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Abstract

Background and Objective Emicizumab is a monoclonal antibody that bridges activated coagulation factor IX and factor X
to restore effective hemostasis in persons with hemophilia A. It is indicated for routine prophylaxis of bleeding episodes in
persons with hemophilia A. The aim of the present study is to describe the exposure—response relationship between emici-
zumab concentrations and bleeding frequency, and to confirm adequate bleeding control of the investigated dosing regimens
1.5 mg/kg once weekly, 3 mg/kg every 2 weeks, and 6 mg/kg every 4 weeks.

Methods Treated bleeding events were pooled from 445 persons with hemophilia A with and without inhibitors against
factor VIII, participating in six clinical studies. Emicizumab concentrations were predicted using a previously developed
population pharmacokinetic model. A count model was used to quantify the exposure—response relationship. These models
were used to illustrate the relationship between emicizumab concentrations and cumulative count of bleeding over 1 year
(annualized bleeding rate).

Results The final exposure—response model, based on a generalized Poisson distribution and an inhibitory E,,, relationship,
adequately describes the relationship between daily emicizumab concentrations and daily bleed frequency. A significant
effect of factor VIII prophylaxis among persons with hemophilia A without inhibitors was found. Annualized bleeding rate
simulations show that the three emicizumab dosing regimens maintain the concentrations close to the plateau of the effect.
At the average steady-state concentration across all regimens (53.5 pg/mL), the predicted mean annualized bleeding rate is
1.28, corresponding to a 94.0% reduction from baseline.

Conclusions These results confirm that average emicizumab concentrations achieved with all three emicizumab dosing
regimens provide adequate bleeding control.

1 Introduction

Hemophilia A is a chromosome X-linked recessive defi-
ciency of factor VIII (FVIII) activity resulting in lifelong
bleeding. Severe disease was accompanied by high morbid-
ity and mortality due to recurrent spontaneous bleeds [1].
The standard of care for hemophilia A includes either
episodic infusion of a FVIII concentrate in response to
symptoms of a bleed or scheduled prophylactic FVIII admin-
istration in an effort to prevent bleeds from occurring. Fac-
tor VIII prophylaxis has been proven to minimize bleeding
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events and complications; however, the prophylactic regimen
requires intravenous infusions of standard half-life FVIII
products at least twice a week because of their short elimina-
tion half-life (8—19 h) [2-5], which can impose a substantial
burden of treatment on patients [6—8]. The emergence of
extended half-life products has allowed for longer intervals
between prophylactic infusions [9, 10]. Up to 30% of persons
with hemophilia A (PwHA) develop neutralizing alloanti-
bodies (inhibitors) against FVIII [11, 12], typically within
the first 50 exposure days to FVIII therapy [13—15], which
renders treatment with FVIII ineffective. These inhibitors
can be eradicated with immune tolerance induction. Those
who express high titer inhibitors are treated with bypass-
ing agents, such as activated prothrombin complex concen-
trate or recombinant activated FVII (FVIIa), which have
decreased efficacy relative to FVIII.
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A count data model described the exposure-dependent,
bleeding-prophylactic effect of emicizumab in persons
with hemophilia A with or without factor VIII inhibitors.

Concentrations above 30 ug/mL are predicted to provide
clinically meaningful control of bleeding.

The dosing regimens of 1.5 mg/kg once weekly, 3 mg/
kg every 2 weeks, or 6 mg/kg every 4 weeks achieve
average concentrations that provide a mean reduction of
annualized bleeding rate of 94.0%.

Emicizumab is a recombinant, humanized, bispecific
monoclonal antibody that simultaneously binds to FIXa
and FX, thereby mimicking the cofactor function of acti-
vated FVIII [16-18]. Preclinical investigations suggested
that emicizumab could address an unmet need in hemo-
philia A treatment, with a high subcutaneous bioavail-
ability [19], a longer elimination half-life compared with
existing treatments, effectiveness regardless of the pres-
ence or absence of FVIII inhibitors, and a lack of FVIII
inhibitor induction [16, 17, 20, 21]. Data collected in the
early clinical program confirmed those characteristics [22,
23]. Based on an exposure—repeated time to event (RTTE)
model [24] developed from limited bleeding count data
collected in 18 Japanese male PWHA who received emici-
zumab [22], three dosing regimens were selected for phase
III trials: 1.5 mg/kg once weekly (QW), 3 mg/kg every 2
weeks (Q2W), or 6 mg/kg every 4 weeks (Q4W).

Following confirmation of clinical efficacy in recent
phase III trials [25-28], these three emicizumab dosing regi-
mens have been approved in PwWHA with or without inhibi-
tors. The population pharmacokinetic (PK) model used in
the multiple ascending dose study [24] was subsequently
updated [29] using data from the phase III trials [25-28].

The pharmacometric analysis presented herein was
performed to (1) further characterize the exposure—bleed
count relationship in PwWHA enrolled in phase I-III clini-
cal studies; (2) identify factors that could contribute to
between-patient variability in the treatment response, and
(3) assess the impact of different dosing regimens (QW,
Q2W, or Q4W) on the treatment response.

This was accomplished by the development of an expo-
sure-response model that links emicizumab exposure to the
daily bleeding count. The model was used to simulate the
relationship between emicizumab concentration and the
cumulative count of bleeding events over 1 year (equivalent
to the annualized bleed rate [ABR]).
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2 Methods
2.1 Clinical Studies, Subjects, and Data

The population exposure—efficacy analysis described here
used data from one Japanese phase I/II study [22, 23] and
four phase III studies: HAVEN 1 [25], HAVEN 2 [26],
HAVEN 3 [27], and HAVEN 4 [28], as well as a non-inter-
vention study [30-32]. The designs, baseline characteris-
tics, and clinical findings of those studies are summarized
in Table 1. The data set included data from a total of 445
PwHA; 60 of them only participated in the non-intervention
studies [30-32], thus data from 385 emicizumab-treated
PwHA were included. Study arms where emicizumab was
not given were included in the analysis to provide more
information on the distribution of bleeds in the absence of
emicizumab. Among PwHA treated with emicizumab, 64
had previously participated in the non-intervention study
[30-32] and later enrolled in the interventional trials. In
addition, in studies HAVEN 1 and HAVEN 3 [25, 27],
6-month data from the study period pre-emicizumab intro-
duction were collected. Thus, the non-intervention period
varies considerably in duration between PwHA in the non-
intervention studies, and for a number of PWHA, no non-
intervention data were available (see Table 1). Only treated
bleeds, as defined previously [25, 33], were considered in
the present analysis.

Persons with hemophilia A (with or without factor VIII
inhibitors) were divided into three arms in the Japanese
phase I/II study [22, 23]. Those in Arm 1 were given 1 mg/
kg subcutaneously (SC) followed by 0.3 mg/kg QW SC.
Participants in Arm 2 were given 3 mg/kg SC followed by 1
mg/kg QW SC. Those in Arm 3 were given 3 mg/kg QW SC.

In phase III studies, PWHA started emicizumab treatment
with loading doses of 3 mg/kg QW for 4 weeks followed by
a QW, Q2W, or Q4W dosing regimen. In HAVEN 1 [24],
PwHA with factor VIII inhibitors were enrolled and ran-
domized into two arms. Arm A was the main arm, where
PwHA with FVIII inhibitors previously on episodic treat-
ment with bypassing agents were given maintenance doses
of 1.5 mg/kg QW SC. Arm B was the control arm, where a
similar PWHA subset did not receive emicizumab until the
primary 24-week efficacy period was completed. In addi-
tion, Arm C included non-randomized participants who were
previously on a prophylactic bypassing agent, and Arm D
included participants who were previously on an episodic
or prophylactic bypassing agent, but unable to enroll in the
other arms prior to their closure. All PWHA in Arms A, B,
C, and D were given a maintenance dose of 1.5 mg/kg QW
SC.

The non-intervention study [30-32] and HAVEN 2 [26]
were single-arm studies. Persons with hemophilia A with
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factor VIII inhibitors were enrolled in HAVEN 2. At the
cut-off date used for the present analysis, all PwWHA in the
pediatric HAVEN 2 were given a maintenance dose of 1.5
mg/kg QW SC. In study HAVEN 3 [27], PWHA (FVIII <
1%) without FVIII inhibitors who received episodic treat-
ment with FVIII prior to study entry were randomized in a
2:2:1 ratio to either an emicizumab maintenance dose of 1.5
mg/kg QW SC (Arm A) or 3 mg/kg Q2W SC (Arm B), or
to a non-prophylaxis control arm (Arm C). Participants in
Arm C were switched to receive the same emicizumab regi-
men as Arm B after the initial study period was completed.
In addition, PWHA who received FVIII prophylaxis prior to
study entry were enrolled in Arm D to receive emicizumab
at a maintenance dose of 1.5 mg/kg QW.

In HAVEN 4 [28], those with either severe congenital
hemophilia A without FVIII inhibitors or hemophilia A
with FVIII inhibitors were initially assigned to a “run-in”
Arm receiving emicizumab at 6 mg/kg Q4W SC without
loading doses, and later on to an “expansion” Arm, where
emicizumab was administered, after loading doses of 3 mg/
kg QW during 4 weeks, using the same regimen as in the
run-in Arm.

2.2 Population PK Predictions

A population PK model was previously developed [29]
using emicizumab PK data from PwHA included in the
Japanese phase I/II study [23, 23] and in the four HAVEN
studies described in Sect. 2.1. It consisted of a linear one-
compartment model with first-order absorption and elimi-
nation processes. The model included covariate effects of
body weight and albumin on the apparent clearance, of
body weight and ethnicity on the apparent distribution vol-
ume, as well as an effect of age on bioavailability. For the
exposure-response analysis of the bleeding events, daily
individual emicizumab concentrations were derived using
recorded dosing, covariate, and individual post-hoc PK
estimates. Daily concentrations were calculated every 24
h over the entire individual observation period, starting at
time O after the first dose. Considering the long elimina-
tion half-life of emicizumab (26.8 days), low PK variations
are expected within a day, justifying this use of an every
24 h-concentration in the exposure—response analysis.

2.3 Exposure-Response Model
A longitudinal count data approach [34-37] was applied.
For each person, the bleeding events were summarized as

the individual number of events per day and included in
the data set.

A\ Adis

2.3.1 Base Bleeding Events Distribution

Several distributions could be used to describe count data,
such as Poisson, generalized Poisson, zero-inflated Pois-
son, negative binomial, or zero-inflated negative binomial.
The assumption of equi-dispersion, which is a character-
istic of the Poisson distribution, was first checked on the
complete count data by comparing the individual mean
and variance estimates, as well as by graphical analysis.
See the ESM for more details.

A parametric approach was used to model the bleeding
events on a given day in the absence of emicizumab treat-
ment (i.e., potentially in the presence of FVIII treatment).
The instantaneous rate of events (hazard) was modeled
using a constant rate 1, (the mean daily number of events
when no emicizumab prophylaxis was given), and asso-
ciated with a lognormal inter-individual variability, such
that:

hos = Age, (1

with 4, ; being the estimated mean daily number of events
in individual 7 in the absence of treatment and #; being the
approximate proportional deviation from A for individual i.
At the population level, the random effect was sampled from
a normal distribution with mean value 0:

-1, -+ 1) ~N((), wz), )

with @? being the inter-individual variance among the n
PwHA.

2.3.2 Base Exposure—Response Model

In a second step, data from the intervention period under
emicizumab administrations were added, and a model imple-
menting the selected bleeding count distribution was fit to
the full data set.

Several structural forms for the effect of emicizumab
concentrations on bleed counts were tested, such as linear,

power, and inhibitory E_,, (,,,,) functions.

max max.

2.3.3 Covariate Model

Following the establishment of a basic exposure—response
model structure, the following covariates were tested: inhibi-
tor status (yes/no), prior prophylaxis with FVIII (yes/no), prior
prophylaxis with bypassing agents (yes/no), body weight, FIX
and FX antigen levels at baseline, baseline ABR during the
6 months prior to study enrollment, ethnicity (Asian/white/
black/other), and dosing regimen (QW, Q2W, or Q4W). Con-
tinuous covariates on parameter R were tested as follows:
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R =R <X“>gr 3)
1 TV )A( >

in which Ry, is the population value for parameter R, X;
represents the value of covariate X for individual i, and X is
the observed median of the covariate in the study population.
The covariate effect is described by 6..

Categorical covariates were tested as follows:

R; = Ryy <1 +0x Iy, >’ “

in which 6y represents the fractional change in R for cat-
egory m (m in 2...M) of covariate X, and Iy is an indicator
variable with value 1 if subject i falls in category m, and O
otherwise. Note that this implies that Ry, is the value of the
parameter for the first level of X.

In the model, the predicted emicizumab concentration was
allowed to exert an effect on a bleeding additive to the one of
FVIII during the first week of treatment. No additional prophy-
laxis with FVIII was allowed when 1 week had passed after the
commencement of emicizumab administration.

The covariate search was performed using a stepwise covar-
iate model search procedure, as implemented in Perl-speaks
NONMEM (“PsN”) [38]. More details on the implementation
of the covariate search are provided in the ESM.

2.3.4 Model Selection and Qualification

Model selection was made based on overall judgment, tak-
ing into account Akaike information criterion values [39], the
posterior distribution of the log likelihood function, physio-
logical plausibility of parameter values, successful numerical
convergence, and standard error of parameter estimates, and
on outcomes of a visual predictive check [40] (see the ESM).

2.4 Simulation-Based Exploration of Target
Efficacious Exposure and Doses

Using the final exposure—response model, simulations were
performed to explore the predicted relationship between
ABR and the emicizumab concentrations, assuming that
no other prophylaxis was given. For each model parameter,
population values were sampled from the vector of standard
errors to account for uncertainty in the parameter estimates
as if new trials were replicated. The number of trial repli-
cates M was set at 1500. Then, within each replicate, indi-
vidual parameters for 1000 people were obtained by sam-
pling the random effects (#:s) from the variance—covariance
matrix. For each replicated trial and each simulated PwHA,
the treatment period was set to 365.25 days to obtain annual
bleeding rates. The values of n and M were not formally
determined through simulation but taken as common repli-
cate and sample sizes.

2.5 Software

All modeling and simulation analyses were performed
using NONMEM [41] Version 7.3.0 (ICON Development
Solutions, Ellicott City, MD, USA) assisted by Perl-speaks-
NONMEM Version 3.5.3 (http://psn.sourceforge.net/) [38]
on workstations with Intel® Core. i7 processors, Windows 7
Professional and the GNU gfortran compiler (Version 4.5.0,
ftp://ftp.globomaxnm.com/Public/nonmem7/compilers).
Post-processing of NONMEM analysis results was carried
out in R Version 3.2.2 (R Development Core Team, 2008).

2.5.1 Estimation Methods

Stochastic approximation of the Expectation—Maximization
(EM) algorithm followed by a Monte Carlo-Markov chain
Bayesian estimation [36, 37] was used. See the ESM for
more details.

3 Results
3.1 Exposure-Response Data

The data set is summarized in Table 1. Median age was 29
years (range 1-77 years), and 227 (51%) persons had FVIII
inhibitors.

3.2 Population PK Predictions

The medians of the daily emicizumab concentrations dur-
ing active treatment in each arm are summarized in Fig. 1.
The daily concentrations in the overall population ranged
between 0 (during the pre-intervention period) and 162 pg/
mL. Only those who were exposed to emicizumab were
included in the plot. For the purpose of this calculation, peo-
ple remained assigned to their initial dosing cohort. Dosing
interruptions and up-titration occurred, and monitoring time
varied between individuals in the current data set. As dose
up-titrations occurred in the 0.3- and 1.0-mg/kg QW cohorts
in the Japanese phase I/II study, the concentrations in these
cohorts appear to be disproportionately high.

3.3 Exposure-Response Model

A generalized Poisson distribution was selected. See the
ESM for more details on the distribution and structural model
selection. The final model included an /,, relationship for the
effect of daily emicizumab concentrations on the daily bleed
frequency (4,), with I ., fixed to 1. Previous prophylaxis with
FVIII was included in the model a priori, adapted from the

previous exposure—RTTE model [21]. None of the covariates

A\ Adis
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tested was found to be significant. The parameter estimates of
the final model are presented in Table 2.
The final model can be written as follows:
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, (6)
y!

P, (Y =y)=

where /;, is the expected bleeding count on day ¢ for indi-
vidual 1, 4; is the baseline A for individual /, C,,; ;, is the
predicted plasma concentration of emicizumab on day ¢ for
individual 7, IC is the concentration to achieve 50% of the
maximum drug effect, PLX , is the status of ongoing/no use

of FVIII treatment at time ¢ for individual i, taking the value
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1 on days where FVIII treatment was given, 0 otherwise,
and 6p, x is the effect of FVIII prophylaxis on bleeding haz-
ard.P; (Y = y)is the probability of observing count y on day
t for individual i. 6 is the dispersion factor for the generalized
Poisson distribution described in Eq. (6). Inter-individual
variability was successfully estimated for 4, while inclusion
of inter-individual variability for the other parameters (6p; x
and 6) provided numerically unstable results, indicating that
these effects were not supported by the data. The estimate
of fp; x 0.811, which denotes the effect of prophylaxis with
FVIII, corresponds to a 44.7% reduction in bleeding hazard,
as calculated from Eq. (5).

The estimated half maximal inhibitory concentration
(ICs), 3.58 pg/mL, was low compared to the expected con-
centration ranges at steady state under the intended dos-
ing regimens, distributed around 50 pg/mL (Fig. 1). The
model adequately predicted the bleeding onset over time
both before and after the start of emicizumab prophylaxis,
as shown in the visual predictive check (Figs. 2, 3, S2-S9
of the ESM). The central tendency of the data was captured
well, and the effect of emicizumab is visualized clearly by
the observed bleed counts. In Fig. 2, the proportion of per-
sons not receiving an intervention and experiencing a sin-
gle daily bleed fluctuates between 2 and 5%. In contrast, in
Fig. 3, where data from PWHA treated with emicizumab are
presented, bleed frequencies are considerably lower. Like-
wise, in the top panel of Fig. S4 of the ESM, the proportion
of PWHA experiencing a single daily bleed after being dosed
with 0.3 mg/kg QW varies between 1 and 4%. In contrast,
the proportion of PWHA in the bottom panel, treated with 1
mg/kg QW, experiencing a single daily bleed never exceeds
1%. This illustrates the exposure—response relationship in
the data, which is well captured by the model.

3.4 Simulation of Clinical Outcome

The simulated bleed counts as a function of emicizumab
concentration are presented in Fig. 4, in which the predicted
ranges of daily mean steady-state concentrations for PwWHA
treated with maintenance doses of 1.5 mg/kg QW, 3 mg/kg
Q2W, and 6 mg/kg Q4W are overlaid.

The simulated mean ABR was 21.1 in the absence of
emicizumab or any other prophylactic treatment. Annualized
bleed rate decreased with an increasing emicizumab concen-
tration, with a relatively flat relationship for concentrations
above approximately 30 pg/mL. At steady state, the fifth
percentiles of trough concentrations at the three regimens
are 28.4, 24.9, and 17.7 pg/mL, respectively [29]. As the
treatment effect is linear, the protective effect at concentra-
tions below 30 pug/mL would be considerable, keeping in
mind that the estimated ICs, was 3.58 ug/mL.

4 Discussion

The daily bleed count following emicizumab administra-
tion was well described using a generalized Poisson model
and an [, relationship between daily emicizumab con-
centrations and daily bleed frequency. A similar relation-
ship was used in the previous RTTE analysis [24]. The
effects of a number of covariates were tested, and the use
of FVIII prophylaxis among PwWHA without inhibitors was
found to significantly reduce the bleed count at baseline.
The model showed good predictive performance and was
used to simulate the relationship between emicizumab
concentration and ABR.

Table 2 Parameter estimates
of the developed exposure—

response model

Parameter Unit Estimate 95% CI*
Model structure
Ao (expected mean daily bleed count) Event/day 0.0238 0.0206-0.0270
6 (dispersion factor for generalized Poisson distribution) - 0.0244 0.0164-0.0324
ICs, (concentration to achieve 50% of drug effect) pg/mL 3.58 3.034.14
Covariate effect
Op x; (effect of prophylaxis with FVIII treatment among ~ — 0.811 0.757-0.865
PwHA without FVIII inhibitors®)
Inter-individual variability
@?, variance of - 1.73 1.37-2.09

Ao baseline bleeding hazard, 6 dispersion parameter, CI confidence interval, FVIII Factor VIII, ICs, the
plasma emicizumab concentration to reduce A by half, PwHA persons with hemophilia A

“Derived from 2000 samples from the Bayesian posterior distribution

®Modeled according to Eq. (5)

A\ Adis



938 F. Jonsson et al.
0 50 100 150 0 50 100 150
| | | | | | | | | | |
No Bleeds 1 Bleed 2 Bleeds >2 Bleeds
©
o 4
=
©
o
=
o o
S S
_.Q © o o
< -
g 2 3 |
8 o
°
c
il
- <
§ 2
[T v e}
o o
o o
N o o
o 4
=
[aV)
o 4
=
T T T T T T T T T T T T W“ Aﬁ\nl
0 50 100 150 0 50 100 150

Time after study entry (days)

Fig.2 Visual predictive check plot for the count data model: non-
intervention study period, all data pooled. Circles and solid blue lines
are the observed fractions of persons with hemophilia A experiencing

The simulation results indicate that the recommended
emicizumab dosing regimens produce average steady-
state exposures that correspond to a clinically meaningful
reduction of ABR (Fig. 4). Although the bleeding prophy-
lactic effect is driven by the concentration of emicizumab
and the three dosing regimens lead to different concentra-
tion—time profiles, the generated exposures are on average
at the plateau of the exposure-response relationship. A
lower dose, hence concentration, may lead to a lower effi-
cacy. Annualized bleed rate decreased with an increasing
emicizumab concentration, with a relatively flat relation-
ship for concentrations above approximately 30 pg/mL.
Such effective concentrations were generally achieved on
average in the population with all three dosing regimens.
For instance, at a concentration of 53.5 pug/mL (the con-
centration achieved on average over all three regimens
[29]), the predicted mean ABR is 1.28, which corresponds
to a 94% reduction in ABR from baseline. In addition, it
should be noted that the fifth percentile of the individual
steady-state trough concentrations following QW, Q2W,
or Q4W dosing regimens (see Table 5 in [29]) includes
values slightly lower than 30 ug/mL. This indicates that a
lower dose concentration may lead to a loss of therapeutic
benefit for some PwHA.
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the respective number of daily bleeds in each period, shaded areas are
the simulated 95% prediction intervals, derived using the final model

The simulated mean ABR in the absence of prophylactic
treatment with FVIII or emicizumab was 21.1. This is close
to the observed ABR among emicizumab-naive PWHA, for
which an average of 24 was calculated based on the observed
mean baseline ABR in the study population.

The phase III dosing regimens had not been tested in the
preceding phase I-I/II studies, but was selected based on the
RTTE model [24]. In the present study, using a larger patient
database, the similar efficacy of these dosing regimens was
confirmed. In conjunction with the earlier findings, the same
dose of emicizumab to either adult or adolescent populations
with or without FVIII inhibitors was also supported.

Prophylaxis with FVIII had a profound effect on the
bleeding rate, with a 44.7% reduction in bleeding hazard.
This effect is substantially larger than the previous RTTE
estimate [24], which was 23.9% (0p; x = 0.314). However,
the previous estimate of fp; x Was associated with a very
wide 95% confidence interval, 0.00314—1.96, correspond-
ing to a 0.31-66% reduction. Lack of randomization in the
selection of PWHA receiving FVIII prophylaxis, as the study
was not designed to assess this effect, could also explain
this finding. Likewise, the present estimate of ICs, 3.58 pg/
mL, is larger than the ICy, derived from the RTTE model,
1.19 pg/mL, but within the previous confidence limits of
0.308-3.77 pg/mL.
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Fig.3 Visual predictive check plot for the count data model: emici-
zumab period, all regimens pooled. Circles and solid blue lines are
the observed fractions of persons with hemophilia A experiencing the
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Fig.4 Simulated exposure-response analysis of emicizumab. Gray
shading around the simulated mean plot lines indicate the 2.5th and
97.5th percent boundaries of the prediction intervals. Gray horizontal
bars indicate the simulated range of steady-state mean trough concen-
trations and mean maximum concentrations over a dosing interval at
maintenance doses of 1.5 mg/kg once weekly (QW), 3 mg/kg once
every 2 weeks (Q2W), and 6 mg/kg once every 4 weeks (Q4W). ABR
annualized bleeding rate

In the Japanese phase I/II study, the clock time of each
bleed was precisely collected, contrary to the HAVEN stud-
ies [25-28], where only the day of each bleed was collected,

respective number of daily bleeds in each period, shaded areas are the
simulated 95% prediction intervals, derived using the final model

leading potentially to multiple simultaneous events per day.
Thus, as an alternative to the RTTE approach, a longitudi-
nal count data modeling approach [34-37] was used here to
characterize the exposure—response relationship of emici-
zumab in PWHA. This could be considered an extension of
the RTTE approach, where a similar model has been applied
to data with fewer restrictions in terms of recording the exact
time points of each bleed.

There were limitations in the range of exposure con-
centrations in the population available for this expo-
sure—response analysis. The majority of PWHA in the
current database were receiving maintenance doses of 1.5
mg/kg QW, 3 mg/kg Q2W, or 6 mg/kg Q4W, with the
exception of PwWHA from the Japanese phase I/II study
that encompassed only a few percent of the total popu-
lation (see Table 1). This results in exposure concentra-
tions mostly between 25 and 75 ug/mL, which is close to
the exposure concentration associated with the maximum
effect (Fig. 4). The lack of data at lower exposure concen-
tration could produce problems for the estimation of the
exposure—-response relationship in the bleed count model.
However, data from the initial phase of emicizumab proph-
ylaxis, where the concentrations were lower, were also
included, thus providing access to data also outside the
25- and 75-pg/mL concentration range.
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The dosing frequency was taken into account in the model
by using individual dosing records and PK parameter esti-
mates. Any additional effects of the regimen were also inves-
tigated in the covariate analysis, and no statistically signifi-
cant effect of treatment under Q2W and Q4 W regimens was
found on ICs,. This aligns with the mechanism of action
of emicizumab, for which the plasma concentrations at a
given time are expected to drive the effect. This was further
confirmed by the ability of the exposure-response model,
assuming a direct effect between the daily concentrations
and risk of bleeding, to properly describe the daily bleed
count. The detection of any significant regimen effects on
IC5, would have been an indication of structural weakness
in the model.

In addition to the clinical efficacy observed in phase III
HAVEN studies [25-28], this analysis allowed a compre-
hensive characterization of the relationship between emici-
zumab plasma concentrations and the probability of bleeding
events in PWHA with or without FVIII inhibitors. It further
supported the adequacy of the three emicizumab dosing
regimens to provide clinically meaningful control of bleed-
ing events. Following confirmation of clinical efficacy in
phase III trials [25-28] and supported by the present expo-
sure—response analysis, all three emicizumab dosing regi-
mens have been approved in PWHA with or without FVIII
inhibitors.

5 Conclusions

A pharmacokinetic-bleeding count data model was devel-
oped using pooled data from six studies to characterize the
exposure-dependent, bleeding-prophylactic effect of emici-
zumab among PwHA with or without FVIII inhibitors. It
shows that ABR decreased rapidly with an increasing emi-
cizumab plasma concentration (ICs, = 3.58 ug/mL), with a
relatively flat relationship for concentrations above approxi-
mately 30 pg/mL. Such concentrations were achieved on
average with the three approved therapeutic dosing regimens
of 1.5 mg/kg QW, 3 mg/kg Q2W, and 6 mg/kg Q4W.
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