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Abstract

Enzalutamide is an androgen receptor inhibitor extensively metabolized to the pharmacologically
active metabolite N-desmethyl enzalutamide. This study developed an integrated physiologically
based pharmacokinetic (PBPK) and exposure—response (E-R) modeling framework to evaluate the
standard 160-mg and reduced 120-mg once-daily regimens. The whole-body PBPK model
demonstrated acceptable predictive performance, with geometric mean fold errors of 1.16—1.35 and
mean relative deviations of 1.39—1.41. Virtual population simulations showed that 77.0% and 85.5%
of individuals receiving 120 and 160 mg, respectively, achieved the androgen receptor occupancy-
associated concentration of 5 ng/mL, whereas 14.5% and 28.5%, respectively, reached or exceeded
the exploratory toxicity-associated reference concentration of 16.1 pg/mL. PBPK-predicted total
active-moiety trough concentrations were integrated with reconstructed clinical survival data using
parametric E-R models. Predicted median progression-free survival was 13.7 and 18.0 months for the
120- and 160-mg regimens, respectively, and predicted median overall survival was 32.0 and 34.0
months. Although the simulation intervals overlapped and the independent exposure effects remained
uncertain, the findings provide a model-informed pharmacological rationale for prospective
evaluation of reduced-dose enzalutamide as a dose-optimization strategy.



1.Introduction

Enzalutamide is a second-generation androgen receptor (AR) inhibitor that targets the AR signaling
pathway. It exerts its antitumor activity by inhibiting androgen binding to the AR, preventing AR
nuclear translocation, and blocking AR interaction with DNA."? Enzalutamide was initially approved
in 2012 under the trade name XTANDI® for the treatment of metastatic castration-resistant prostate
cancer (mCRPC), with subsequent expansion of its indications to other stages of prostate cancer,
including metastatic hormone-sensitive prostate cancer (mHSPC).

The standard approved dosing regimen of enzalutamide is 160 mg once daily. Following oral
administration, enzalutamide is absorbed with a time to maximum plasma concentration of
approximately 1-2 h and has a long terminal half-life of approximately 5.8 days after a single dose.
With once-daily administration, steady state is generally achieved within approximately 4 weeks.?
Although a high-fat meal may delay the rate of absorption, the overall extent of enzalutamide
absorption is not substantially altered. Enzalutamide is highly bound to plasma proteins
(approximately 97-98%), while its active metabolite, N-desmethyl enzalutamide, exhibits
approximately 95-97% protein binding. Enzalutamide is predominantly metabolized by cytochrome
P450 (CYP) enzymes, particularly CYP2C8 and CYP3A4, with CYP2C8 representing the major
metabolic pathway.?* N-desmethyl enzalutamide is pharmacologically active and exhibits activity
comparable to that of the parent compound, whereas the carboxylic acid metabolite is
pharmacologically inactive.”> At steady state, systemic exposure to N-desmethyl enzalutamide is
comparable to that of enzalutamide, highlighting the importance of considering both the parent drug
and its active metabolite when characterizing enzalutamide pharmacokinetics.

Progression-free survival (PFS) and overall survival (OS) are key clinical efficacy endpoints in
prostate cancer. In phase 3 clinical trials, the approved 160-mg daily dose of enzalutamide
significantly improved PFS, OS, and other clinically relevant outcomes compared with placebo in
patients with advanced prostate cancer.®® However, treatment-related adverse events, including
fatigue and central nervous system-related toxicities, can necessitate dose reduction or treatment
discontinuation. Several clinical studies have suggested that reduced-dose enzalutamide may retain
substantial therapeutic efficacy while improving tolerability, although the exposure-based
pharmacological basis supporting such dose-reduction strategies remains insufficiently
characterized.” ' In particular, it remains unclear whether the additional systemic exposure achieved
with the standard 160-mg dose translates into a clinically meaningful improvement in efficacy relative
to a reduced dose or instead increases exposure associated with toxicity.

Physiologically based pharmacokinetic (PBPK) modeling provides a mechanistic framework for
integrating drug-specific physicochemical and absorption, distribution, metabolism, and excretion
properties with physiological characteristics to predict systemic drug exposure under different dosing
conditions. Previous PBPK models of enzalutamide and N-desmethyl enzalutamide have primarily
focused on the characterization of pharmacokinetics and drug—drug interactions, including CYP2CS-
and CYP3A4-mediated interactions.* However, the application of PBPK modeling to the quantitative
evaluation of alternative enzalutamide dosing strategies has not been sufficiently explored. In
particular, integration of PBPK-predicted exposure with pharmacologically relevant target
concentrations, exposure associated with toxicity, and long-term clinical efficacy may provide a
quantitative framework for evaluating whether a reduced enzalutamide dose can maintain therapeutic
benefit while limiting unnecessary systemic exposure.

Therefore, this study aimed to develop and evaluate a whole-body PBPK model for enzalutamide and
its active metabolite, N-desmethyl enzalutamide, and to apply the model to quantitatively compare the
standard 160-mg and reduced 120-mg once-daily dosing regimens. PBPK-based population
simulations were performed to characterize steady-state exposure and pharmacological target
attainment, while a previously reported toxicity-associated trough concentration was incorporated as
an exploratory safety benchmark. Furthermore, PBPK-derived exposure metrics were integrated with
parametric survival models of PFS and OS to characterize the exposure—response relationship.



Through this integrated PBPK and E-R modeling framework, we sought to provide a quantitative
pharmacological basis for evaluating reduced-dose enzalutamide as a potential dose-optimization
strategy.

2. Methods
2.1. Data & Software

Clinical pharmacokinetic and survival data were obtained from previously published clinical studies.
For PBPK model development and evaluation, plasma concentration—time data for enzalutamide and
N-desmethyl enzalutamide were collected from single- and multiple-dose studies conducted in healthy
participants and patients with prostate cancer.'"> When numerical pharmacokinetic data were not
directly available, concentration—time profiles were digitized using WebPlotDigitizer.

For exposure-response (E-R) modeling, published Kaplan—Meier curves for progression-free survival
(PFS) and overall survival (OS) were obtained from clinical studies evaluating enzalutamide at the
investigated dose levels, including 120 and 160 mg, as well as corresponding placebo groups.®3!%16

The Kaplan—Meier figures were imported into IPDfromKM, and ordered time—survival probability
coordinates were extracted along the entire reported follow-up period rather than at selected time
points. The total sample size and the numbers at risk at the reported risk-table time points were
entered for each treatment group; the total number of events was additionally incorporated when
available. Individual event and censoring times were subsequently reconstructed using the modified
iterative Kaplan—Meier algorithm implemented in IPDfromKM
(https://biostatistics.mdanderson.org/shinyapps/IPDfromKM)/).!° The accuracy of the reconstruction
was assessed by overlaying the reconstructed and published Kaplan—Meier curves and by comparing
the reconstructed numbers at risk and survival estimates with the corresponding reported values.

PBPK models for enzalutamide and its active metabolite, N-desmethyl enzalutamide, were developed
using PK-Sim® version 11.2 (Open Systems Pharmacology Suite). E-R models were developed using
NONMEM version 7.5.1 (ICON Development Solutions, Ellicott City, MD, USA), with Pirana
version 3.0.0 and Perl-speaks-NONMEM (PsN) version 5.3.1 used for model execution and
evaluation. Data processing, noncompartmental analysis, statistical analyses, target-attainment
calculations, and graphical visualization were performed using R version 4.4.1 and RStudio.

2.2. PBPK model development and evaluation

A comprehensive literature search was conducted to collect physicochemical properties, in vitro and
in vivo absorption, distribution, metabolism, and excretion (ADME) data, and clinical
pharmacokinetic profiles of enzalutamide and N-desmethyl enzalutamide. Drug-specific parameters
required for PBPK model development were obtained from published literature and the U.S. Food and
Drug Administration (FDA) clinical pharmacology and biopharmaceutics reviews whenever
available.!” Parameters that were not directly available from the literature were estimated or optimized
by fitting the model to the observed clinical pharmacokinetic data. For tissue distribution, the specific
organ permeability (Pes, men) Was set to 5.15 x 107* cm/s based on a previously published study.”

The metabolic clearance of enzalutamide was parameterized based on a literature-reported intrinsic
clearance (CLint) of 0.894 pL/min/mg protein.'® Enzalutamide metabolism was represented by four
pathways: (1) CYP2C8-mediated formation of N-desmethyl enzalutamide, (2) CYP2C8-mediated
metabolism to other metabolites, (3) CYP3A4-mediated formation of N-desmethyl enzalutamide, and
(4) CYP3A4-mediated metabolism to other metabolites. The relative contributions of these pathways
were determined using clinical drug—drug interaction (DDI) data with gemfibrozil, a potent CYP2CS8



inhibitor, and itraconazole, a potent CYP3A4 inhibitor.*

Because the intrinsic clearance of N-desmethyl enzalutamide has not been directly reported, its value
was derived from the total hepatic clearance reported in a previous PBPK study using an in vitro—in

vivo scaling approach (Equations 1 and 2).4?°
CLnepatic = CLine iy % 32 MPPGL?! x 25.7 (Human liver scaling factor?!) (D
CL t
CLspecific = - 2)

2.36 (Volume of liver) X 0.67 (Fraction intercellular of liver)

To evaluate the predictive performance of the PBPK model, the predicted pharmacokinetic
parameters, including Cpax and AUC.s, were compared with their corresponding observed values. The
geometric mean fold error (GMFE) for Crmax and AUCjqst and the mean relative deviation (MRD) for
the plasma concentration—time profiles were calculated according to Equations 3 and 4, respectively.
Model performance was considered acceptable when the predicted PK parameters were within two-
fold of the corresponding observed values.?! The MRD and GMFE were calculated as follows:
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where Cpreqiand Cops; represent the predicted and observed plasma concentrations for the i th
observation, respectively, and m represents the total number of concentration pairs. PK 4 ; and
PK,ps,i represent the predicted and observed pharmacokinetic parameters Ciax or AUCas: for the i th
comparison, respectively, and n represents the total number of pharmacokinetic parameter pairs. In
addition, goodness-of-fit plots were generated to visually compare the predicted and observed plasma
concentration—time profiles and pharmacokinetic parameters.

A sensitivity analysis was performed to identify the input parameters that had the greatest influence on
the predicted pharmacokinetic profiles of the final PBPK model. Parameters that were optimized
during model development or were potentially affected by the selected calculation methods were
included in the analysis. The evaluated parameters included lipophilicity, solubility, fraction unbound
in plasma, specific intestinal permeability, dissolution time and shape, and clearance parameters
associated with enzymatic reactions.

2.3. PBPK-based pharmacological target attainment analysis

Virtual population simulations were performed using the final PBPK model to characterize the steady-
state trough concentration (Cirough, ss) Of enzalutamide following once-daily administration of 120 and
160 mg. For each dosing regimen, 200 virtual individuals were generated based on the demographic
characteristics of the patient population represented in the clinical survival studies.®*!%!¢ This
population size was selected in accordance with previous PBPK simulation studies that used 200
virtual individuals to characterize population-level pharmacokinetic variability and exposure
distributions.?!-?%%3

Pharmacological target attainment was evaluated using a Cirough,ss Of 5 g/mL as a pharmacologically
relevant benchmark, based on previous FDHT-PET findings suggesting near-maximal androgen
receptor occupancy at concentrations around this level.>** Target attainment was defined as an



individual Cyougnss > 5 pg/mL, and the target attainment rate (TAR) was calculated as the proportion of
virtual individuals achieving this benchmark.

For additional clinical context, the simulated Ciough, ss distributions were also considered in relation to
a previously reported toxicity-associated concentration. Patients requiring dose reduction because of
Grade 3 toxicity had a higher mean enzalutamide Ctrough than those not requiring dose reduction
(16.1£2.4vs. 11.6 +2.6 ug/mL; P=0.027).2* The reported value of 16.1 ug/mL was therefore used
only as an exploratory reference for contextualizing the upper range of the simulated exposure
distributions and not as a formal toxicity threshold.

2.4. E-R Model development and evaluation

Parametric survival models were developed to characterize progression-free survival (PFS) and
overall survival (OS). Prior to the incorporation of exposure covariates, four parametric survival
distributions—exponential (Equation 5), Weibull (Equation 6), Gompertz (Equation 7), and log-
normal (Equation 8)—were evaluated as candidate base structural models. The optimal structural
model for each survival endpoint was selected based on the Akaike information criterion (AIC).

S(t) = exp™ (5)
S(t) = exp~ """ (6)
S(t) = exp~ MY @)

_ Int—pu
s@© =1-0(—*) ®)

where S(t) denotes the probability of remaining event-free beyond time t; A denotes the scale or rate
parameter; ¥ denotes the shape parameter for the Weibull and Gompertz distributions; and ¢ and o
denote the location and scale parameters, respectively, of the logarithm of survival time in the log-
normal distribution.

Following selection of the base structural model, PBPK-predicted Cirough, ss Was selected as the
representative exposure metric for the E-R analysis. This selection was pharmacologically motivated
by FDHT-PET findings indicating that enzalutamide-mediated androgen receptor target engagement
approached a plateau over the clinically relevant trough-concentration range.? In addition, Cirough, ss
has been used as an exposure metric in a large exposure-response analysis of overall survival and in
smaller clinical studies evaluating exposure in relation to pharmacological activity or toxicity.>%
Collectively, these pharmacological and clinical considerations supported the selection of Cirougn, ss aS
the representative exposure metric in the present analysis.

Because N-desmethyl enzalutamide is pharmacologically active and exhibits key primary
pharmacodynamic activity of similar in vitro potency to that of enzalutamide, the trough
concentrations of the parent drug and active metabolite were summed assuming equal potency to
derive total active-moiety Cirough, «s.> This 1:1 potency assumption was used as a pragmatic

approximation because compound-specific clinical potency estimates were not available.

The resulting total active-moiety Ciyoyon Was incorporated into the hazard model as a continuous,
time-varying covariate and centered relative to the median value within each active-dose group. The
categorical effects of the 120- and 160-mg dosing regimens were also evaluated. Models
incorporating the Ctrough effect, categorical dose effect, or both effects were assessed to determine
whether PBPK-predicted exposure provided additional information beyond the administered dose.
Model selection was based on an integrated assessment of numerical and graphical criteria. Numerical
evaluation included changes in the objective function value (OFV), parameter precision, and
parameter uncertainty, while visual assessment was performed by comparing the observed and model-



predicted survival profiles and examining the corresponding time-to-event visual predictive checks
(VPCs).

The robustness and parameter uncertainty of the final E-R models were assessed using a
nonparametric bootstrap with 1,000 resampling iterations, from which 95% confidence intervals (CIs)
for the model parameters were obtained. VPCs based on 1,000 simulations were additionally
performed to evaluate the ability of the final models to reproduce the observed PFS and OS profiles.

3. Results
3.1. Data characteristics

A total of eight clinical datasets were used for the development and evaluation of the PBPK models of
enzalutamide and N-desmethyl enzalutamide. The enzalutamide datasets covered single oral doses
ranging from 30 to 360 mg and once-daily multiple-dose regimens ranging from 30 to 360 mg. The
study populations included healthy participants, patients with castration-resistant prostate cancer
(CRPC), and patients with hormone-naive prostate cancer (HNPC), and included both Caucasian and
Asian populations. Detailed characteristics of the clinical datasets are summarized in Supplementary
Table S1.

For the E-R analysis, published survival data were obtained from four clinical studies evaluating
enzalutamide in patients with prostate cancer. The survival datasets included 120-mg and 160-mg
enzalutamide regimens as well as placebo groups, where available, and comprised patients with
CRPC, metastatic CRPC (mCRPC), and metastatic hormone-sensitive prostate cancer (mHSPC). Both
Asian and Caucasian populations were represented. Published PFS and OS profiles were
reconstructed for subsequent parametric survival modeling, and the characteristics of the clinical
survival datasets are summarized in Supplementary Table S3.

3.2. PBPK Model development and evaluation

A whole-body PBPK model of enzalutamide and its active metabolite N-desmethyl enzalutamide was
developed. The initial and final drug-specific parameters used in the PBPK model are summarized in
Table 1. Based on the implemented CYP2C8- and CYP3A4-mediated metabolic pathways, the final
intrinsic clearance values for the formation of N-desmethyl enzalutamide and other metabolites were
0.11 and 0.02 L/min, respectively, for CYP2CS, and 0.00261 and 0.01 L/min, respectively, for
CYP3A4. The final hepatic clearance of N-desmethyl enzalutamide was 0.18 mL/min/kg. The
CYP2C8-mediated pathway, which accounted for 87% of the overall metabolic clearance of
enzalutamide, was further divided into the formation of N-desmethyl enzalutamide (67%) and other
metabolites (33%). Similarly, the CYP3A4-mediated pathway, accounting for the remaining 13% of
the overall metabolic clearance, was divided into N-desmethyl enzalutamide formation (39%) and
other metabolic pathways (61%).

Sensitivity analysis was performed based on AUClast following multiple-dose administration of
enzalutamide for 175 days. For enzalutamide, fraction unbound in plasma, lipophilicity (LogP), and
CYP2C8-mediated intrinsic clearance for the formation of N-desmethyl enzalutamide showed the
greatest influence on the predicted AUClast. For N-desmethyl enzalutamide, the most influential
parameters were its fraction unbound in plasma and total hepatic clearance, as well as the lipophilicity
of enzalutamide (Figure S3).

The final PBPK model adequately described the observed plasma concentration—time profiles of
enzalutamide and N-desmethyl enzalutamide following both single- and multiple-dose administration
(Figures S1 and S2). The mean predicted-to-observed ratios for Cmax and AUCi.s were 0.93 and 0.85,
respectively, for enzalutamide and 0.79 and 0.77, respectively, for N-desmethyl enzalutamide. The
corresponding GMFE values for Cpax were 1.16 and 1.29, and those for AUCjas were 1.27 and 1.35,



respectively. Individual observed and predicted Cmax and AUClast values for each clinical dataset are
provided in Table S2.

Overall, 89.2% and 90.1% of the predicted plasma concentrations of enzalutamide and N-desmethyl

enzalutamide, respectively, were within two-fold of the corresponding observed concentrations. The

overall MRD values were 1.39 for enzalutamide and 1.41 for N-desmethyl enzalutamide, indicating

acceptable predictive performance of the final PBPK model. The GOF plots comparing the predicted
and observed plasma concentrations and PK parameters are presented in Figure 2.

3.3. PBPK-based pharmacological target attainment analysis

PBPK-based virtual population simulations showed a dose-dependent increase in steady-state
enzalutamide trough concentrations (Cirougn, ) from 120 to 160 mg once daily (Figure 3). Of the 200
virtual individuals in each dosing group, 77.0% (154/200) at 120 mg and 85.5% (171/200) at 160 mg
achieved the predefined pharmacologically relevant concentration of Cirgygn, s = Spg/mL.

For additional clinical context, 14.5% (29/200) of individuals receiving 120 mg and 28.5% (57/200)
of those receiving 160 mg had Cirougn, s = 16.1ug/mL, a previously reported mean concentration in
patients requiring dose reduction because of Grade 3 toxicity. Accordingly, 62.5% (125/200) and
57.0% (114/200) of individuals in the 120- and 160-mg groups, respectively, had Cirougn, ssbetween 5
and 16.1 ug/mL. Thus, the 160-mg regimen produced a higher pharmacological target-attainment rate,
while also resulting in a greater proportion of simulated individuals with exposures at or above the
exploratory toxicity-associated reference concentration. This comparison was intended to

contextualize the simulated exposure distributions and does not establish 16.1 ug/mL as a toxicity
threshold.

3.4. E-R Model development and evaluation

Among the candidate parametric survival distributions, the Weibull model had the lowest Akaike
information criterion (AIC) for PFS, whereas the log-normal model had the lowest AIC for OS.
Accordingly, the Weibull and log-normal distributions were selected as the base structural models for
PFS and OS, respectively.

The addition of both the categorical dose-group effect and PBPK-predicted total active-moiety
Cirougnproduced the greatest improvement relative to the respective base structural models. The OFV
decreased from 4,213 to 4,075 for PFS (AOFV =—138) and from 9,961 to 9,942 for OS (AOFV =
—19). The combined models also provided better graphical agreement with the reconstructed survival
profiles than the base models or models incorporating either effect alone and were therefore selected
as the final E-R models. In both models, the estimated Ciqygp-effect parameter indicated that

increasing total active-moiety CioygnWas associated with reductions in the progression and mortality

hazards. The direction of the estimated exposure effects was therefore consistent with the expected
pharmacological effect of enzalutamide.

The parameter estimates from the final PFS and OS models were generally comparable with the
median estimates obtained from 1,000 nonparametric bootstrap replicates. However, the exposure-
effect parameters were estimated with relatively low precision and had wide bootstrap confidence
intervals that included zero, indicating uncertainty in the magnitude of the independent exposure—
survival relationships. The final parameter estimates, relative standard errors, bootstrap medians, and
corresponding 95% confidence intervals are presented in Tables 2 and 3.

Time-to-event VPCs based on 1,000 simulations showed that the final models adequately captured the
overall survival patterns across the placebo, 120-mg, and 160-mg groups (Figures 4 and 5). For PFS,
the model-predicted median survival times were 13.7 months (95% simulation interval, 8.7—20.0) for



the 120-mg group and 18.0 months (95% simulation interval, 11.0-25.0) for the 160-mg group,
compared with 6.8 months for the placebo group. For OS, the corresponding median survival times
were 32.0 months (95% simulation interval, 22.0-50.0) and 34.0 months (95% simulation interval,
32.0-36.0), respectively, compared with 26.4 months for the placebo group. Although the point
estimates were numerically higher with 160 mg, particularly for PFS, the simulation intervals
overlapped between the active-dose groups. Overall, the model-predicted survival profiles were
generally consistent with the reconstructed observed data, although prediction uncertainty increased at
later time points.

4. Discussion

In this study, the relationship between systemic exposure to enzalutamide and its active metabolite, N-
desmethyl enzalutamide, and clinical efficacy was quantitatively evaluated across different dosing
regimens. The whole-body PBPK model successfully characterized the pharmacokinetics of
enzalutamide and its active metabolite, N-desmethyl enzalutamide, and enabled prediction of steady-
state exposure across clinically relevant doses. By integrating PBPK-predicted exposure with
pharmacological target attainment and parametric survival models for PFS and OS, the present study
provided a quantitative framework for comparing the standard 160-mg dose with the reduced 120-mg
dose. Overall, the results suggest that the increase in systemic exposure achieved with 160 mg may
not translate proportionally into additional clinical benefit, supporting further investigation of
reduced-dose enzalutamide as a potential dose-optimization strategy.

The metabolic pathways and clearance characteristics estimated in the final PBPK model were
generally consistent with the previously reported disposition of enzalutamide and N-desmethyl
enzalutamide.!”*° Enzalutamide was predominantly metabolized through CYP2CS, with a smaller
contribution from CYP3A4, consistent with previous clinical pharmacology and DDI studies. In
addition, the hepatic clearance estimated for N-desmethyl enzalutamide was comparable in magnitude
to previously reported values, supporting the physiological plausibility of the disposition parameters
implemented in the model.>*!® The model also adequately characterized enzalutamide
pharmacokinetics across a broad dose range. This is consistent with previous clinical pharmacokinetic
findings showing approximately dose-proportional exposure over the clinically investigated dose
range.” The ability of the model to reproduce exposure across both single- and multiple-dose studies
therefore supports its application to the subsequent comparison of the 120- and 160-mg regimens. The
clinical datasets used for model development and evaluation included populations with different
ethnic backgrounds, and no systematic ethnicity-related bias was apparent in the overall model
performance. This observation is consistent with previous clinical pharmacokinetic evaluations
indicating that race does not have a clinically meaningful effect on enzalutamide exposure.*!”

Sensitivity analysis identified the fraction unbound in plasma, lipophilicity, CYP2C8-mediated
intrinsic clearance, and dissolution characteristics as major determinants of enzalutamide exposure.
Among these parameters, CYP2C8-mediated clearance is mechanistically consistent with the
established predominant role of CYP2CS in enzalutamide metabolism. Although the fraction unbound
was adjusted during model development and exhibited relatively high sensitivity, the final
parameterization enabled the model to adequately reproduce enzalutamide exposure across a wide
range of single- and multiple-dose clinical studies. For N-desmethyl enzalutamide, exposure was
particularly sensitive to its fraction unbound and total hepatic clearance. Because detailed enzyme-
specific information regarding the elimination of N-desmethyl enzalutamide was limited, its
elimination was represented using total hepatic clearance. The high sensitivity to this parameter
therefore represents an important source of uncertainty in the metabolite model. Nevertheless, the
final model adequately reproduced the observed N-desmethyl enzalutamide concentration—time
profiles and exposure metrics, supporting its application for subsequent exposure simulations.



PBPK population simulations provided further insight into the pharmacological implications of dose
reduction from 160 to 120 mg. Although the standard 160-mg regimen resulted in higher steady-state
trough concentrations, 77.0% of individuals receiving 120 mg achieved a Ciougn, ss=> 5 pg/mL,
compared with 85.5% of those receiving 160 mg. This finding suggests that the lower systemic
exposure achieved with 120 mg may still be sufficient to maintain substantial AR inhibition in a large
proportion of patients, while the incremental gain in pharmacological target attainment with 160 mg
was relatively modest.

The simulated exposure distributions were additionally compared with a previously reported mean
CirougnOf 16.1 pg/mL in patients requiring dose reduction because of Grade 3 toxicity.** The proportion
of virtual individuals with concentrations at or above this exploratory reference value increased from
14.5% at 120 mg to 28.5% at 160 mg. Together with the relatively modest increase in
pharmacological target attainment from 77.0% to 85.5%, this finding suggests a potential trade-off
between incremental AR target attainment and the increased occurrence of relatively high exposure at
the 160-mg dose. Although 16.1 ug/mL does not represent a validated toxicity threshold, these
exploratory results support further investigation of the exposure—tolerability relationship across the
clinically used dose range.*'*

PBPK-predicted steady-state trough concentration (Cirough, ss) Was prespecified as the representative

exposure metric because it can be assessed using a clinically feasible predose sample and represents
the systemic drug concentration maintained at the end of the dosing interval, and has previously been
evaluated in relation to enzalutamide-mediated AR target engagement and survival outcomes.>**
Simulations based on the final models incorporating both dose-group and Ciougen, ss €ffects yielded
median PFS estimates of 13.7 months with 120 mg and 18.0 months with 160 mg, with corresponding
95% simulation intervals of 8.7-20.0 and 11.0-25.0 months, respectively. The predicted median OS
estimates were 32.0 and 34.0 months for the 120- and 160-mg regimens, respectively, with 95%
simulation intervals of approximately 22.0-50.0 and 32.0-36.0 months. Although the point estimates
were numerically higher with 160 mg, particularly for PFS, the predicted intervals overlapped
substantially between the two active-dose groups, and the OS estimates were similar. Thus, the higher
Cirough, ss achieved with 160 mg did not result in clearly distinguishable survival improvement relative
to 120 mg. These findings are consistent with a relatively shallow exposure—efficacy relationship over
the clinically relevant exposure range, although they should not be interpreted as demonstrating
therapeutic equivalence between the two regimens because the exposures were PBPK -predicted rather
than individually observed and matched to the reconstructed survival outcomes.

From a benefit-risk perspective, the combined findings provide a pharmacological rationale for
further evaluation of 120 mg as a dose-optimization strategy. Dose optimization does not necessarily
require maximizing systemic exposure, particularly when pharmacological target engagement
approaches saturation and further increases in exposure may predominantly increase the risk of
toxicity. In the present analysis, the lower exposure achieved with 120 mg was accompanied by
substantial AR target attainment, a lower proportion of individuals reaching toxicity-associated
concentrations, and modeled survival outcomes that did not indicate a clear proportional efficacy gain
with the higher 160-mg exposure. These findings therefore support 120 mg as a potentially favorable
dose for balancing efficacy and tolerability, rather than establishing it as a universally optimal dose or
as clinically noninferior to 160 mg. Prospective clinical evaluation is warranted to determine whether
this model-informed benefit-risk advantage translates into improved tolerability while maintaining
clinical efficacy.

The current FDA-approved recommended dose of enzalutamide is 160 mg once daily; however, dose
reduction to 120 or 80 mg is permitted for patients experiencing Grade >3 or intolerable adverse
reactions.? Thus, 120 mg represents a clinically recognized dose-reduction level, although it is not
currently recommended as the standard starting dose. The present findings provide a pharmacological
rationale for prospectively evaluating whether this reduced dose could achieve a more favorable
benefit-risk balance in selected patients. This concept is aligned with the FDA's Project Optimus and
its recent guidance on oncology dose optimization, which emphasize integrating efficacy, safety,



tolerability, pharmacodynamic information, and exposure—response relationships when selecting an
optimized dosage.?® Accordingly, the present PBPK-E-R framework should not be interpreted as
evidence for replacing the currently approved 160-mg starting dose, but rather as a model-informed
rationale for prospective evaluation of reduced-dose strategies.

Several limitations should be acknowledged. First, clinical evidence directly comparing reduced-dose
enzalutamide with the standard 160-mg regimen remains limited, particularly for doses below 120
mg. Although the present analyses suggest that 120 mg may maintain pharmacologically relevant
exposure, the substantial overlap between the predicted survival intervals for the 120- and 160-mg
regimens should not be interpreted as demonstrating therapeutic equivalence or noninferiority.
Prospective dose-ranging studies are required to confirm the efficacy and tolerability of reduced-dose
regimens.

Second, the datasets used for E-R modeling lacked individual-level demographic characteristics,
including race and body size, as well as original patient-level PK and survival data that were directly
linked at the individual level. Consequently, PBPK-simulated exposure profiles could not be uniquely
matched to the patients represented in the reconstructed survival data, and potentially relevant
demographic and disease-related prognostic factors could not be incorporated into the survival
models. This limited individual-level exposure—outcome linkage reduced the information available for
estimating the independent Ci,op, effects and may partly explain their high RSEs and wide bootstrap

confidence intervals. Furthermore, from a pharmacological perspective, the wide confidence intervals
spanning zero may reflect a true plateau in the exposure—response relationship, wherein androgen
receptor saturation is largely attained at concentrations achieved with 120 mg, resulting in a negligible
incremental survival benefit with further exposure escalation. In the absence of individually observed
PK data, the mechanistic PBPK framework was used to generate biologically informed population-
level exposure distributions based on physiological determinants of pharmacokinetics and the
demographic characteristics reported for the corresponding clinical populations. This approach did not
correct for the absence of directly matched individual data but enabled an exploratory integration of
population-level exposure predictions with reconstructed survival outcomes. Accordingly, the
estimated exposure—survival associations should be interpreted as hypothesis-generating rather than as
definitive individual-level E-R relationships. Prospective studies collecting directly matched
individual demographic, PK, efficacy, and survival data will be required to validate the present
findings and support further refinement and development of the proposed modeling framework.

Finally, total active-moiety Ciryyon Was calculated by assuming comparable pharmacological
contributions of enzalutamide and N-desmethyl enzalutamide. Although this assumption was
supported by their similar in vitro AR-inhibitory activity, potential differences in their in vivo potency
were not explicitly characterized. A direct toxicity E-R model could not be developed because
longitudinal individual-level PK and adverse-event data were unavailable. The reported concentration
of 16.1 ug/mL was therefore used only as an exploratory toxicity-associated reference for
contextualizing the simulated exposure distributions, rather than as a validated toxicity threshold.
Future studies incorporating directly matched individual PK, efficacy, and longitudinal safety data are
needed to characterize the exposure—benefit-risk relationship and evaluate reduced-dose strategies
prospectively.In conclusion, the integrated PBPK and E-R modeling framework successfully
characterized the pharmacokinetics of enzalutamide and N-desmethyl enzalutamide and linked PBPK-
predicted active exposure with PFS and OS. Although the 160-mg regimen produced greater systemic
exposure than the 120-mg regimen, the incremental increase in exposure was associated with limited
additional modeled survival benefit, while higher exposure may increase the risk of clinically relevant
toxicity. Together with pharmacological target-attainment analysis, these findings provide a model-
informed rationale for further prospective evaluation of 120 mg once daily as a potential enzalutamide
dose-optimization strategy.
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