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Phase II trials of zilucoplan in paroxysmal nocturnal

hemoglobinuria

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare, chronic,
clonal hematopoietic stem cell disorder. Uncontrolled com-
plement activation is central in the pathogenesis of PNH.-
Approved first-line treatments of PNH are eculizumab and
ravulizumab, which inhibit the activity of complement com-
ponent 5 (C5).4-¢

Zilucoplan, a novel C5 inhibitor, is a small (3.5 kDa), 15-amino
acid macrocyclic peptide that binds to C5 with high affinity
and specificity.” Zilucoplan inhibits complement via a dual
mechanism in that it prevents cleavage of C5 into C5a and
C5b and binds to the domain of C5 corresponding to C5b,
thereby blocking the binding of C5b to C6.” Zilucoplan prevents
activation of the terminal complement pathway and assem-
bly of the membrane attack complex that results in lysis of
glycosylphosphatidylinositol-anchored protein-deficient red
blood cells (RBC) in PNH."®

The efficacy, pharmacodynamics, safety, and tolerability of
zilucoplan were evaluated in adult patients with PNH in two
phase Il 12-week studies (Study 201, NCT03078582; Study 203,
NCT03030183) and a long-term extension study (NCT03225287)
(Figure 1A, B). Eligibility criteria are summarized in Online
Supplementary Table S1. The primary endpoint of the 12-week
studies was change from baseline in serum lactate dehy-
drogenase (LDH) levels. This analysis included ten eculizum-
ab-naive patients and 19 who had received prior eculizumab
treatment (eculizumab-switch cohort) (Figure 1B). All ten
eculizumab-naive patients entered the extension study, two
(20.0%) of whom discontinued. In the switch cohort, eight of
19 (421%) patients discontinued and 11 (57.9%) entered the
extension study; two (10.5%) patients discontinued and nine
(47.4%) were still receiving zilucoplan treatment at data cutoff
(November 2020).

The patients’ demographics and baseline characteristics are
provided in Online Supplementary Table S2. As expected, the
eculizumab-naive cohort had higher baseline LDH and me-
dian-free hemoglobin than the switch cohort.

In the eculizumab-naive cohort, treatment with zilucoplan
resulted in consistent, complete, and sustained inhibition
of both the classical and alternative complement pathways
(Figure 2A), leading to rapid, substantial, and sustained LDH
decreases from baseline (median LDH, 378.0 U/L [1.6x upper
limit of normal, ULN, of 234 U/L]) (Figure 2B). Of the five pa-
tients who required one or more transfusions (irrespective of
the number of units) in the 6 months before the start of the
study, two (40.0%) became transfusion-independent after
zilucoplan treatment initiation (Figure 2C). Zilucoplan treat-
ment led to a consistent decrease of median free hemoglobin
(baseline 710 mg/dL) at all post-baseline time points (range
of the median change, —3.90 to —5.95 mg/dL). Mean changes

from baseline to each post-baseline time point in all other
secondary endpoints, including total bilirubin, total hemo-
globin, haptoglobin, reticulocytes, and hemoglobinuria were
generally small or variable, displaying no clear trend for the
naive cohort (data not shown).

Zilucoplan treatment in the switch cohort led to complete
and sustained inhibition of both the classical and alternative
complement pathways (Figure 3A). Patients treated in the
switch cohort had a median LDH increase of 230.3 U/L from
baseline during the primary evaluation period (Figure 3B). In
the seven (36.8%) patients who were transfusion-indepen-
dent, the mean (standard deviation) baseline LDH value was
232.6 (22.6) U/L. After an initial increase in mean LDH that
peaked at week 6, values remained consistent at approxi-
mately 1.5xULN in transfusion-independent patients in the
switch cohort (Figure 3B).

In transfusion-dependent patients in the switch cohort, the
mean baseline LDH value was significantly higher than in the
transfusion-independent group. Despite zilucoplan treat-
ment, transfusion-dependent patients in the switch cohort
experienced increased mean LDH values that reached their
highest levels at week 20 (924.7 U/L) (Figure 3B). Based on
the investigators’ medical evaluation, patients with evidence
of increased hemolysis discontinued zilucoplan and resumed
eculizumab treatment, resulting in stabilization of LDH. Among
the 12 transfusion-dependent patients in the switch cohort,
including some who had received treatment for less than 6
months, four became transfusion-independent after initiation
of zilucoplan (Figure 3C).

Within the switch cohort, patients who discontinued and were
considered to have had switch failure had higher reticulocyte
counts at baseline than those who were considered switch
successes (Figure 3D). At baseline, the switch cohort had a
median free hemoglobin of 1.80 mg/dL; variable changes with
a median range of 0.00-1.70 mg/dL were observed across all
post-baseline time points. Mean changes from baseline to
each post-baseline time point in all other secondary endpoints
were generally small or variable with no clear trends.
Zilucoplan, which can be administered at home as a subcuta-
neous, small-volume (<1 mL) injection with a thin (29G) needle,
was well tolerated, with >18.6 patient-years of exposure and a
mean duration of exposure of 36.4 weeks. In the initial 12-week
study period, all patients (n=29) experienced adverse events,
of whom 11 (37.9%) had treatment-related adverse events
(most common [occurring in >1 patient]: headache [n=4], he-
molysis [n=4], dizziness [n=2], fatigue [n=2], and injection site
bruising [n=2]). No thrombotic events were observed. During
the 12-week study period, treatment-related adverse events
occurred in fewer patients in the eculizumab-naive cohort
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(20.0%, n=2/10) than in the switch cohort (47.4%, n=9/19). Four lated adverse events (most common [occurring in >1 patient]:
(13.8%) patients experienced serious adverse events (pyrexia headache [n=2], injection site bruising [n=2]). Treatment-related
and febrile non-hemolytic transfusion reaction [naive cohort; adverse events occurred at similar frequencies in the naive
n=1], urinary tract infection, gastroenteritis, and pyrexia [switch  (20.0% [n=2/10]) and switch (22.2% [n=2/9]) cohorts. Six (31.6%)
cohort; n=1 each]); none was considered treatment-related. patients experienced serious adverse events (anemia [n=2];
In the long-term extension study (n=19), all patients experi- deep vein thrombosis [n=1]; headache, nausea, osteoarthri-
enced adverse events, of whom four (21.1%) had treatment-re- tis, and rotator cuff syndrome [n=1]; infectious enterocolitis
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switch cohort | zilucoplan dose escalate to 0.3 mg/kg$ —  study
(n=16) . A 2 4 A A A 4 » (Study 202)
popied DI W1 W2 W3W4 W6 W8 W10 W12
|| eculizumab | | 0.3 _ \ : J
switch cohort ' REYIGN Of Evaluation period for primary efficacy endpoint
i (n=19) MUKG @Al A e i 1D frem bassling fW6-W12
Study | Ecgllzumab ) loading efficacy (change in rom baseline to mean o — )
203 svsﬁ’g;h cohortT| doset
=3 A Blood draw for efficacy and pharmacodynamic assessments
B
[ Study 201 } [ Study 203 ]
[
¢ ¢ l
Eculizumab-naive Eculizumab switch Eculizumab switch
[ Enrollment J Assessed for eligibility Assessed for eligibility Assessed for eligibility
(n=10) (n=16) (n=3)
Included (n=10) Included (n=16) Included (n=3)
| |
[ Allocation ] Allocated to intervention (n=10) Allocated to intervention (n=19)
* Received allocated intervention (n=10) * Received allocated intervention (n=19)
12-Week Analyzed (n=10) Analyzed (n=19)
StudyT * Withdrew (n=0) + Withdrew (n=8)
» Adverse event (n=8)

Figure 1. (A) Study designs for Studies 201 and 203 and (B) patients’ flow, illustrated in a CONSORT diagram. The two 12-week, sin-
gle-arm studies (Study 201; conducted from April 2017 to January 2018, and Study 203; conducted from September 2017 to February
2018) enrolled 26 and three patients, respectively. The analysis includes ten patients from Study 201 who were eculizumab-naive and
19 who had previously been treated with eculizumab (eculizumab switch cohort; 16 patients from Study 201 and 3 patients from Study
203). All ten patients in the eculizumab-naive cohort and 11/19 patients in the switch cohort entered the open-label extension study.
*The eculizumab-naive cohort consisted of patients with no prior exposure to eculizumab. *The switch cohort included patients with
prior exposure to eculizumab for 26 months before screening. On day 1, a single loading dose of 0.3 mg/kg zilucoplan was adminis-
tered subcutaneously. Thereafter, patients self-injected subcutaneous zilucoplan at home daily for the subsequent 12 weeks. Dose
escalation to 0.3 mg/kg daily could be initiated at week 2 if a lactate dehydrogenase level of <1.5 times the upper limit of normal was
not achieved or an overt breakthrough episode of hemolysis occurred (assessed via investigator judgement). A dose increase to 0.3
mg/kg was made in ten patients in the eculizumab-naive cohort and 16 patients in the switch cohort after a median time of 19 days
(range, 15-669 days) and 19.5 days (range, 1-57 days), respectively. *Blood samples for pharmacodynamics were collected within 1 hour
of the administration of the first dose and at 1, 3, and 6 hours after the dose on day 1. SFor patients who had a zilucoplan dose in-
crease to 0.3 mg/kg, samples for pharmacodynamics were collected before the new dose, on day 1 of the new dose, and thereafter
at scheduled visits. "No patients from either study were lost to follow-up. D: day; W: week; LDH: lactate dehydrogenase.
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Figure 2. Effect of zilucoplan on
patients with paroxysmal noctur-
nal hemoglobinuria in the eculi-
zumab-naive cohort. (A-C) Mean
complement activity as measured
by sheep red blood cell (sRBC) as-
say (classical complement path-
way; left y-axis, orange circles)™
and Wieslab enzyme-linked im-
munosorbent assay (ELISA) (alter-
native complement pathway; right
y-axis, blue triangles) (A),* mean
lactate dehydrogenase (LDH) lev-
els (B), and transfusion require-
ments (C) before and after initia-
tion of zilucoplan. Change in serum
LDH, sRBC lysis, and Wieslab ELISA
at each time point were analyzed
using the two-sided Wilcoxon
signed-rank test in each cohort.
Missing data were not imputed.
*Baseline is the average of the
screening and day 1 LDH values
per patient. sRBC: sheep red blood
cell; CP: complement pathway; SD:
standard deviation; ELISA: en-
zyme-linked immunosorbent as-
say; SEM: standard error of the
mean; LDH: lactate dehydroge-
nase; ULN: upper limit of normal;
ID: identity; W: week.
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and tongue hematoma [n=1]; encephalopathy, pneumococcal
pneumonia, and suicide attempt [n=1]), of which headache
and nausea experienced by one (5.3%) patient were deemed
treatment-related.

Twenty-one injection site reactions occurred in 12 (41.4%)
patients across the 12-week and extension study periods; all
were mild except for one event of moderate severity. Headache
was the most common adverse event across all study periods,
occurring in 12 (41.4%) patients. No deaths or meningococcal
infections occurred during the studies.

To understand the mechanism for switch failure, an experimen-
tal analysis was performed in which the impact of treatment
on hemolytic protection of commercially sourced type Il PNH
RBC after complement activation and C3b opsonization was

studied by flow cytometry (Online Supplementary Figure ST7).
In the absence of complement activation (heat-inactivated
sera condition), type Ill RBC (absence of CD59 expression)
accounted for 60% of the total RBC pool in the analyzed PNH
donor, while the type Il RBC population (partial/reduced CD59
levels) was small in this donor and consequently excluded
from further analysis. Low levels of C3b were detected on
type Il but not type | (high CD59 expression) RBC. Acidifica-
tion of complement-competent serum resulted in alternative
pathway activation and lysis of type Ill RBC in the absence
of C5 inhibition (data not shown). Blocking C5 activation with
either eculizumab or zilucoplan resulted in partial protection
of type Ill RBC from lysis and deposition of C3b on the type
[l RBC. In the presence of both eculizumab and zilucoplan,
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Figure 3. Effect of zilucoplan on patients with paroxysmal nocturnal hemoglobinuria in the eculizumab switch cohort. (A-C) Mean
complement activity as measured by sheep red blood cell (sRBC) assay (classical complement pathway; left y-axis, orange circles)™
and Wieslab enzyme-linked immunosorbent assay (ELISA) (alternative complement pathway; right y-axis, blue triangles) (A),* mean
lactate dehydrogenase (LDH) reductions (B), transfusion requirements before and after initiation of zilucoplan (C), and mean counts
at baseline in the switch cohort, stratified by switch success (N=8) versus switch failure (N=11; 282x10°%/L vs. 159x10°/L; male upper
limit of normal: 130x10°%/L; female upper limit of normal: 120x10°/L) (D). Switch failure was defined as zilucoplan discontinuation during
the first 12 weeks; patients could resume eculizumab treatment per individual investigator’s procedures. Changes in serum LDH, sRBC
lysis, and Wieslab ELISA at each time point were analyzed using the two-sided Wilcoxon signed-rank test in each cohort. Missing da-
ta were not imputed. *Most recent non-missing value obtained immediately before administration of the first dose of zilucoplan; mean
(standard deviation) baseline LDH values: transfusion-independent (N=7), 232.6 (22.6) U/L; transfusion-dependent (N=12), 320.8 (44.4)
U/L (P=0.0296). sRBC: sheep red blood cell; CP: complement pathway; SD: standard deviation; ELISA: enzyme-linked immunosorbent
assay; SEM: standard error of the mean; ULN: upper limit of normal; LDH: lactate dehydrogenase; ID: identity; W: week.

type Il RBC were protected from lysis and present at levels alone (Online Supplementary Figure S1B, C). During the switch
similar to those in controls (heat-inactivated serum) (Online protocol, eculizumab and zilucoplan are both circulating in
Supplementary Figure S1A), and a larger proportion of highly the blood at therapeutic concentrations for several days to
C3b-opsonized type Il RBC was generated compared with the over a week.® The combination of eculizumab and zilucoplan
proportions following treatment with eculizumab or zilucoplan enabled the accumulation of high densities of C3b on PNH
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type Il RBC, an effect not observed in type | RBC. High con-
centrations of C3b may enable a non-enzymatic cleavage of
C5 on the surface of RBC that cannot be inhibited by a C5
inhibitor, including zilucoplan. Prior studies have suggested
that a high density of membrane-bound C3b can directly
activate C5, leading to membrane attack complex formation
without proteolytic cleavage of C5 into C5a and C5b.*" These
prior analyses demonstrated conformational activation of C5
in the absence of convertases or other enzymes that cannot
be inhibited by different individual C5 inhibitors alone.*™ We
hypothesize that after eculizumab washout, densely C3-op-
sonized RBC bind C5, which then adopts a C5b-like confor-
mation™ that cannot be efficiently inhibited by zilucoplan,
resulting in intravascular hemolysis of this cell population
(Online Supplementary Figure S1D).

The management of patients with PNH should seek to achieve
complete and sustained inhibition of terminal complement.
Residual free C5 was associated with an increased risk of
breakthrough intravascular hemolysis in patients on other
C5 inhibitors.?*™®% Free C5 was not assessed in our trial, but
complete complement inhibition was seen using functional
assays in the current studies (Figures 2A and 3A) and in other
populations (ie., patients with generalized myasthenia gravis).’
In conclusion, in eculizumab-naive patients with PNH treat-
ed with zilucoplan, LDH reductions were similar to those
previously reported with eculizumab,* which agrees with the
pharmacodynamic effects of zilucoplan. Despite confirmed
complete complement inhibition, transfusion-dependent
patients in the switch cohort with high reticulocyte counts
failed to respond sufficiently to zilucoplan.

We expand upon the findings of other research groups to
provide a rationale for increased intravascular hemolysis in
patients who switched from eculizumab to zilucoplan.®" This
phenomenon is thought to be PNH-specific as a result of
the disease-induced absence of glycosylphosphatidylinosi-
tol-anchored membrane proteins, including inhibitors of the
complement cascade, on RBC. Overall, zilucoplan therapy was
safe and well tolerated in patients with PNH.

Despite the cessation of clinical development of zilucoplan in
PNH, the efficacy and safety profile of this novel C5 inhibitor
in generalized myasthenia gravis,” along with the flexibility of
once-daily, at-home, subcutaneous injections, has established
zilucoplan as another potential option in the growing armamen-
tarium of C5 inhibitors.? It has been suggested that combined
treatment targeting different components of the complement
cascade might overcome the residual hemolysis seen in a
proportion of patients with PNH treated with a C5 inhibitor.2"
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