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Abstract

Peginterferon beta- 1a was efficacious in a Phase 3 relapsing multiple sclerosis trial, and its safety profile was consistent with other beta interferons. This
study evaluated the impact of renal impairment on the pharmacokinetics and pharmacodynamics (neopterin elevation; a biomarker of pharmacological
activity induced by interferon beta-|a) of peginterferon beta-|a following a single subcutaneous dose at 63 pg (n=5) or 125 g (n = 30). The results
showed a fractional increase in area-under-the-concentration-time curve (AUC [30-53%]) and peak serum concentration (C.x [26—42%]) in subjects
with mild, moderate, and severe renal impairment, versus healthy subjects; AUC and C,,,, were similar for healthy subjects and end-stage-renal-
disease patients receiving hemodialysis. Pharmacokinetic simulation showed that the steady state concentration overlapped in the majority of healthy
subjects and subjects with severe renal impairment. Neopterin baseline, peak concentration, and AUC increased as renal function decreased.
Peginterferon beta-la was well tolerated in all groups. These results do not warrant peginterferon beta-la dose adjustment in subjects with renal

impairment.

Keywords

clinical trial, multiple sclerosis, pegylation

All currently approved injectable treatments for multiple
sclerosis (MS) require frequent (from daily to weekly)
administration, which can inconvenience patients suffer-
ing from a debilitating chronic disease. Pegylated
interferon beta-1a (peginterferon beta-1a) is in develop-
ment as a less frequently-injected subcutaneous (SC)
therapy for relapsing MS (RMS) that may provide similar
safety and efficacy to currently available interferons.' In a
pivotal Phase 3 study that dosed 1512 RMS patients,
peginterferon beta-1a 125 g administered SC once every
two weeks reduced annualized relapse rate by 36%, risk of
relapse by 39%, and risk of disability progression by 38%,
when compared with placebo at the end of year 1.% Other
magnetic resonance imaging (MRI) endpoints, such as
new or newly-enlarging T2 hyperintense and gadolinium-
enhancing lesions, were also significantly reduced versus
placebo. A once every four week dosing regimen was also
included in this study; while peginterferon beta-1a every
4 weeks also had a significant effect on the clinical
endpoints, the reduction relative to placebo in clinical and
MRI endpoints was numerically greater in the every
2 week group compared with the every 4 week group.
Interferons, as small proteins, are cleared primarily
through renal catabolism and excretion;® pegylation can
increase the apparent size of a biomolecule, reducing the
glomerular filtration rate, extending the biomolecule’s

half-life, enhancing its in vivo activity through prolonged
systemic drug exposure, and enabling less frequent
dosing."* Therefore, to extend the half-life of interferon
beta-1a, peginterferon beta-1a was formed via attachment
of'a 20-kDa methoxy poly(ethyleneglycol) (peg) polymer
to the alpha-amino group of the N-terminus of interferon
beta-1a, which is not critical for binding to the type 1
interferon receptor.” In Phase 1 studies in healthy
subjects, compared with non-pegylated interferon beta-
la, peginterferon beta-1a (125 pg) had a longer half-life
(~2 days versus ~1 day), increased exposure (maximum
serum concentration [C.x] and area under the serum
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concentration curve through 168 hours [AUC,eg1]), and
prolonged and higher elevations in well-characterized
pharmacodynamic (PD) markers of type 1 interferon
receptor activation (serum neopterin and 2'-5'-oligoade-
nylate synthetase),® supporting the contention that
pegylation of interferon beta-la would allow for less
frequent dosing.

Although pegylation reduces the contribution of the
renal system to overall clearance and increases the
significance of alternative clearance routes (e.g., hepat-
ic’), renal clearance may still comprise the major
clearance pathway. For instance, it was shown that the
AUC of 10-kDa pegylated interferon alpha-2b was
increased in subjects with moderate and severe renal
impairment vs. healthy subjects, which necessitated a 25—
50% dose reduction in patients with renal impairment.®™
The objective of this study was to investigate whether
renal impairment impacts the pharmacokinetics (PK) of
peginterferon beta-la and to provide dose adjustment
guidance in MS patients with renal impairment. A
population PK model was developed and simulation
was carried out to predict and compare the steady state
peginterferon beta-la concentration—time profiles be-
tween healthy subjects and subjects with severe renal
impairment.

Neopterin (D-erythro-1',2’,3'-trihydroxypropylpterin),
a well-characterized biomarker induced by interferon
beta-1a in vivo, is a product of the activity of guanosine
triphosphate-cyclohydrolase I and is produced by macro-
phages and monocytes. It is an indicator of immune
system activation.'®'" It is known that neopterin is
cleared in the kidney and that increasing renal impairment
might affect the kinetics of neopterin concentration
following peginterferon beta-1a treatment.'>"'*> Concen-
trations of neopterin were monitored as an exploratory
marker of PD activity. Tolerability and adverse events
(AEs) data were also collected in this study.

Methods

Study Design and Subjects
The protocol was approved by each site’s institutional
review board. All subjects provided written informed
consent before entering the study, which was conducted
according to International Conference on Harmonization
Guidelines for Good Clinical Practice and the Declaration
of Helsinki.

This was a single-dose, open-label, multicenter Phase
1 study (ClinicalTrials.gov Identifier: NCT01119781) in
healthy subjects and subjects with renal impairment or
end-stage renal disease (ESRD). Renally-impaired sub-
jects were included if they had stable renal disease (no
change in disease status) for 1 month before enrollment
(determined by the investigator), with laboratory and
clinical findings consistent with renal impairment.

Creatinine clearance (CrCl) was defined by the following
Cockcroft-Gault equation:'*

(140 — age in years) x (weight in kg)
x (0.85 if female)/ (1)

(72 x serum creatininin mg/dL)

For analytical comparison only, subjects were also
categorized according to renal impairment estimated
glomerular filtration rate (GFR) calculated using the
following modification of the diet in renal disease
(MDRD) equation:

175 x serum creatinin in (in mg/dL)~""**

x age (inyears) "2

x 1.212 (if patientisblack) x 0.742 (if female) (2)

After a 28-day screening period, subjects were enrolled
into one of five groups, categorized according to
Committee for Medicinal Products for Human Use
(CHMP) guidance'® on estimated CrCl values. Healthy
subjects and those with mild, moderate, or severe renal
impairment (as defined in Table 1) were required to have
two estimates of CrCl within 25% of each other, obtained
>5 days and <6 months apart. ESRD subjects were
required to have hemodialysis two to three times per
week. Each healthy subject was matched with an ESRD
subject with respect to age (£10 years) and weight
(£20%). Stable medication regimens used for at least 30
days pre-dose to treat conditions related to renal
impairment or underlying disease states, and for
prophylaxis, were permitted during the study. Exclusion
criteria included a history of any clinically unstable major
disease or recent serious infection.

All subjects received one subcutaneous dose of
peginterferon beta-1a, starting with 63 pg in three subjects
with mild renal impairment before proceeding to subjects
with more severe renal impairment and a dose of 125 pg.
Three subjects with mild renal impairment and two
subjects with severe renal impairment received a single
63 ng dose (a dose that should yield concentrations no
greater than those previously tested, and shown to be well
tolerated®), to assess safety and tolerability profiles prior to
administering the target 125 g dose; six subjects from
each of the five groups received a single 125 pg dose.

Blood Sampling

Blood samples for PK analyses of peginterferon beta-1a
were collected pre-dose, and at 6, 12, 24, 36, 48, 72, 96,
168, 240,336,408, 504, 576, and 672 hours post-dose. PD
samples were collected at the same timepoints, except 6
and 12 hours post-dose. Subjects with ESRD were dosed
when hemodynamically stable (approximately 2 hours
post-hemodialysis). Subsequent dialysis was scheduled
three days post-dosing to minimize impact on C,,,x. PK
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Table |. Baseline Subject Demographics and Renal Disease Etiology

Moderate renal
impairment (n=6)
(CrCl >30mL/
min — <50 mL/min)

ESRD on hemodialysis
(n=6) (Require
hemodialysis two

to three times a week?)

Severe renal
impairment (n=8)
(CrCl <30 mL/min)

Mild renal
Normal renal impairment
function (n=9)
(n=6) (CrCl >50mL/
(CrClI >80 mL/min) min — <80 mL/min)
Age, years, mean (SD) 47.7 (5.79) 68.2 (5.26)
Sex, n (%)
Male 4 (67) 7 (78)
Female 2 (33) 2 (22)
Height, cm, mean (SD) 167 (10.2) 172 (6.20)
Weight, kg, mean (SD) 82.0 (15.2) 84.4 (14.4)
BMI, mean (SD) 29.5 (4.33) 28.5 (3.28)
CrCIP (mL/min), mean (SD) 111 (14) 70.1 (8.6)

59.7 (10.1) 65.6 (6.72) 46.5 (1.52)
4 (67) 3 (38) 4 (67)
2 (33) 5 (63) 2 (33)
168 (13.53) 163 (8.42) 179 (7.97)
79.3 (21.8) 712 (9.77) 87.9 (19.2)
27.8 (5.28) 26.8 (4.10) 27.4 (4.94)
39.2 (6.8) 235 (3.9) -

?CrCl could not be estimated in these patient.
®By Cockeroft-Gault equation.

Three subjects in the mild renal impairment function group and two subjects in the severe renal impairment group received a single dose of peginterferon beta- la

63 pg. After ascertaining that the 63 g dose was well tolerated, six patients each group received a single dose of peginterferon beta-la 125 pg. BMI, body mass

index; CrCl, creatinine clearance; ESRD, end-stage renal disease; SD, standard deviation.

and PD samples were also taken before (within 4 hours)
and after (between 1 and 4 hours) dialysis through Day 8.

Safety and Tolerability Assessment

Safety and tolerability evaluations included physical
examination for vital signs, subject’s injection-site pain
assessment, clinician’s injection-site assessment, moni-
toring for AEs, hematology, blood chemistry, urinalysis,
and electrocardiograms. These assessments were con-
ducted pre-dose and up to 35 days post-dose.

Determination of Serum Concentration of
Peginterferon Beta-la and Neopterin

Serum peginterferon beta-1a concentrations were evaluat-
ed using a validated enzyme-linked immunosorbent assay
(ELISA; Invitrogen, Carlsbad, CA, USA) with a lower
limit of quantitation (LLOQ) of 31.3 pg/mL and an upper
limit of quantitation (ULOQ) of 1500 pg/mL. Precision,
expressed as percent coefficient of variation (%CV) and
evaluated using assay controls, ranged from 1.5 to 6.1%.
Neopterin concentrations were evaluated using a validated
competitive binding enzyme immunoassay (Immu-
chem™, MP Biomedicals, Santa Ana, CA, USA). The
quantitation range of the neopterin assay was 1.3 ng/mL
(LLOQ) to 101 ng/mL (ULOQ), with precision (%CV of
assay controls) ranging from 3.6 to 5.7%.

Immunogenicity Assay

Immunogenicity assessments were performed to deter-
mine pre-existing anti-PEG antibodies. Serum anti-PEG
antibody levels were evaluated using a three tier sandwich
ELISA method (Biogen Idec Inc., Cambridge, MA,
USA). Anti-PEG antibodies detected in the screening
assay were evaluated for specificity by competition with

excess PEG. Samples confirmed as positive were then
evaluated to determine levels of reactivity in a titer assay.
Results for anti-PEG antibodies were listed per subject at
baseline (Day 1) time-point.

Calculation of PK and PD Parameters Using Non-
compartmental Analysis

PK parameters from non-compartmental analysis (NCA)
included C,,,x, time to peak serum concentration (tyax),
AUC from time 0 to 336 hours post-dose (AUCs361;
specified as peginterferon beta-la concentrations had
dropped below the LLOQ by 336hours), apparent
clearance (CL/F, where F represents bioavailability),
and terminal half-life (t,). PD parameters included
baseline neopterin concentration, area under effect—time
curve from time 0 to 672 hours post-dose (Eauce72n),
peak effect (Ejca), and time to peak effect (Ermax);
Eauce72n and Epeqc were calculated following baseline
correction.

Population PK Model

The PK model consists of a one-compartment model with
first-order absorption rate (Ka) and linear elimination rate
(K10)- Kqo was parameterized as:

Ko = CL/V¢ + INDEXgialysis X Kaiatysis (3)

in which V¢ represents volume of distribution of the
central compartment, CL represents total clearance,
INDEX gialysis indicates hemodialysis status (0= off;
1 =on), and Kgjaiysis T€presents drug elimination rate by
hemodialysis. Because no reference intravenous data
were available, bioavailability (F) was not identifiable and
was fixed as 1. Ka and K could not be differentiated and
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the individual Ka was constrained to be greater than
individual K, as:

(DKa + CLi/VCi) (4>

where DKa represents the typical value of the difference
between absorption rate and elimination rate and was
constrained to be greater than zero, and i represents
subject index. The ESRD subjects were excluded during
the model development process and were included for the
final model with separate theta values (typical values) for
CL and V.

Inter-subject variance (w?) for PK parameters was
assumed to have a log-normal distribution and added one-
at-a-time, judged by numerical stability and decrease of
objective function value. Residual error was modeled
using an exponential error model:

C = C x exp(e) (5)

where ¢ represents random error. Once the structural and
stochastic model was finalized, the impact of renal function
on CL was tested. No other parameters were tested due to
the limited subject number and narrow demographic range.
CrCl, MDRD-GFR, and serum concentration of creatinine
were tested using Perl-speaks-NONMEM (PsN) software
(version 3.5.3), including linear, power, and exponential
relationship with CL. The following linear relationship
between CrCl and CL was identified to produce the most
significant decrease of objective function value:

CL = TVCL x (I + CL_CrCI.COV x (CrCl —31.00))
(6)

where TVCL represents the typical CL value for subjects with
a CrCl of 31 mL/min, a value provided by PsN Stepwise
Covariate Model (scm) which was close to the median CrCl,
and CL_CrCI_COV represents coefficient for CrCl covariate.

Model Evaluation

Diagnostic plots were produced to assess goodness-of-fit
for each model during development, such as individual
concentration—time plots for both observed data and
predicted data, conditional weighted residual (CWRES)
diagnostic plots.'®!” The final PK model was evaluated
using visual predictive check (VPC). One thousand
simulations were carried out using the parameter
estimates of the final model without uncertainty. The
2.5th, 50th (median), and 97.5th percentiles of observed
data were compared to the 95% CI of the corresponding
percentile of the simulated data.

Simulation
Simulations were performed to compare PK profiles
between healthy subjects and subjects with severe renal

impairment. Subjects with their demographic data from
the current study were used for simulation. One thousand
simulations with parameter uncertainty were carried out
following multiple doses of 125 g every other week to
obtain steady state concentration—-time profiles. PK
parameters were simulated using the final parameter
estimates and the covariance matrix from the final model.
Medians and the 5th and 95th percentiles of the simulated
concentration—time profiles for the two groups were
compared.

To investigate the impact of hemodialysis on drug
removal, simulations were carried out for subjects with
different hemodialysis schedules (thrice-weekly), includ-
ing: Schedule 1, prior to peginterferon beta-1a dosing and
at 3, 5, and 7 days post-dose (representing the schedule of
the current study); Schedule 2, at 2, 4, 6, and 9 days post-
dose; Schedule 3, at 1, 3, 5, and 8 days post-dose;
Schedule 4, at 0.5 hours, 3, 5, 7, and 10 days post-dose.
Inter-subject variance and random error were fixed at zero
for these simulations.

Modeling Software and Hardware

PK and PD NCAs were conducted using “plasma model”
(200-202; Phoenix ™, WinNonlin®, Pharsight, Sunny-
vale, CA, USA) with extravascular input in Phoenix
WinNonLin software version 1.1 (Pharsight, Sunnyvale,
CA, USA). NONMEM (ICON plc, Dublin, Ireland,
version 7.2) was used for population PK analysis with
Intel Fortran compiler (Intel Corporation, Santa Clara,
California, USA, version 12.1). Pre- and post-analysis
data assembly, manipulations, and diagnostic plots were
carried out using SAS software (SAS Institute Inc., Cary,
NC, USA, version 9.3) and R software (R Foundation for
Statistical Computing, Vienna, Austria, version 15.1). All
PK models were run with 2—8 parallel cores on an HP 20-
node cluster, each node with 2 quad-core Intel Xeon
E5630 (160 cores in total) at 2.53 GHz and 24-60 GB of
RAM.

Results

Subjects

Thirty-five subjects were enrolled and all completed the
study. Baseline demographics are presented in Table 1.
Mean age was 58.9 (range 36—75) years; subjects in the
normal and ESRD renal function groups were younger
(mean age 47.7 and 46.5 years, respectively) than subjects
in the mild, moderate, and severe renal function groups
(mean age 68.2, 59.7, and 65.6 years, respectively). The
majority of subjects were male (63%). The overall mean
body mass index of the safety population was 27.9 kg/m?
(range 20.9-35.9 kg/m?), and was similar across all renal
function groups. Mean height (169.5cm overall) and
weight (80.7kg) were also similar across the groups.
Mean CrCl values were 111, 70.1, 39.2, and 23.5 for
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subjects classified as having normal renal function (CrCl
>80 mL/min) and mild (CrCl >50 mL/min to <80 mL/
min), moderate (CrCl >30 mL/min to <50 mL/min), and
severe (CrCl <30 mL/min) renal impairment, respective-
ly. The majority (28/35) subjects were classified into the
same renal function groups using both the CrCI1'* and
MDRD-GFR methods.

Pharmacokinetics

Mean (+£standard error of mean [SEM]) serum peginter-
feron beta-1a concentrations are presented in Figures la
and 1b for subjects who received a single 125 g dose
(n=6/group). Corresponding NCA PK parameters are
shown in Table 2. Peginterferon beta-la serum concen-
trations reached a peak at approximately 1-2 days post-
dose, followed by a gradual decline. By 14 days post-
dose, peginterferon beta-la concentrations had dropped
below the LLOQ in all subjects. Peginterferon beta-la
exposure increased with increasing renal impairment
except for ESRD subjects. In subjects with mild,
moderate, and severe renal impairment, a 30%, 40%,
and 53% increase in geometric mean AUC;34y, and a
27%, 26%, and 42% increase in geometric mean C,ax
were observed, respectively, compared to healthy sub-
jects. In contrast, AUCs36y, and C,.x were similar
between the ESRD and healthy groups. An approximately
24% decrease in peginterferon beta-1a concentration was

a
I
8
]
2
[=
°
£
2
£
P -
o
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-200 Time (days)
C

Neopterin
(ng/mL)

Time (days)

observed following each hemodialysis (Figure 1b),
indicating that hemodialysis partially removed the drug
from systemic circulation. The geometric mean t,, of
peginterferon beta-la was approximately 2 days for
subjects with normal renal function or mild or moderate
renal impairment, and approximately 3 days in subjects
with severe renal impairment. For subjects with ESRD
who received hemodialysis three times in a week, the
apparent t,, was approximately 2 days, similar to that of
healthy subjects.

Classification of renal function using the MDRD-GFR
method resulted in estimates of exposure to peginterferon
beta-1a similar to those reported for the CrCl method.
Geometric mean ratios of AUC;34, values (compared
with healthy individuals) for subject classified using CrCl
and MDRD-GFR were 1.30 vs. 1.13, 1.41 vs. 1.40, 1.53
vs. 1.62, and 0.88 vs. 0.90 for subjects with mild,
moderate, and severe renal impairment and ESRD,
respectively.

Supplementary Figure Sla shows the correlation
between CL/F and CrCl. Linear regression analysis
(excluding ESRD subjects; n =29) yielded the following
equation (the 95% confidence interval [CI] of the slope
was 0.0732-0.414):

CL/F (mL/min) = 27.7 + 0.244
x CrCl (mL/min) (7)

-1a o g
[=2]
s

400

Peginterferonbeta
(pg/mL)

14
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2004
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Neopteri
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Figure |. Mean (+SD) serum concentration of peginterferon beta-la (a and b) and neopterin (c and d) after a single subcutaneous dose of 125 g
peginterferon beta-la in healthy subjects (circle), subjects with mild (square), moderate (triangle), or severe (inverted triangle) renal impairment, or
subjects with end-stage renal disease (ESRD) undergoing hemodialysis (diamond). Data for healthy subjects and individuals with mild, moderate, or
severe renal impairment are shown on parts a and c. Data for healthy subjects and individuals with ESRD are shown on parts b and d. Vertical broken
lines in parts b and d indicate time window of hemodialysis for subjects with ESRD.
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Table 2. Geometric Mean (Percent Coefficient of Variation [%CV]) Pharmacokinetic and Pharmacodynamic Parameters for a Single Dose of Peginterferon Beta-la 125 g Administered Subcutaneously Across

the Different Renal Populations

Severe renal impairment ESRD on hemodialysis

Moderate renal impairment

(n=6)

(h=6)

=6)

Mild renal impairment (n

=6)

Normal renal function (n

=6)

A(n=6) B (n=8) A (n=6) B (n

B (n=6)

6)

B (n=6) A(n

6)

B (n=4) A(n

6)

A(n

PK parameters

3.79 (68.8)
52.0 (44.8)

48.9 (34.7) 482 (46.2) 53.5 (28.3) 55.7 (25.0)
389 (27.4) 438 (52.1)
2.47 (35.2)

41.6 (94.1)
475 (27.0)

343 (49.7) 45.6 (45.5) 38.6 (24.2)

35.0 (38.2)

AUC;341, (h-ng/mL)
Crnax (pg/mlL)

CLJF (Lih)

441 (43.5)
1.98 (24.6)
36.8 (92.6)
70.2 (37.8)

413 (57.8)
2.47 (44.9)
35.3 (77.0)
469 (31.8)

366 (35.1)
3.08 (23.0)
27.5 (51.6)
475 (29.4)

392 (63.3)
261 (43.7)
37.0 (44.1)
50.6 (32.4)

258 (53.6)
3.30 (42.6)
49.4 (48.9)
58.9 (20.6)

308 (51.5)
3.25 (32.6)
37.0 (75.3)
52.4 (25.9)

199 (29.1)
28.0 (80.9)
77.8 (37.2)

Tmax (hours)
ty, (hours)

PD parameters

22.1 (49.1)
21.1 (33.5)
105 (50.9)
116 (32.9)

22.1 (49.1)
21.1 (33.5)
105.3 (50.9)
115.7 (32.9)

922 (24.2)
5.54 (51.7)
31.6 (33.1)
68.8 (50.7)

9.4 (13.8)

5.6 (49.6)
30.5 (25.9)
64.6 (58.3)

7.81 (84.2)
6.06 (63.9)
35.0 (56.9)
57.7 (56.9)

9.5 (66.2)

6.1 (54.5)
352 (43.5)
69.2 (57.9)

432 (33.6)
3.55 (52.6)
20.5 (43.8)
62.9 (36.3)

45 (49.3)
4.6 (68.4)
26.6 (65.7)
66.0 (27.5)

490 (94.1)
2.28 (65.9)

47 (68.6)

2.4 (50.1)
13.8 (49.1)
54.9 (36.2)

Baseline neopterin concentration (ng/mL)

Neopterin Eaucezzn (h- pg/mL)

13.0 (63.8)
63.1 (34.7)

Neopterin Epeq (ng/mL)

Neopterin Ety,.x (hours)

as defined by CrCl values (calculated using the Cockcroft—-Gault equation); B = as defined by estimated glomerular filtration rate values (calculated using the MDRD equation). AUCj334}, = AUC from time 0 to 336 hours post-dose;

A
C

peak serum concentration; CL/F = apparent peginterferon beta- | a clearance; ESRD = end-stage renal disease; t,, = terminal half-life; T, = time to reach peak serum concentration; Eauce72» = area under the concentration curve

max —

pharmacokinetic; PD = pharmacodynamic.

modification of the diet in renal disease; PK

after baseline correction through 672 hours post-dose; E,.c = peak concentration after correcting for baseline; MDRD

Based on this equation, a CrCl of 100mL/min
corresponded to a typical CL/F of 52.1 mL/min, while a
CrCl of 0 mL/min (y-intercept) corresponded to a CL/F of
27.7mL/min. The extrapolation suggested that non-renal
clearance of peginterferon beta-la accounted for 53%
(27.7/52.1) with a 95% CI of 30% to 82%, with renal
clearance accounting for slightly less than half of the total
clearance (47%).

Linear regression analysis of the correlation between
CL/F and MDRD-GFR yielded the following equation
(the 95% confidence interval [CI] of the slope was
0.0193-0.435):

CL/F (mL/min) = 30.8 + 0.227 x MDRD
— GRF(mL/min/1.73 m?) (8)

Similarly, extrapolation based on this equation
suggested that non-renal clearance of peginterferon
beta-1a account for 58% of total clearance, consistent
with the extrapolation-based CrCl equation (Supplemen-
tary Figure S1b).

Pharmacodynamics

Mean (+SEM) serum neopterin concentrations following
peginterferon beta-la administration are presented in
Figures 1c and 1d for subjects who received a single
125 g dose. Corresponding NCA PD parameters are
shown in Table 2. Neopterin concentrations increased in
all subjects after peginterferon beta-la treatment, con-
firming the pharmacological activity of the drug. Peak
neopterin concentration was reached 2—4 days post-dose,
followed by a gradual decline to baseline concentrations
in approximately 2-2.5 weeks. The healthy group and
mild renal impairment group had similar geometric mean
neopterin baseline; the moderate and severe renal
impairment groups had an approximately twofold greater
and the ESRD group showed a fivefold greater neopterin
baseline compared with the healthy group. Following
peginterferon beta-1a administration, 1.9-, 2.5-, 2.3-, and
8.8-fold increases in geometric mean Eycg721, and 1.9-,
2.6-,2.2-, and 7.6-fold increases in E .. were observed in
subjects with mild, moderate, or severe impairment or
with ESRD, respectively, compared with healthy sub-
jects. In ESRD subjects, hemodialysis seemed to be the
major mechanism for neopterin clearance, with a 46%
geometric mean decrease in neopterin concentration from
pre- to post-hemodialysis (Figure 1d).

Population PK Model

The parameter estimates of the final PK model are listed in
Table 3. Inclusion of CrCl as a covariate for total
clearance (CL) resulted in a marginal decrease of 8.36 in
the objective function value (P < 0.05). The stochastic
model included w? for CL, volume (V), Ka, and CL for
ESRD subjects (CL_ESRD), and V for ESRD subjects
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Table 3. Population Pharmacokinetic Model Parameters (Fixed and Random Effects), Including % Relative Standard Error

Parameter Definition Estimated value Relative standard error (%)
CL (L/h) Typical clearance value for subjects with a CrCl of 31 mL/min 2.12 I
V(L) Volume of distribution 229 9.9
DKa (h™") Difference between absorption rate and elimination rate 0.0448 16
CL_CrCl_COV Coefficient for CRCI covariate 0.00500 45
CL_ESRD (L/h) Clearance for ESRD subjects 2.76 12
V_ESRD (L) Volume of distribution for ESRD subjects 305 39
K dialysis (hf') Elimination rate by hemodialysis 0.0454 47
0*ka Inter-subject variance of Ka 0.166 46
wZCL Inter-subject variance of CL 0.106 37
Wy Inter-subject variance of V 0.194 33
covy cL Covariance of V and CL 0.123 37
wZCL_ESRD Inter-subject variance of CL for ESRD subjects 0.182 80
w2V7E5RD Inter-subject variance of V for ESRD subjects 0.561 40
COVy CL_ESRD Covariance of V and CL for ESRD subjects 0.245 92
SD Coefficient of random error 0.234 6.4
o? random error | Fixed NA

CrCl, creatinine clearance; ESRD, end-stage renal disease.

(V_ESRD), with a covariance between CL and V, as well
as between CL_ESRD and V_ESRD. The final PK model
described both the central trend and the variability of the
data from this study, judged by diagnostic plots and VPC
plot. The VPC plot (presented as Supplementary Figure
S2) shows median values well-aligned between the
observed and simulated drug concentrations and almost
all observed values falling within the 5-95th percentiles.
All other goodness-of-fit diagnostic plots also showed that
the data were adequately described by the model (plots
not shown).

Based on the final estimates, the relationship between
CL and CrCl was described by the following equa-
tion (expressed in the same format as the previous
equation from the NCA analysis, with good agreement
between NCA and population PK parameters):

CL/F (mL/min) = 29.8 + 0.176
x CrCl (mL/min) 9)

Extrapolation based on final parameter estimate
suggested that non-renal clearance accounted for 63%
of total clearance assuming a typical subject with CrCl
of 100 mL/min, within the 95% CI predicted from the
linear regression of the NCA CL ([30%, 82%]). The
absorption rate estimate was 0.0556h™", correspond-
ing to an absorption half-life of 12.5hours, which
suggests that absorption of peginterferon beta-la was
almost complete (>95%) 3 days after administration.
The typical value of V was greater than the typical
values of V for other groups (305 vs. 229 L), which
might be due to water retention in the ESRD subjects.
Based on the drug elimination rate by hemodialysis

(Kagiatysis) estimate (0.0454 h™"), the model predicted a
20% concentration drop following a 4-hour hemodial-
ysis session, which was within the random error,
compared to the observed concentration decrease
(24%) following each hemodialysis. The hemodialysis
schedule was at 3, 5, and 7 days post-dose. Based on
the typical values, 23% of the dosed drug was removed
by hemodialysis. Other hemodialysis schedules were
also simulated; hemodialysis occurring at 2, 4, and 6
days or at 1, 3, and 5 days showed 26% or 22% drug
removal.

Simulation

Simulated steady-state PK profiles for peginterferon
beta-la 125 g administered every 2 weeks showed
that the majority of 5th—-95th concentration intervals
overlapped between subjects with normal renal function
and subjects with severe renal impairment (Figure 2).
Cmax increased slightly, as shown by a simulated
median Cy.x ([Sth, 95th]) of 373 ([187, 798]) pg/mL
for subjects with severe renal impairment, in contrast to
346 ([170, 724]) pg/mL for healthy subjects. Consistent
with the observed AUC increase, simulated median
AUC ([Sth, 95th]) was 42.3 ([24.0, 74.0])ng - h/mL for
healthy subjects, compared with 61.6 ([35.0, 114])
ng-h/mL for subjects with severe renal impairment,
showing a 46% increase while the majority of the range
overlapped.

Simulation of different hemodialysis schedules con-
firmed that hemodialysis timing does not significantly
change the amount of drug removed by hemodialysis
(Figure 3), accounting for 20-27% of the dose with four
different schedules (Schedules 1-4).
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Figure 2. Simulated PK profiles at steady state for subjects with normal
renal function or with severe renal impairment. The dashed lines from
top to bottom represent the 95th, 50th, and 5th concentration
percentiles of the concentration profile in healthy subjects, respectively;
the solid lines represent the 95th, 50th, and 5th concentration
percentiles of the concentration profile in subjects with severe renal
impairment, respectively; the dotted line represents the lower limit of
quantitation (LLOQ; 31.3 pg/mL).

Immunogenicity

One subject tested positive for anti-PEG antibodies at
baseline (n = 1 in ESRD group; anti-PEG antibody titer of
100).

Safety

The incidence of AEs was similar between groups
(Supplementary Table S3). The most common AEs were
chills, headache, influenza-like illness, and pyrexia; no
subjects withdrew because of AEs. No meaningful
relationships were observed between changes in the type
or incidence of AEs and degree of renal impairment. One
serious AE (SAE) was reported in the ESRD group
(gastroenteritis), which was assessed by the study investi-
gator to be unrelated to the study treatment. There were no
reports of death in the study. No clinically significant
changes from baseline in hematology, coagulation or blood
chemistry laboratory values, physical examination,
electrocardiography, or vital signs were observed.

Discussion

This study showed that exposure to SC peginterferon
beta-la was marginally increased in subjects with
decreased renal function, compared with healthy subjects.
Exposure to peginterferon beta-1a was similar in subjects
with ESRD undergoing hemodialysis, and in those with
normal renal function. Consistent results were seen for
exposure to peginterferon beta-1a, regardless of whether
renal impairment was classified according to CrCl or
MDRD-GFR.

Extrapolation using a non-compartmental analysis or
using population PK model indicated that non-renal
clearance accounted for 53% or 62% of total peginter-

feron beta-1a clearance, respectively. Hepatic catabolism
has been shown to be important for clearance of pegylated
(40-kDa) interferon alpha—Za.18 A tissue distribution
study in mice showed that murine interferon beta was
distributed across multiple tissues, including kidney,
liver, spleen, and lung."” Catabolism could potentially
occur in these tissues and multiple clearance pathways
reduce the likelihood of drug accumulation in cases of
organ insufficiency.

Data for ESRD subjects suggest that hemodialysis
partially removes peginterferon beta-1a from the systemic
circulation; simulation of different hemodialysis sched-
ules confirmed that hemodialysis timing does not
significantly change the amount of drug removed by
hemodialysis (20-27% of dosed drug was removed by
dialysis across four different schedules).

Concentrations of neopterin, an established marker of
type 1 interferon receptor activation, increased in all
subjects after administration of peginterferon beta-la,
confirming the pharmacological activity of peginterferon
beta-1a. Increases in neopterin Eoyce72n and Epeax with the
severity of renal impairment might have been due to
reduced renal clearance of neopterin and possibly due to
increased exposure to peginterferon beta-la. It is known
that neopterin is cleared in the kidney and that increasing
renal impairment results in greater neopterin accumulation,
particularly in subjects with ESRD, due to activation of
cellular immune response and changes in blood coagula-
tion molecules upon exposure to hemodialysis.'*'* These
increases in neopterin concentrations are unlikely to be
clinically relevant, as there was no corresponding increase
in AEs, SAEs, or shifts in laboratory parameters, and no
correlation between neopterin concentrations and clinical
efficacy has been reported. Additionally, no toxicity of
neopterin has been reported.?® Therefore, the neopterin PD
parameters were not relevant in consideration of dose
adjustment, but provided supportive information on the
maintenance of peginterferon beta-la pharmacological
activity in renally-impaired subjects.

Single SC doses of peginterferon beta-1a 125 pg were
well tolerated in subjects with renal impairment, with no
meaningful difference in the type or incidence of AEs or
laboratory assessments between renally-impaired and
healthy subjects. The safety profile of peginterferon beta-
la 125pg SC in this study reflects that previous
observations in Phase 1 trials,"® which were suggestive
of a safety profile similar to that of non-pegylated
interferon beta-1a. Additionally, the pivotal Phase 3 study
showed that peginterferon beta-1a was well tolerated and
demonstrated a favorable safety profile, consistent with
the well-established safety profile of beta interferons
currently used to treat MS; there was no evidence of a
relationship between the incidence of influenza-like
illness and exposure to peginterferon beta-1a.> Overall,
the fractional increase in exposure in subjects with
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Figure 3. Simulated PK profiles for ESRD subjects under different schedules for hemodialysis. (a) Schedule I: prior to peginterferon beta-la dosing
andat 3, 5, and 7 days post-dose (representing the schedule of the current study); (b) Schedule 2: at 2, 4, 6, and 9 days post-dose; (c) Schedule 3:at I, 3,
5, and 8 days post-dose; (c) Schedule 4: at 0.5 hours, 3, 5, 7, and 10 days post-dose. Solid line: simulation peginterferon beta-la concentration; dashed

line: LLOQ (31.3 pg/mL); arrows: hemodialysis events.

varying degrees of renal impairment was not considered
clinically significant and no dose adjustment appears to be
necessary for patients with renal impairment receiving
peginterferon beta-1a. An evaluation of the PK and PD of
peginterferon beta-1a in the Phase 3 study is currently
underway and will be the subject of a subsequent
publication to assess whether MS disease changes drug
disposition, and whether the current study interpretation is
applicable to MS patients.

In comparison, analyses of another pegylated interfer-
on, 10-kDa peginterferon alpha-2b, showed that renal
impairment can affect drug exposure, with a greater
elevation in exposure seen with decreased renal func-
tion.* 2! In a single-dose PK study, AUC increased by
27%, 77%, and 107% in subjects with mild, moderate, or
severe renal impairment, respectively;® in a multiple dose
PK study, AUC increased by 30% and 120% in patients
with moderate or severe renal impairment, respectively.’
Variation in the impact of renal impairment on the PK of
these two pegylated interferon agents could be explained
by differing molecular sizes (with peginterferon beta-1a
having a larger 20-kDa pegylation attachment), as this can
increase steric hindrance for renal clearance and reduce
the contribution of renal clearance. Another difference

was that peginterferon alpha-2b is administered more
frequently (once weekly) than peginterferon beta-la
(once every two weeks). Given that t, was similar
between peginterferon beta-1a and peginterferon alpha-
2b (52.7-77.8hours vs. 40.0-65.6hours), this may
suggest that more accumulation of peginterferon alpha-
2b could be expected during the chronic treatment of
patients in the clinic than peginterferon beta-1a at steady
state. Consequently, a dose reduction of 25% and 50%
was recommended for peginterferon alpha-2b for subjects
with moderate and severe renal impairment, respectively.

Participants were categorized to renal function groups
based on recommended regulatory guidelines available at
the time of study design (CHMP'® and Food and Drug
Administration [FDA]*?), which was slightly different
from the updated draft FDA guidance on PK studies in
renal impairment subjects,”® and versus 2012 Practice
Guidelines from Kidney Disease Improving Global
Outcomes (KDIGO).** However, subjects were evenly
distributed across the whole renal function spectrum and
linear regression analyses, which utilized data from all
subjects other than ESRD subjects; this enabled calcula-
tion of clearance based on different classification systems,
which provided similar results.
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In conclusion, this study indicates that renal im-
pairment marginally increases exposure to SC peginter-
feron beta-1a in subjects with mild, moderate, and severe
renal impairment, whereas a similar exposure profile was
seen between healthy subjects and ESRD subjects
undergoing hemodialysis. Peginterferon beta-la was
well tolerated in healthy subjects and subjects with
various degrees of renal impairment, and incidence of
AEs were similar across groups. Based on these results,
no dose adjustments in subjects with various severities of
renal impairment are warranted.
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