Clinical Pharmacokinetics (2020) 59:1611-1625
https://doi.org/10.1007/5s40262-020-00904-z

ORIGINAL RESEARCH ARTICLE q

Check for
updates

Population Pharmacokinetic Analysis and Exploratory
Exposure-Bleeding Rate Relationship of Emicizumab in Adult
and Pediatric Persons with Hemophilia A

Sylvie Retout'® - Christophe Schmitt' - Claire Petry' - Francois Mercier’ - Nicolas Frey'

Published online: 5 June 2020
© The Author(s) 2020

Abstract

Background Emicizumab is a bispecific monoclonal antibody developed for routine prophylaxis of bleeding in people with
hemophilia A (PwHA). This work characterizes the pharmacokinetics of emicizumab in adult and pediatric PWHA, identifies
factors contributing to its between-person variabilities, compares the pharmacokinetics following different dosing regimens,
and makes a descriptive assessment of the exposure—bleeding events relationship.

Methods A population pharmacokinetic model was developed, using a database of 389 PwWHA from five clinical studies.
Potential baseline covariate effects were assessed, including body size, age, race, presence of factor VIII inhibitors, and
albumin levels. Using the population pharmacokinetic model, the estimated individual average exposures over the adminis-
tration period were compared across categories of annualized bleeding rate.

Results A linear one-compartment model with first-order absorption and elimination processes and no lag time best described
the emicizumab pharmacokinetics. Body weight, albumin levels, age, and black race were statistically correlated with primary
pharmacokinetic parameters, but only body weight had an important influence on exposure. Dosing regimens of 1.5 mg/kg
weekly, 3 mg/kg every 2 weeks, or 6 mg/kg every 4 weeks provided similar average concentrations at steady state. A trend
for lower exposure was observed in the small proportion of PWHA having an annualized bleeding rate >4 (11.9%), suggest-
ing that reducing exposure to lower levels may potentially increase the bleeding risk.

Conclusions Emicizumab pharmacokinetics in PWHA was described with dose-independent parameters. Body weight was
an important predictor of emicizumab pharmacokinetics. All three dosing regimens are predicted to achieve similar exposure
associated with clinically meaningful prevention of bleeding.

1 Introduction of a bleed or scheduled prophylactic FVIII administration
in an effort to prevent bleeds from occurring. Factor VIII
prophylaxis has been proven to minimize bleeding events

Hemophilia A is a chromosome X-linked recessive defi-
and complications [1]; however, it requires lifelong IV

ciency of factor VIII (FVIII) activity resulting in lifelong
bleeding. Severe disease (FVIII < 1 IU/dL) is accompa- infusion two to four times each week, resulting in high
nied by high morbidity and mortality due to recurrent fre- treatment burden, unsatisfactory adoption, incomplete
quent spontaneous bleeds into joints, muscles, or soft tis- adherence, and complications associated with indwelling
sues. Treatment relies on either episodic intravenous (Iv) 1V catheters [2]. Up to 30% of persons with hemophilia A

infusion of FVIII concentrates in response to symptoms (PwHA) develop neutralizing alloantibodies (inhibitors)
against infused FVIII [3], and those who express high-

titer inhibitors are treated with bypassing agents, such as
EIeFtronic supplementary material The online version of t}}is activated prothrombin complex concentrate [4] or recom-
article (https://dol.org/10.1007/540262-020-00904-2) contains binant activated factor VII [5], which have decreased effi-
supplementary material, which is available to authorized users. R
cacy relative to FVIIL.
D4 Sylvie Retout Emicizumab (Hemlibra®; F. Hoffmann-La Roche, Ltd,
sylvie.retout@roche.com Basel, Switzerland) is a humanized bispecific monoclonal
antibody that bridges activated factor IX and factor X [6

Roche Pharma Research and Early Development, y ) g K L. A (61,
Pharmaceutical Sciences, Clinical Pharmacology, Roche thereby restorlng.the functlon.of mlssmg activated FVIFI
Innovation Center Basel, Postfach, 4070 Basel, Switzerland needed for effective hemostasis at the site of bleeding in
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Pharmacokinetics of emicizumab was characterized in
adults, adolescents, and children with hemophilia A.

Maintenance doses of 1.5 mg/kg weekly, 3 mg/kg every
2 weeks, or 6 mg/kg every 4 weeks are expected to pro-
vide similar exposure associated with clinically mean-
ingful prevention of bleeding; lower dose (exposure)
could potentially lead to a lower effect.

Apart from the body-weight dosing, no requirements for
additional dose adjustment were identified.

PwHA. It has no structural relationship to FVIII and does
not induce or enhance the development of inhibitors to FVIII
or to other coagulation factors [7]. Emicizumab is adminis-
tered subcutaneously with high bioavailability [8], obviat-
ing the need for venous access. Its long elimination half-life
(t,/2), of 45 weeks [9], enables weekly or less frequent dos-
ing, which is an advantage over frequent IV administration
of FVIII therapies [10]. Emicizumab may therefore substan-
tially improve upon current treatment options for PwWHA and
fulfill a strong medical need.

Three different subcutaneous (SC) emicizumab dosing
regimens, 3 mg/kg once weekly (QW) for 4 weeks followed
by: 1.5 mg/kg (QW), 3 mg/kg every 2 weeks (Q2W), or
6 mg/kg every 4 weeks (Q4W), were confirmed in recent
trials [11-14] to have an acceptable safety profile and similar
clinically meaningful efficacy in preventing or reducing the
frequency of bleeding episodes in PWHA with or without
FVIII inhibitors. In addition, the first characterization of
emicizumab pharmacokinetics was performed on phase I/
II data on a limited number of people [15].

The aims of the presented analyses were to: (i) develop a
population pharmacokinetic (popPK) model to characterize
the pharmacokinetics of emicizumab in PwHA enrolled in
phase I-1III clinical studies, and to identify factors that con-
tribute to its between-person variability (BPV); (ii) compare
the emicizumab PK time course following the QW, Q2W, or
Q4W dosing regimens; and (iii) make a descriptive assess-
ment of the relationship between emicizumab exposure and
the rate of bleeding events over a year interval, to support
the dosing recommendation.

2 Materials and Methods
2.1 Clinical Studies and Patient Data

The popPK analysis population consisted of 389 pediatric,
adolescent, or adult PWHA with or without inhibitors against
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FVIII who were participants in one of five clinical studies (a
phase I/II study or four phase III: HAVEN 1-4; Table 1). All
PwHA included in this analysis were emicizumab treatment
naive before study entry, then were treated with emicizumab,
and had emicizumab plasma concentration data available.

All study protocols were approved by the institutional
review board at each site. Participants provided written
informed consent before enrollment in the studies, which
were conducted in full conformance with the Declaration
of Helsinki.

Plasma emicizumab concentrations were measured using
a validated bridging enzyme-linked immunosorbent assay.
In brief, emicizumab was captured by a rabbit anti-idiotype
monoclonal antibody against factor X-binding antigen-bind-
ing fragment and detected by a mouse anti-idiotype mono-
clonal antibody against activated factor IX-binding antigen-
binding fragment, followed by a peroxidase-labeled goat
anti-mouse immunoglobulin G. The lower limit of quantifi-
cation was 50 ng/mL in the phase I/II study and 100 ng/mL
in the phase III studies.

In the phase III HAVEN studies, bleeding event data
were recorded by participants/caregivers using an electronic
handheld device [11-14]. Treated bleeds, as defined in the
HAVEN studies [11, 16], were summarized at the patient
level into an annualized bleeding rate (ABR) using the fol-
lowing formula:

Number of treated bleeds

ABR =
Total number of days during the efficacy period

X 365.25.

The reported ABR in this article focuses on treated bleeds
only, in line with the primary endpoints of the HAVEN stud-
ies [11, 16]. The start of the efficacy period for each PwWHA
receiving emicizumab coincided with the day of the first
emicizumab dose. The end of the efficacy period was defined
as the date of the clinical cut-off or withdrawal from the
study, whichever occurred earlier. For PWHA whose dose
was up-titrated, the efficacy period ended 1 day prior to the
first day of the up-titrated dose.

2.2 Population Pharmacokinetic Modeling
2.2.1 Base Pharmacokinetic Model Development

Analysis of the PK data was conducted using non-linear
mixed-effects modeling with NONMEM (version 7.2.0,
FOCE Interaction). In line with the low affinity of emici-
zumab to its target antigens (activated factor IX and factor
X), and observations from the phase I/II study [6, 17, 18],
emicizumab was assumed to have linear pharmacokinetics
without target-mediated drug disposition. Models with one
and two compartments, with a first-order absorption with
or without lag time, parameterized in terms of clearance(s)
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and volume(s) of distribution, were tested. Between-person
variability was modeled, assuming a log-normal distribution
of the individual parameters. The residual error model was
assumed combined, with an additive and multiplicative part.

2.2.2 Covariate Model Development

The potential association between patient covariates and
all of the primary PK parameters were evaluated in a step-
wise manner. First, a generalized additive modeling (GAM)
[19], implemented in Xpose (version 4.6.0), was conducted,
regressing the inter-individual random-effect estimates on
the individual covariate values. Possible covariate relation-
ships were retained if they showed a reduction of at least 4
points on the Akaike information criterion [20] and a total
inclusion frequency > 0.8 from a bootstrap of the GAM [21].

The retained covariates were further tested simul-
taneously on all parameters in a full covariate model
[22-24], after checking their scientific relevance and/
or mechanistic plausibility. Continuous covariates were
normalized to the population median values, using
the general equations: 6,= 0, - (covi/covm)e““" or
0; = Opop - (1 + By, - (cov; —cov,,) ), where 6 is the indi-
vidual model-predicted PK parameter for an individual with
a covariate value, cov,, 9p0p is the population central ten-
dency for the PK parameter 6, cov,, is the population median
or widely used standard value of the covariate, and 6., is the
covariate effect. The more appropriate of the two equations
was selected based on visual inspection of the individual
parameters with respect to the covariate.

Categorical covariates were tested and incorporated in
the model as index variables using the general equation:
0; = Opop (1+ 6, - (covi) ), where cov; is coded as either
0 or 1. To investigate the combined effects of covariates on a
given PK parameter, the covariate effect parts from the three
equations above were multiplied.

Tested covariates at baseline included age (pedi-
atric PwHA: > 1 to< 12 years, adolescent: > 12 years
to < 18 years, and adult PwHA: > 18 years), body mass

index, body weight (BW), body surface area, race (white,
black, Asian [including Japanese], other, or unknown),
patient status (with or without FVIII inhibitors), and albu-
min (ALB) level. Summary statistics of these covariates are
reported in Tables 2 and 3.

Inferences about the importance for the pharmacokinetics
of the estimated covariate effects were made based on the
magnitude and precision of covariate parameter estimates. A
covariate effect was defined as having “no important impact
on the pharmacokinetics” if the entire 90% interval of pos-
terior distribution of 10,000 sampled estimates of the effect
fell within the covariate effect unimportant region. This
region was defined as +20% of the median sampled typical
parameter normalized to the median [25]. The full model
was then reduced, dropping covariate effects that were not
statistically significant (95% confidence interval including
the null value) and therefore deemed to be not important.

The influence of renal and hepatic impairment on the
pharmacokinetics of emicizumab was investigated using
descriptive statistics. People were classified into normal,
mild, moderate, and severe categories. For renal function,
the classification used was that of either the National Kid-
ney Foundation [26] based on the Cockcroft—Gault formula
[27] at baseline (HAVEN 1, HAVEN 3, and HAVEN 4) or
the Bedside Schwartz and Work formula [28] at baseline
(HAVEN 2). For hepatic function, the National Cancer Insti-
tute Organ Dysfunction Working Group’s hepatic impair-
ment categorization [29] was followed. Inter-individual
random-effect estimates were compared across the different
patient categories.

2.2.3 Model Selection and Evaluation Criteria

The ability of the investigated popPK models to describe the
observed data was assessed and compared using multiple
criteria. First, a decrease in the objective function value of
at least 6.63 was considered statistically significant. This
corresponds to a nominal p <0.01 and 1 degree of freedom
in the Chi-square distribution of the difference in objective

Table2 Summary (median [minimum-maximum]) of the continuous covariates included in the population pharmacokinetic database

All studies HAVEN 1 HAVEN 2 HAVEN 3 HAVEN 4 Japanese phase I/
II study

Number of PWHA with 389 112 63 148 48 18

evaluable PK
Age (years) 30.0 [1.22-77.0]  28.5[12.0-75.0] 7.12[1.22-15.7] 38.0[13.0-77.0] 38.0[14.0-68.0] 30.0[12.0-58.0]
Body weight (kg) 69.1 [9.50-156] 71.7 [40.1-156]  22.6 [9.50-63.0]  76.6 [43.0-139] 74.2[43.3-102] 60.4 [40.8-81.7]
Bodzy mass index (kg/  23.6 [13.1-52.4]  23.9[15.1-52.4] 16.2[13.1-30.3] 25.0[16.8-40.6] 23.7[16.9-33.2] 22.5[14.4-30.0]

m°)

1.81 [0.479-2.58]
45.0 [16.8-56.6]

Body surface area (m?)
Albumin level (g/L)

1.83[1.31-2.58]
45.0 [33.0-54.9]

0.86 [0.469-1.69]
43.0 [16.8-51.1]

1.93 [1.41-2.58]
46.0 [37.0-56.6]

1.85[1.41-2.17]
45.5 [34.0-56.0]

1.67 [1.40-1.98]
45.5 [42.0-52.0]

PwHA persons with hemophilia A, PK pharmacokinetics
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function value between hierarchical models. Standard good-
ness-of-fit plots were also used as criteria, together with the
inspection of the relative standard errors of the parameters.
Shrinkage was computed for each individual parameter to
evaluate the degree of regression to the mean value. Once
selected, the predicted performances of the final model were
evaluated using predicted-corrected visual predictive checks
[30] for all data or data split per study and/or dosing regi-
men, where relevant.

2.3 Pharmacokinetic Model-Based Simulations

Individual primary PK parameter estimates were obtained
for each PWHA from the final popPK model, and were used
to simulate individual secondary PK parameters for the three
dosing regimens: 1.5 mg/kg QW, 3 mg/kg Q2W, and 6 mg/
kg Q4W. For each of them, steady-state PK profiles were
simulated by steps of 6 h, and individual trough concen-
tration (Cygygn ss) and maximum concentration (C,,y gs) at
steady state were computed as the minimum and maximum
simulated values, respectively; the corresponding time to
reach Cy,, ss (fnmax.ss) Was also reported. Secondary PK
parameters, including elimination ?,,,, absorption half-life,
area under the curve of plasma concentration over a dosing
interval 7 at steady state (AUCqg ) with 7=1, 2, or 4 weeks,
average concentration (C,, 5 calculated as AUCqq ./7), and
peak-to-trough ratio at steady state (C,, ss/Cirough,ss)> Were
also derived and summarized together with Cy.p 55 and
Cmax,SS'

Additional simulations were also conducted to inves-
tigate the impact of the retained covariates on the steady-
state PK profile, and to graphically display the predicted
PK profile over the first 6 months of treatment in children
(age < 12 years) and adults and adolescents (age > 12 years),
for the three different dosing regimens. For these PK profile
simulations, 1000 virtual PWHA were created. Covariates
were sampled, with replacement, in the popPK database,
keeping the link at the individual level between the covari-
ate values. Summaries of the simulated PK profiles were
then computed using the median and the 5th and the 95th
percentiles.

2.4 Graphical Exploratory Analysis of Exposure-
Bleeding Rate Relationships for People
with Hemophilia A

Graphical exploratory analyses were conducted to investi-
gate whether the variability in emicizumab exposure could
explain the variability in the ABR, using data from the four
phase III studies at the tested QW, Q2W, or Q4W dosing
regimens. Because PWHA in those studies were not treated
for the same duration at the time of the data cut-off, only
efficacy data of PWHA from the PK database and who were
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treated for at least 24 weeks were considered. In addition,
the data cut-off date of HAVEN 4 was extended from 18
October, 2017 to 15 December, 2017, and included the 41
PwHA in the expansion cohort (Q4W dosing regimen).

The graphical exposure-efficacy analyses compared the
estimated individual average concentration (C,,) distribution
across PwWHA grouped by severity of their respective esti-
mated ABRs, as defined in Sect. 2.1: ABR=0, ABRin>0
to 4, and ABR > 4. These C,, were defined as the estimated
total exposure over the period of dose administration before
any up-titration divided by the length of that period.

3 Results
3.1 Emicizumab Population Pharmacokinetic Model

A total of 4966 plasma concentrations collected from 383
evaluable PwWHA pharmacokinetic profiles (Fig. S1 of the
Electronic Supplementary Material [ESM]) were used for
the base popPK model development. Data below the lower
limit of quantification were limited (< 1% of the data) and
therefore excluded from the analysis. A one-compartment
model with first-order absorption and first-order elimination,
and without any lag time, best described the data, as previ-
ously reported for the phase I/II study [15]. The primary PK
model parameters estimated were apparent clearance (CL/F),
apparent volume of distribution (V/F), and absorption rate
constant. Between-person variability was incorporated on all
of the primary parameters. The additive part of the residual
error model was fixed to the half of the lower limit of quan-
tification in the phase I/II study; the multiplicative part was
estimated.

Body weight was strongly positively correlated with CL/F
and V/F, and was included in the base model, with esti-
mated power coefficients of 0.939 and 1.07 for CL/F and
VIF, respectively. This reduced the BPV on CL/F from 56.4
to 30.0% and on V/F from 60.7 to 28.1%. Eta shrinkage was
modest for CL/F and V/F (4.1% and 8.8%, respectively),
limiting the risk of misinterpretation of the GAM analysis
[31]; it was larger for absorption rate constant (42.7%).

Two PwHA with abnormally low ALB at baseline
(16.8 g/L and 27.0 g/L, respectively), compared to the nor-
mal range for ALB: 37-55 g/L [32], were removed from
the covariate model development, therefore conducted
using data from 381 PwHA. From the GAM analysis, the
covariates selected to be further investigated in NONMEM
were age and ALB on CL/F, and age and race (black) on
V/F. Because age was found to impact the two apparent
parameters CL/F and V/F in a similar manner, an additional
investigation of the impact of age on the apparent bioavail-
ability parameter (F) was performed. No covariates were
selected to be further tested on absorption rate constant.
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Table 4 NONMEM parameter estimates for the final population pharmacokinetic model

Parameter Unit Estimate RSE (%) 95% CI (lower—upper) Shrinkage (%)
Fixed effects (BW 70 kg; ALB 45 g/L; age <30 years)
CL/F L/day 0.272 1.9 0.262-0.282
VIF L 104 1.9 10.0-10.8
KA 1/day 0.536 7.1 0.462-0.610
Inter-individual variability®
CL/F CV% 28.7 8.6° 3.7
VIF CV% 25.9 8.9° 10.3
KA CV% 72.5 14.7° 40.6
Correlation CL/F-V/F - 0.217 31.8°
Correlation CL/F-KA - —0.341 25.0°
Covariate effects
Effect of BW on CL/F - 0911 32 0.854-0.968
Effect of ALB on CL/F - 1.57x 1072 28.4 0.696x 107 to 2.44x 1072
Effect of BW on V/F - 1.00 3.0 0.941-1.06
Effect of Black on V/F - -0.215 19.7 —0.298 to —0.132
Effect of AGE > 30 years on F - 6.51x107 16.3 443%107t0 8.59% 107
Error model?
o, (additive) pg/mL 0.025 Fix -
0, (proportional) % 14.6 2.0 14.0-15.2
Condition number® - 13.7 - - -

o residual error, AGE age, ALB albumin level, BPV between-patient variability, BW body weight, CI confidence interval, CL/F apparent clear-
ance, CV coefficient of variation, F' apparent bioavailability parameter, Fix fixed, KA absorption rate constant, PK pharmacokinetic, RSE relative

standard error of estimate, V/F apparent volume of distribution
#Assumed to follow an exponential error model

"RSE computed for the corresponding variance

‘RSE computed for the corresponding covariance

dAssumed to follow a combined additive-plus-proportional error model

Ratio of the largest eigenvalue to the smallest eigenvalue of the correlation matrix

The full covariate approach retained the effects of BW and
ALB on CL/F, BW and black race on V/F, and age on the
F. Other covariates did not have a significant effect on the
PK parameters.

The parameter estimates of the final popPK model are
reported in Table 4 and the diagnostic plots in Fig. 1 (also
Fig. S2 of the ESM for additional investigations between
parameters and the retained covariates). Precise estimates
were achieved and this final model did not present any major
deficiencies in the goodness-of-fit plots. The equations for
the covariate models are presented below:

CL/F = 0272 x (BW + 70)®°!1 x (1 — 0.0157 x (ALB — 45)),
V/F = 104 x (BW =+ 70)"% x (1 — 0.215 x BLK),
IF (AGE <30)F = lelse F= 1 -0.00651 x (AGE —30),

where BLK is 1 if persons are black, and 0 otherwise.

The importance of the detected covariate effects on the
PK parameters is represented in Fig. 2. Body weight strongly
impacts CL/F and V/F, modifying their typical value up to
—85/+108% and — 87%/+ 123%, respectively, for extreme
BW values of 9 kg and 156 kg. Age also strongly reduces F
in PWHA > 65 years. In contrast, the effects of ALB on CL/F
and of black race on V/F were minimal.

Figure 3 reports predicted-corrected visual predic-
tive checks in different sub-groups of studies (HAVEN 1,
HAVEN 2, HAVEN 3, and the expansion part of HAVEN
4), dosing regimens, or ages. Additional predicted-corrected
visual predictive checks for the phase I/II study and the run-
in part of HAVEN 4 are reported in Fig. S3 of the ESM.
The final popPK model adequately captures both the cen-
tral tendency and the BPV of emicizumab pharmacokinet-
ics in the target population, whatever the age group (ado-
lescents/adults, pediatric > 1 to < 6 years, or pediatric >6
to < 12 years), the dosing regimen (QW, Q2W, or Q4W),

A\ Adis
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Fig. 1 Goodness-of-fit plots 2004 ° 200+ °
for the final pharmacokinetic .
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Fig.2 Effects of the retained covariates on the population pharma-
cokinetic parameters in the final model. The ratio posterior distribu-
tions of the population CL/F (left), V/F (middle), and F (right), calcu-
lated for various covariate values over the population parameter value
calculated for a reference patient with body weight of 70 kg, albumin
(ALB) level of 45 g/L, and age of 30 years are presented. Selected
covariate values include the respective minimum and maximum
covariate values observed in the population pharmacokinetic data-
base, as well as arbitrary selected values for illustration purposes. The
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Time (day) [Log]

AGE_50
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AGE_77 A
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Change in F Relative to Reference Patient

shaded area represents typical values+20% and represents the zone
where the covariate effect is not considered potentially important.
AGE_50, AGE_65, and AGE_77 age of 50, 65, and 77 years, ALB_33
ALB level of 33 g/L, ALB_57 ALB level of 57 g/L, BLK black race,
CL CL/F (L/day), CL/F apparent clearance, F' apparent bioavailabil-
ity parameter, V V/F (L), V/F apparent volume of distribution, WT_9
body weight of 9 kg, WT_40 body weight of 40 kg, WT_110 body
weight of 110 kg, WT_156 body weight of 156 kg
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Fig.3 Visual posterior predictive check for emicizumab per study,
dosing regimen, and age: every week (QW) dosing regimen for
HAVEN 1 (top left) and HAVEN 3 (top right); every 2 weeks (Q2W)
dosing regimen for HAVEN 3 (middle left); every 4 weeks (Q4W)
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dence interval, Pred Corr predicted-corrected
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Table 5 Secondary pharmacokinetic (PK) parameters derived for emicizumab per considered dosing regimens using the primary individual PK
parameters obtained by the final population PK model

Secondary PK parameters 1.5 mg/kg QW 3 mg/kg Q2W 6 mg/kg Q4W

Mean (SD) Median [5th-95th]  Mean (SD) Median [5th-95th]  Mean (SD) Median [5th-95th]

percentiles percentiles percentiles

t,, (day) 26.8 (9.16) 25.1[13.9-41.4] 26.8 (9.16) 25.1[13.9-41.4] 26.8 (9.16) 25.1[13.9-41.4]
t1/2.a0s (day) 1.61 (0.957) 1.27[0.897-3.80] 1.61 (0.957) 1.27 [0.897-3.80] 1.61 (0.957) 1.27 [0.897-3.80]
Cinax.ss (Hg/mL) 54.9 (15.9) 53.9[30.9-82.4] 58.1(16.5) 57.0[33.6-85.9] 66.8 (17.7) 65.9 [40.4-97.7]
tmaxss (day) 2.51(0.29) 2.50[2.25-3.00] 3.76 (0.71) 3.50[3.00-5.25] 4.99 (1.35) 4.50 [2.50-10.0]
Ciroughss (Hg/mL) 51.1 (15.3) 49.9 [28.4-78.7] 46.7 (14.9) 45.6 [24.9-75.0] 38.3(14.3) 36.5 [17.7-64.7]
Cinax,s8'Cirough,ss () 1.08 (0.03) 1.07 [1.03-1.15]  1.26 (0.12) 1.24[1.12-1.49]  1.85 (0.46) 1.74 [1.36-2.85]
AUC ; (ngx day/mL) 375 (108) 366 [211-568] 749 (219) 733 [423-1135] 1499 (439) 1465 [845-2271]
Cyyss (hg/mL) 53.5(15.7) 52.3[30.2-81.1] 53.5(15.7) 52.3[30.2-81.1] 53.5(15.7) 52.3[30.2-81.1]

N=381, AUCss, 7 steady-state AUC over dosing interval z, with =1 for QW, 2 for Q2W, or 4 weeks for Q4W, C,, ¢ steady-state average con-
centrations, C,,,, s maximum concentration at steady state, C,,,,,,.; 55 trough/minimum concentration at steady state, PK pharmacokinetic, QW
every week, Q2W every 2 weeks, Q4W every 4 weeks, SD standard deviation, ¢;,, elimination half-life, t;/, ., absorption half-life, #,,,, s time to
reach maximum concentration at steady state
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Fig.4 Illustration of the impact of body weight (top left), age (top
right), race (bottom left), and albumin (ALB) level (bottom right) on
the predicted pharmacokinetic concentration profile at steady state
following 1.5 mg/kg every week subcutaneously. Top left: predic-
tions performed for white persons with hemophilia A (PwHA) with
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Time over a dosing interval at steady state (day)

an ALB level of 45 g/L. Top right: predictions performed for white
PwHA with an ALB level of 45 g/L. Bottom left: predictions per-
formed for 30-year-old PWHA weighing 70 kg with an ALB level of
45 g/L. Bottom right: predictions performed for white 30-year-old

PwHA weighing 70 kg. y years
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Fig.5 Predicted pharmacokinetic time course in persons with hemo-
philia A (PwHA) 1 to<12 years or>12 years with respect to the
three different maintenance doses: 1.5 mg/kg every week (QW),

or the PWHA status (with or without FVIII inhibitors). This
qualified its use for simulation.

Mild hepatic or renal impairment had no impact on the
PK parameters (Tables S1-S3 of the ESM). No conclusions
on the impact of moderate or severe impairment could be
drawn owing to the very small sample size, and because no
participants had severe impairment.

3.2 Pharmacokinetic Model-Based Simulations

The individual secondary PK parameters are summarized in
Table 5. The estimated mean (standard deviation) elimina-
tion ¢,, and absorption t,,, for emicizumab were 26.8 days
(9.16 days) and 1.61 days (0.957 days), respectively.

3 mg/kg every 2 weeks (Q2W), or 6 mg/kg every 4 weeks (Q4W).
Blue curve: median of predictions. Blue area: 90% prediction inter-
vals. MD maintenance doses

The impact of BW, age, race (i.e., black vs other races),
and ALB on the popPK profiles at steady state are illustrated
in Fig. 4 for PWHA receiving emicizumab 1.5 mg/kg QW
SC. Similar graphs for a dose of 3 mg/kg Q2W SC or 6 mg/
kg Q4W SC are depicted in Figs. S4 and S5 of the ESM.

Low variation due to BW impact on the level of PK con-
centration at steady state was predicted, within a range of
50-60 pg/mL, as is expected with weight-based dosing. The
race effect seen in black PWHA on V/F had no impact on the
PK profile at steady state; there was negligible reduction
in the Cyoyen ss (<2%) and augmentation of Cy,, 55 (<1%)
for a black PWHA compared with a white or Asian PwWHA
(assuming other parameters were equivalent: 30 years of age,
weight 70 kg, and ALB level of 45 g/L). Compared to that
same reference PWHA, with estimated C,, g5 of 55.1 pg /mL,
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Fig. 6 Distribution of estimated average concentrations (C,,) by cat-
egory of annualized bleeding rate (ABR) for persons with hemophilia
A from studies HAVEN 1, HAVEN 2, HAVEN 3, and HAVEN 4
(expansion cohort), who received at least 24 weeks of emicizumab
treatment. The dotted red line represents the median of the C,, and

a decrease of 16% in C, g5 at a low ALB level of 33 g/L
(Cay.5s=46.4 ng/mL) and an increase of 23% at a high ALB
level of 57 g/L. (C,, ss=68.0 pg/mL) were predicted, as well
as a 31% reduction in steady-state exposure in the case of a
77-year-old PWHA. This latter result was supported by the
observation that PK profiles had a tendency toward lower
concentrations in older age PwWHA (data not shown).

Predicted PK profiles with respect to pediatric PwWHA > 1
to < 12 years and adolescent and adult PWHA (> 12 years) for
the three different dosing regimens (QW, Q2W, and Q4W)
over a period of 6 months of emicizumab administrations
are reported in Fig. 5. Negligible differences were observed
in the PK profiles between PWHA aged 1 to <12 years and
older PWHA. As expected, larger fluctuation in the concen-
trations over the dosing interval was observed with a less
frequent dosing regimen, although the average concentration
remained constant across regimen groups.
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the orange dotted lines the 25th (P25) and 75th (P75) percentiles of
observation, respectively. Distributions are represented as density
histograms so that the area of each rectangle equals the relative fre-
quency of the corresponding class, and the area of the entire histo-
gram equals 1

3.3 Exploratory Exposure-Efficacy Relationships

A total of 320 PWHA were treated for at least 24 weeks. As
described in several studies [11-14], clinically meaningful
prevention of bleeding was observed for PwWHA receiving
QW, Q2W, or Q4W emicizumab administrations, with a
large proportion of PWHA with zero treated bleeds (61.6%).
There was a limited proportion of PWHA with an ABR >4
(11.9%). Only 11 patients in the HAVEN studies were up-
titrated to 3 mg/kg QW.

Figure 6 displays the distributions of the estimated C,, by
ABR category; further splits per dosing regimens (Fig. S6
of the ESM) and per PWHA status (with or without FVIII
inhibitors, Figs. S7 and S8 of the ESM) are depicted in the
ESM. The exposure distributions by ABR category largely
overlapped. However, a very slight, but consistent, decrease
in exposure was observed with an increase of ABR category
severity, leading to a slightly lower median emicizumab C,,
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in the ABR of >4, independent of dosing regimen or PwWHA
status.

4 Discussion

The PK characteristics of emicizumab following SC admin-
istrations in PwWHA with or without FVIII inhibitors were
investigated using a popPK approach. The popPK model,
developed using a database of 383 PwHA aged between
1.22 and 77.0 years, was a one-compartment model with
first-order absorption and elimination processes. The phar-
macokinetics of antibodies is usually described by a two-
compartment model; however, the SC formulation of emi-
cizumab may imply an initial distribution phase masked by
the absorption phase, only the terminal disposition phase
therefore being visible. The final popPK model relies on
dose- and time-independent PK parameters; they were accu-
rately estimated and the diagnostic plots did not indicate any
major unexpected deficiencies in the model. Because of the
low magnitude of the proportional errors (14.6%) and the
low within-person variability in the observed Cy;,ygh g5 OVer
time, no inter-occasion variabilities were deemed necessary
to be included [33]. The visual predictive checks per study
and per dosing regimen (Fig. 3) demonstrated the good per-
formance of the model in describing the pharmacokinetics
of emicizumab in pediatric, adolescent, and adult PwWHA,
whatever the dosing regimen.

The absorption and elimination t;, were estimated at
1.61 days and 26.8 days, respectively. This elimination is
slightly longer than for classical humanized immunoglobulin
G antibodies [34], and may be a consequence of a reduced
isoelectric point from the antibody engineering [7, 35].

A positive correlation between BW and both CL/F and
V/F was estimated, likely representing the catabolism of the
antibody by the reticuloendothelial system in reticular con-
nective tissues widely distributed throughout the body [36].
Weight-based dosing showed rather similar steady-state
exposures across a large range of BWs (Fig. 4). For V/F, the
BW exponent matched the classical allometric exponent of
1; for CL/F, a higher exponent (0.91) than the classical 0.75
value was found. This leads to lower clearance in younger
children compared to allometry, probably owing to a matu-
ration effect.

A lower V/F (—=22%) in black PWHA compared with white
PwHA was detected, although no clear explanation for this
finding has currently been found. It has, however, no obvious
impact on the steady-state exposure, as illustrated in Fig. 4.

A positive correlation between ALB and CL/F was also
detected, leading for instance to a 16% reduction in exposure
in a PWHA with an ALB level of 33 g/LL compared to the

typical 45 g/L. median value. Albumin and immunoglobu-
lin G are both recycled by the neonatal Fc receptors; ALB
in plasma could therefore be a surrogate for the activity of
neonatal Fc receptor protein in the individuals [34], explain-
ing the detected correlation between ALB and CL/F. Nev-
ertheless, for the PWHA from the four phase III HAVEN
studies, the lower exposure with low ALB did not translate
into lower efficacy, with, overall, observed ABRs close to
0 in both groups of PWHA with ALB at baseline >45 g/L
(N=205) and <45 g/L. (N=159).

The apparent bioavailability gradually decreased for
PwHA aged older than 30 years, leading to a predicted
steady-state exposure decrease of 31% in a 77-year-old
PwHA compared to a 30-year-old PwWHA having an F of 1.
This may reflect a potential age-related decrease in hypoder-
mis thickness [37] or reduced neonatal Fc receptor express-
ing cells and/or lymphatic drainage; all of these are key play-
ers in SC bioavailability of therapeutic antibodies [38, 39].
Nevertheless, the lower exposure in elderly individuals does
not impair efficacy, with, overall, observed ABRs close to 0
in both elderly individuals (age > 65 years, N=13) and other
(agd <65 years, N=351) PwHA.

For PwWHA aged 1-30 years, no age effect on primary PK
parameters was found once the body size effect on CL/F
and V/F was accounted for in the model. Emicizumab PK
characteristics in pediatric PWHA aged younger than 1 year
were also investigated, taking into account the impact of
organ maturation on the drug disposition [40]; this will be
reported in a future publication.

None of the other covariates tested either statistically (i.e.,
FVIII inhibitor or non-inhibitor status, body mass index,
body surface area) or graphically (National Cancer Institute
classification for hepatic impairment, renal function) was
found to further explain the PK variability of emicizumab.
At the time of the popPK model development, four PWHA
had anti-emicizumab antibodies; only one of them experi-
enced an associated decline in the emicizumab PK profile
and was excluded from the model development.

A minor trend toward a reduction in the ABR with
increasing median emicizumab C,, was observed, suggest-
ing that the plateau of the exposure—response relationship
has been reached but that reducing emicizumab exposure to
lower levels may potentially increase the risk of bleeding.
The three maintenance doses of 1.5 mg/kg QW SC, 3 mg/
kg Q2W SC, and 6 mg/kg Q4W SC are predicted to gen-
erate similar emicizumab C,, associated with a clinically
meaningful reduction in the ABR. The relationship between
emicizumab exposure and the ABR explored in this article,
as well as the lack of impact of age and ALB on efficacy
were further confirmed via exposure—efficacy relationship
modeling [41] (to be published separately).
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5 Conclusions

Emicizumab pharmacokinetics was characterized in adults,
adolescents (age > 12 years and < 18 years), and children
(age>1 year and < 12 years) with hemophilia A with or
without FVIII inhibitors. Body weight is an important pre-
dictor of emicizumab exposure, justifying the weight-based
dosing. The three dosing regimens: 3 mg/kg QW SC for
4 weeks followed by 1.5 mg/kg QW, 3 mg/kg Q2W, or 6 mg/
kg Q4W SC, are predicted to generate similar emicizumab
exposures associated with clinically meaningful prevention
of bleeding.
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