C5 =0.5 ug/mL
88 kg dyspnea, anemia 71 1164 80.0
2 fatigue, 169 890 58.6 None Upper Free C520.5 umg/mL +
hemoglobinuria, 183 865 64.4 respiratory CAC
dyspnea, anemia infection
4 Male; 39y; 1% fatigue, 183 3720 86.1 2 None Free C5=0.5 ug/mL
94 kg anemia (missed day 169 dose)
5 Male; 39y, 1% fatigue, 43 506 0.0445 None Common cold CAC
70kg  hemoglobinuria, abdominal
pain, dyspnea, anemia,
erectile dysfunction
6 Female; 49 y; 1% fatigue, 99 529 0.0644 2 Upper respiratory CAC
56 kg dyspnea, anemia infection
7 Male; 35y, 1*% anemia 43 700 0.148 None  Non-specific infection CAC
93 kg
8 Male; 57, 1% dyspnea, 141 524 0.189 None Influenza CAC
89 kg anemia Bronchitis
9 Male; 52y; 1% fatigue, 99 1242 18.2 1 None Free C5 =0.5 ug/mL
73 kg anemia, hemoglobinuria 113 1088 1.46
2"; hemoglobinuria, 155 1172 17.6 2 Upper respiratory ~ Free C5 =0.5 ug/mL
anemia 169 653 141 infection, + CAC
183 4080 90.9 acalculous
Unscheduled — >4200 NA cholecystitis
10 Female; 50y; 1%; dyspnea 57 524 NA None None Unexplained
72 kg
11 Male; 28y; 1*; anemia 71 597 0.03 None None Unexplained
55 kg
12 Female; 64 y; 1% fatigue, 141 520 0.0748 None None Unexplained
82 kg anemia
13 Female; 29y; 1% abdominal pain 169 579 0.0411 None None Unexplained

48 kg

C5: complement component 5; CAC: complement-amplifying condition;LDH: lactate dehydrogenase; NA: not available; Pt: patient; RBC: red blood cell; U: number of units trans-
fused; y: years. The upper limit of normal for LDH is 246 U/L. "Free C5 concentrations were quantified using electrochemiluminescence ligand binding assay.

to evaluate the incidence and causality of BTH in patients
who were naive to complement inhibitor therapy as well
as those who were previously stabilized on eculizumab."®
In both studies, ravulizumab was shown to be non-inferi-
or to eculizumab on the assessment of BTH,'*" and treat-
ment with ravulizumab was associated with numerically
fewer episodes of BTH compared with eculizumab in
each of these studies.

The current analysis showed that no BTH events in
patients treated with weight-based dosing of ravulizumab
were associated with elevations in free C5 levels. In con-
trast, several patients treated with eculizumab across both
studies had BTH events that were temporally associated

with elevations in free C5 levels (C5 20.5 ug/ml), suggest-
ing these patients may have had suboptimal C5 control. In
such cases, it has been shown that BTH can be successful-
ly managed in some patients by adjusting the dosing
amount and/or frequency of eculizumab administration
that differs from the approved regimen of eculizumab.*""
However, in both studies (301 and 302), patients required
maintenance with the approved eculizumab dosing
(900 mg every 2 weeks); no changes to the dose levels or
dosing regimen were permitted during the study, and if
any such changes were made, these patients were exclud-
ed from the studies.

Correspondingly, regardless of the treatment group, risk
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Table 4. Eculizumab breakthrough hemolysis events and narratives: study 302.

Pt Patients’ Breakthrough Study LDH* Free C5° RBC Possible Association
characteristics hemolysis day (/L) (ug/mL) transfusion (U) CAC
(sex, age, event;
body weight) symptoms
1 Male; 29y; 1% hemoglobinuria 29 1257 24.1 None None Free C520.5 ug/mL
95 kg 2"; hemoglobinuria 57 1037 24.8 None None Free C5 =0.5 ug/mL
3 hemoglobinuria 99 811 193 1 None Free C520.5 ug/mL
113 3846 91.9
2 Male; 34y; 1* hemoglobinuria 141 618 0.1 None Flu-like CAC
71 kg symptoms
3 Female; 47y; 1% fatigue, 176 515 0.1 4 Acute CAC
75kg hemoglobinuria, pyelonephritis
dyspnea, anemia
4 Male; 60 y; 1% fatigue, 127 1846 2.1 2 Gastroenteritis Free C5 =0.5 ug/mL + CAC
79 kg hemoglobinuria,
anemia
5 Male; 60 y; 1% fatigue, 155 799 0.1 None None Unexplained
84 kg dyspnea

C5: complement component 5; CAC: complement-amplifying condition; LDH: lactate dehydrogenase; Pt: patient; RBC: red blood cell; U: number of units transfused; y: year.
“The upper limit of normal for LDH is 246 U/L. "Free C5 concentrations were quantified using electrochemiluminescence ligand binding assay.

of BTH was approximately 8-fold (40% vs. 5% in study
301) and 18-fold (29% vs. 2% in study 302) higher in
patients with free C5 =0.5 ug/mL compared with those
who had free C5 concentrations <0.5 ug/mL for every
assessment. These results suggest that reduction of free
C5 may be associated with reduced risk of BTH in
patients with PNH.

In study 301 (complement inhibitor-naive patients),
similar proportions of patients in each treatment group
experienced infection-related BTH (ravulizumab, 3.2% [4
of 125]; eculizumab, 3.3% [4 of 121]), possibly due to
proximal complement activation. There was one patient
in the ravulizumab group and four patients in the
eculizumab group who had adequate C5 inhibition and
no apparent infection or other CAC reported by the inves-
tigators. In study 302 (patients stabilized on eculizumab at
baseline), no ravulizumab-treated patients and 2.0% (2 of
98) of eculizumab-treated patients experienced infection-
related BTH. One eculizumab-treated patient had a BTH
event that was not attributed to suboptimal C5 inhibition
or an identifiable CAC.

Observations from these studies suggest that BTH can
occur due to infections despite the fact that the terminal
complement activity is suppressed. The causes of hemol-
ysis in the setting of infection/sepsis have not been fully
elucidated.” It has been shown that exposure of host red
blood cells to infectious pathogen cells can cause hemoly-
sis independent of complement activity, suggesting that
the complement system may not be the sole cause of
infection-triggered hemolysis.'*”

Results from the additional analyses of BTH supported
and extended observations from the primary analyses. If
only the objective LDH component of the BTH definition
was considered, a significantly lower proportion of
ravulizumab-treated patients experienced BTH compared
with eculizumab in both studies. Treatment with
ravulizumab was also shown to be associated with a
3-fold lower exposure-adjusted incidence of BTH events
than eculizumab (6.8 vs. 21.5 events per 100 patient-years
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of exposure), and a 90% lower risk of BTH due to subop-
timal C5 inhibition compared with eculizumab (HR, 0.10;
P=0.031) in study 301. Data in study 302 also support
lower risk of BTH with no event occurring in the
ravulizumab group.

A unique aspect of these two studies is the consensus
definition of BTH. Although not all potential biomarkers
and/or causative factors were utilized in the definition of
BTH that was used in these phase III studies (e.g., reduc-
tion of hemoglobin levels, elevation in reticulocyte count,
subtherapeutic serum levels of complement inhibitor), the
definition is conservatively based on objective criteria
(LDH levels) and well-known, easily identifiable PNH-
related signs and symptoms (e.g., anemia, hemoglobin-
uria, fatigue, dyspnea), which may facilitate early recogni-
tion and treatment of BTH in patients with PNH receiving
complement inhibitor therapy.

Some limitations to this analysis are worthy of note.
Approximately 15% of the observed BTH events were
due to unexplained causes (unrelated to insufficient C5
inhibition and without a recognized/reported CAC).
These events may have been caused by unrecognized or
unreported CAC or other etiological factors. Notably,
none of the BTH events in these studies were associated
with major adverse vascular events (MAVE). However,
this is not surprising since the incidence of MAVE was low
(1.6% [n=2] and 0.8% [n=1] for ravulizumab and
eculizumab, respectively, in study 301, and no patients
experienced MAVE in study 302). Given the importance of
BTH in the potential development of associated thrombo-
sis, rigorous clinical interrogation may reveal other and/or
new factors associated with manifestations of BTH.
Considering the conservative approach for the additional
analyses of the BTH data from these studies, where events
due to suboptimal C5 inhibition were pooled with unde-
termined causality and then adjusted for competing risks
of CAC, it is likely that the significant between-group dif-
ferences observed in BTH were driven by treatment-relat-
ed effects on inhibition of free C5 concentrations. Due to
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the strict definition of BTH applied in these studies,
patients were required to have both high LDH levels and
one or more new or worsening signs/symptoms of
intravascular hemolysis. Because symptom reporting is at
least in part subjective, it is possible the results reported
herein could be confounded by ascertainment bias associ-
ated with under-reporting of BTH. For example, PNH-
related symptoms may have been unreported due to indi-
vidual patient or cultural norms, or the symptoms were
not associated with severe anemia or hemoglobinuria.
This hypothesis is strengthened by the higher number of
patients in both treatment arms who experienced LDH
elevations but did not have symptoms of BTH reported by
investigators. On the other hand, it is possible that
patients with infection might have elevated LDH due to
the infection”® rather than intravascular hemolysis, there-
by overestimating the frequency of hemolysis associated
with infections.

In summary, weight-based dosing of ravulizumab
administered every 8 weeks was associated with numeri-
cally fewer episodes of BTH versus eculizumab adminis-
tered 900 mg every 2 weeks over 26 weeks of comple-
ment inhibitor therapy in PNH patients with high disease
activity. The observed differences in BTH rates for
ravulizumab versus eculizumab may be attributable to the
ability of ravulizumab to completely inhibit free C5 over
the entire 8-week dosing interval. Furthermore, no BTH
events in the ravulizumab group were associated with free
C5 concentrations =0.5 ug/mL. In contrast, some patients
treated with eculizumab experienced multiple BTH events
that were temporally associated with elevations in free C5
(one resulting in hospitalization). Similar numbers of
patients receiving ravulizumab or eculizumab experienced
CAC-related BTH, possibly due to proximal complement
activation. Overall, results from these two studies demon-
strate that ravulizumab achieved immediate and complete
inhibition of free C5 over the entire 26-week treatment
period, reducing the overall risk of BTH by eliminating
free C5-associated BTH.
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