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Relugolix, the first orally active, nonpeptide gonadotropin-releasing hormone receptor antagonist, is approved

in the United States and the European Union for the treatment of adult patients with advanced prostate cancer.

The recommended dosing regimen is a 360-mg loading dose followed by a 120-mg daily dose. Relugolix and
testosterone concentration data and clinical information from two phase | studies, two phase Il studies, and the
phase lll safety and efficacy study (HERO) were used to develop a population pharmacokinetic (PopPK) model and
a semimechanistic population pharmacokinetic/pharmacodynamic (PopPK/PD) model that characterized relugolix
exposure and its relationship to testosterone concentrations. Age, body weight, and Black/African American race had
at most minimal effects on relugolix exposure or testosterone concentrations with no clinical relevance. Simulations
using the PopPK/PD model confirmed the recommended dosing regimen of relugolix, with the median simulated
testosterone concentrations predicted to achieve castration levels (<50 ng/dL) and profound castration levels

(<20 ng/dL) by day 2 and day 9, respectively, and demonstrated that 97.3% and 85.5% of the patients remained

at castration levels (<50 ng/dL) upon temporary interruption of treatment for 7 days and 14 days, respectively.
Collectively, simulations based on the PopPK and PopPK/PD models were consistent with actual data from clinical
studies, reflecting the high predictiveness of the models and supporting the reliability of model-based simulations.
These models can be used to provide guidance regarding dosing recommendations under various circumstances
(e.g., temporary interruption of treatment, if needed) for relugolix.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

Relugolix, the first orally active, nonpeptide gonadotropin-
releasing hormone receptor antagonist, is approved in the
United States and the European Union for the treatment of
adults with advanced prostate cancer.

WHAT QUESTION DID THIS STUDY ADDRESS?

A population pharmacokinetic (PopPK) model and a semi-
mechanistic  pharmacokinetic/pharmacodynamic  (PopPK/
PD) model for testosterone suppression by relugolix were de-
veloped from phases I-III data, to identify covariates with
clinical relevance, assess impact of temporary treatment inter-
ruption, and demonstrate testosterone recovery after treatment
discontinuation.

Prostate cancer is the second most common cancer in men and the

fifth leading cause of cancer death in men, with over 1.2 million
. 11

cases diagnosed and 358,000 deaths reported annually worldwide.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

The PopPK and PopPK/PD models characterized relugo-
lix exposure and its relationship to testosterone concentrations.
Age, body weight, race, and health status demonstrated lim-
ited/no clinically meaningful impact. Model-based simulated
testosterone profiles were consistent with clinical data for the
approved relugolix dosing regimen (a 360-mg loading dose,
followed by a 120-mg daily dose) and support temporary treat-
ment interruption of < 14 days, if necessary.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
Quantitative pharmacology based on clinical data can be
implemented to provide dosing recommendations for relugolix.

Prostate cancer is defined as advanced when it has metastasized be-
2 . .

yond the prostate”; the term “advanced” is also used for the dis-

case with prostate-specific antigen biochemical relapse following
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primary surgical or radiation therapy of curative intent, or for lo-
calized disease unlikely to be cured by local surgical or radiation
therapy of curative intent.>* Although the overall survival rate of
patients with localized disease is high, it decreases dramatically
with advanced disease, with a 5-year survival rate ranging from
26% to 30%.>°

Testosterone (the primary androgen in men) stimulates prostate
cancer cell growth,7 and surgical or medical castration can induce
prostate cancer cell death.%® Hence, androgen deprivation therapy
(ADT) is recommended by European and US clinical practice
guidelines as the foundational treatment for patients with advanced
prostate cancer.”'® Medical castration with testosterone concen-
trations <50 ng/dL has been associated with decreased metasta-
ses of the primary tumor'! and has been accepted by regulatory
authorities to establish efficacy for prostate cancer treatments.
Profound castration with testosterone concentrations <20 ng/dL
has been associated with improved clinical outcomes compared
with testosterone concentrations <50 ng/ dL. 1416 Upon discase
progression to castration-resistant prostate cancer, where extra-
testicular production of testosterone from the adrenal gland and
prostate carcinoma cells develops, tumor growth remains androgen
dependcnt,17 and therefore treatment with ADT is continued and
other treatments with complementary mechanisms of action are
co—prescribed.18

Gonadotropin-releasing hormone (GnRH) receptor agonists
and antagonists decrease testicular production of testosterone
and are therefore used as ADT," with the injectable GnRH re-
ceptor agonist (peptide analog) leuprolide acetate being the cur-
rent mainstay of prostate cancer treatment.””?! GnRH receptor
agonists initially stimulate testicular testosterone production,
which leads to an increase in systemic testosterone concentra-
tions, but ultimately causes desensitization and downregulation
of GnRH receptors in the anterior pituitary. Consequently, testic-
ular production of testosterone is reduced, with castration levels
of testosterone being reached within 4 weeks following treatment
initiation.”! However, the initial testosterone surge can be asso-
ciated with adverse clinical effects in some patients (e.g., spinal
cord compression, pathologic bone fracture, bladder outlet ob-
struction, and, consequently, death).22 First-generation androgen
receptor inhibitors (e.g., bicalutamide) are often co-prescribed to
avoid the initial testosterone surge.23 In addition, until recently,
ADT products were only available as injectable depot formula-
tions, which are not only associated with injection-site reactions,24
but therapeutic or adverse effects may persist for months following
discontinuation of treatment.”’

Relugolix (ORGOVYX), the first orally active, nonpeptide
GnRH receptor antagonist, is currently approved in the United
States and the European Union for the treatment of adult pa-
tients with advanced prostate cancer, with a recommended dos-
ing regimen of a 360-mgloading dose followed by a 120-mg daily
dose.?%?7 By directly blocking GnRH signals, relugolix lowers
systemic testosterone concentrations immediately at the start of
treatment without an initial testosterone surgc.28 Differences in
mechanism of action, formulation, and route of administration
result in rapid onset and offset of relugolix action that may pro-
vide therapeutic benefits compared with leuprolide acetate and
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other ADT products. Population pharmacokinetic (PopPK)
and semimechanistic PopPK/pharmacodynamic (PopPK/PD)
models were developed to characterize the relugolix exposure
and its relationship to systemic testosterone concentrations.
Relugolix and testosterone concentration data, demographic
and clinical information from two phase I studies, two phase
II studies, and the phase III safety and efficacy study (HERO)
were combined to create a pooled dataset for model develop-
ment. Simulations using the PopPK and PopPK/PD models
were conducted to confirm the recommended relugolix dosing
regimen, identify covariates that impact relugolix or testoster-
one concentrations, assess the impact of temporary treatment
interruption on testosterone concentrations, and describe the
time-course of testosterone concentrations following treatment
discontinuation.

METHODS

Study designs

Five clinical studies (two phase I studies (C27001, TB-AK160108), two
phase ITstudies (C27002 and C27003), and the phase I1I study (HERO))
were included in the PopPK and PopPK/PD analyses. Protocols for all
studies were approved by an independent review board prior to study
initiation, and all participants provided written informed consent prior
to screening. All studies were conducted in accordance with ethical
principles originating in the Declaration of Helsinki and in compli-
ance with Good Clinical Practice guidelines and applicable regulations.
An overview of the designs of these five clinical studies is provided as
Supplementary Material.

Participants

Healthy adult men were enrolled in one phase I study (C27001) to eval-
uate the safety, tolerability, PKs, and PDs of relugolix. Adult men with
prostate cancer were enrolled in the other four studies (TB-AK160108,
C27002, C27003, and HERO). Inclusion and exclusion criteria are
listed in the Supplementary Material section.

Pharmacokinetics and pharmacodynamics

Relugolix plasma concentrations and testosterone serum concentrations
were determined using validated high-performance liquid chromatogra-
phy with tandem mass spectrometry methods, with isotopically labeled
compounds used as internal standards. The lower limit of quantitation
(LLOQ) for relugolix in plasma was 0.01 ng/mL for the assays used in
the 2 phase I studies and 0.05 ng/mL for assays used in the other 3 stud-
ies. The LLOQ of testosterone in serum was 0.5 ng/dL for all 5 clinical
studies.

PopPK and PopPK/PD model development

In the development of the PopPK model for relugolix, the struc-
tural model was established using relugolix concentration data from
the four phase I and II studies. One-, two-, and three-compartment
distribution models with linear absorption, linear elimination, and
absorption lag-time were assessed as potential structural models.
Parameters related to relugolix absorption and distribution into pe-
ripheral compartments were subsequently fixed upon addition of
sparsely sampled relugolix concentration data from the HERO study.
A PopPK/PD model based on the individual post hoc estimates from
the PopPK model and the testosterone concentration data from the
five studies was subsequently developed. The PopPK/PD model was
based on a previously published semimechanistic model by Romero ez
al.,”? which included the primary components of the hypothalamic—
pituitary-gonadal (HPG) axis (endogenous GnRH, GnRH receptors,
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and testosterone), and adapted to incorporate the mechanism of action
for relugolix (GnRH receptor antagonist) and physiological feedback
mechanisms to optimize characterization of testosterone concentra-
tions over time during treatment.

The PopPK and PopPK/PD analyses were performed using a non-
linear mixed-effects modeling approach using NONMEM software
(version 7.3; ICON Development Solutions, Ellicott City, MD, USA).
Model selection was based on the log- hkchhood criterion, goodness-
of-fit (GoF) plots, and biological plau51b1hty Interindividual vari-
ability (IIV) in the parameters of the PopPK and PopPK/PD models
was investigated, and the influence of the potential covariates (age,
weight, body mass index, and race) on IIV was assessed graphically and
tested by stepwise covariate modeling.”" A stepwise forward addition
with reduction in the objective function value (OFV) 2 6.63 (P < 0.01,
degrees of freedom = 1) and backward deletion with increase in the
OFV >10.83 (P <0.001, degrees of freedom = 1) was used to iden-
tify covariates to be retained in the model. The final model was evalu-
ated usmg GoF plots and prediction-corrected visual predictive checks
(pcVPC),* and parameter uncertainty was assessed by sampling im-
portance resampling (SIR).>> Health status (healthy men vs. patients
with prostate cancer) and cancer stage based on tumor-node-metastasis
stagmg 3% were assessed as potential covariates in the final PopPK and
PopPK/PD models, with P <0.001 as the critical significance level.
External validation for the PopPK model was performed by evaluating
the GoF plots, pcVPC, and normalized prediction distribution error
(NPDE) for the relugolix data from an additional 87 men enrolled
from the HERO amendments.

PopPK and PopPK/PD simulations

Simulations using the PopPK model to assess the impact of covariates
on relugolix exposure, defined as relugolix trough concentration at
steady-state (C_ ) and area under the concentration-time curve
(AUC) over the josmg interval at steady-state (AUC_), were per-
formed using two approaches. For the univariate approach, covariate
effects on relugolix exposure were assessed in isolation by keeping all
other covariates fixed to their reference values in the phase III study
population (non-Black/African American race; median body weight
80 kg; median age 72 years); vectors of covariates were sampled with
replacement from the phase III population and each simulation in-
cluded 1,000 individuals. For the multivariate approach, covariate
effects on relugolix exposure were assessed collectively as the combina-
tion of observed covariate distributions associated with cach subgroup
of the phase III study population, to illustrate the exposure variation
within and between subgroups. A virtual population of 10,000 pa-
tients was created using sampling with replacement from the phase I1I
study population, to achieve a larger sample size that was anticipated
to improve precision on the predicted impact of covariate effects and
to better represent the general advanced prostate cancer population.
Coroughss and AUC_ of relugolix for the virtual population were simu-
lated using the Monte-Carlo method and were summarized above and
below the median value of continuous covariates and by categories of
categorical covariates.

Simulations using the PopPK/PD model were performed to confirm
the recommended dosing regimen of relugolix, and included: (i) the
impact of covariates on testosterone suppression; (ii) the time-course
of testosterone concentrations with different dosing regimens; (iii)
the impact of various durations of temporary treatment interruption;
and (iv) the time-course of testosterone concentrations after discontin-
uation of treatment. For cach scenario, a virtual population of 1,000
patients was created by sampling with replacement from the phase III
study population. Individual relugolix plasma concentrations simulated
by the PopPK model were used in the PopPK/PD model to simulate the
associated individual testosterone concentrations. Complete (100%)
adherence with daily dosing was assumed for all scenarios, unless oth-
erwise indicated.
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RESULTS

Participant demographics

Demographics for participants enrolled in the five clinical stud-
ies for the PopPK and PopPK/PD analyses are summarized in
Table 1.

PopPK modeling and simulations

The dataset used to develop the PopPK model consisted of
12,174 relugolix plasma concentration-time datapoints (11,205
(92%) datapoints with quantifiable concentrations; 888 (7.3%)
predose and 81 (0.7%) postdose datapoints below the LLOQ)
from 912 participants. Relugolix datapoints below the LLOQ
were not included in the development of the PopPK model: pre-
dose relugolix concentrations below the LLOQ were expected;
postdose relugolix concentrations below the LLOQ were < 1%
of the relugolix data and, therefore, exclusion was considered
appropriatc:.35

The PKs of relugolix were characterized by a three-
compartment disposition model with first-order absorption, a
short (0.27 hours (16 minutes)) absorption lag time, and first-
order elimination (Figure S1). The slightly greater than pro-
portional increase in exposure with dose can be explained by
saturation of intestinal permeability glycoprotein (P-gp)*® and
was characterized by an effect of dose on relative oral bioavail-
ability. IIV on absorption rate constant (K,), apparent systemic
clearance after oral administration (CL/F), and apparent vol-
ume of distribution of the central compartment (Vc/F) were
included. Age, body weight, and Black/African American race
were identified independently as covariates with statistical sig-
nificance on CL/F; Black/African American race was also iden-
tified as a covariate with statistical significance on Vc/F. No
apparent effects of other races (Asian, White, or other), health
status, or cancer stage on model parameters were identified. A
trend between creatinine clearance (CrCL; estimated by the
Cockeroft-Gaulte cquation%) and CL/F was observed visually,
but this visual trend was reduced upon inclusion of age, body
weight, and race in the final PopPK model. Because CrCL was
highly correlated with body size and age, it was not tested in the
stepwise covariate analysis. Because the estimated exponent for
body weight on CL/F was small (0.322), a sensitivity analysis
was performed by applying fixed allometric scaling with body
weight using the exponents of 0.75 and 1 on clearance and vol-
ume parameters, respectively. This approach resulted in a re-
duced GoF of the model, as indicated by an increase in OFV
of 78.3.

The parameter estimates of the final PopPK model, along
with those from the sensitivity analysis, are summarized in Table
S1. Parameters in the final PopPK model were estimated with
good precision (relative standard error (RSE) based on SIR
£22.9%). The IIV on CL/F and Vc/F in the final PopPK model
were only 2% less than the IIV in the base model, indicating that
the included covariates (age, body weight, and Black/African
American race) explained only a small proportion of the variabil-
ity of the PKs of relugolix. The IIV was relatively high for Vc/F
(122.9%) and K (159.9%). The IIV on K was also associated
with a high shrmkage37 (70.4%), which reﬂcctcd the relatively
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Table 1 (Continued)

Phase Il

Phase Il

Phase |

Study phase

Overall

HERO

C27002 C27003

C27001

TB-AK160108

Study number

Participants
with updated PK
observations (N = 22)

For the development of For the validation of

the PopPK and PopPK/

the PopPK model

(N =999)

(N=87)

(N=110) (N = 65) PD models (N = 598)

(N=T74)

(N=43)

Estimated glomerular filtration rate, mL/min/1.73 m?

84.7 (20.4)
84.9 (30.8,

85.8 (20.0)
82.7 (42.1, 126)

86.8 (25.5)
78.7 (44.5, 232)

84.5 (19.3)
84.9 (34.3, 154)

76.1 (18.1)
74.7 (30.8, 122)

77.7 (22.4)
79.5 (38.7, 158)

94.6 (14.2)

96.8 (19.2)
95.0 (58.0, 152) 93.8 (70.6, 135)

Mean (SD)

Median (min, max)

232)

Data are n (%) of participants, unless otherwise indicated.

Min, minimum; Max, maximum; PD, pharmacodynamic; PK, pharmacokinetic; PopPK, population pharmacokinetic; SD, standard deviation.

low number of participants in the PopPK dataset providing re-
lugolix concentration-time datapoints during the absorption
phase (the majority of the datapoints were from sparse (trough)
sampling in the HERO study). The results from the sensitivity
analysis showed similar parameter estimates with those of the
final PopPK model. The PopPK model developed from the orig-
inal dataset captured the central tendency and variability of the
external validation dataset from the additional 87 patients from
the HERO amendments, as shown by GoF plots (Figure S2),
pcVPC, and NPDE (Figure S3).

In the univariate covariate setting, simulations of C"OughSS
and AUC_ of relugolix demonstrated that the magnitude of
crough.ss and AUC__ at the ex-
tremes (2.5th and 97.5th percentiles) of the overall range of age

predicted relative change in the C

and weight in the phase III study population were up to 18.2%
compared with the C"OughSS and AUC__ at the median age and
weight, and Black/African American race was associated with
32.8% and 39.3% higher Ctrough,ss and AUC,, respectively,
compared with non-Black/African American races (Figures 1
and 2). However, based on the multivariate covariate simula-
tions with a virtual population of 10,000 individuals, C"OughSS
and AUC_ for Black/African American men were 26% and
16% higher, respectively, compared with non-Black/African
American men. The impact of age and weight on the C"OughSS
and AUC of relugolix was small, with median differences up
to 17% between patients above and below the median age of
72 years and up to 18% between patients above and below the

median body weight of 80 kg.

PopPK/PD modeling and simulations
The dataset used to develop the PopPK/PD model consisted of
14,491 testosterone serum concentration-time datapoints (13,983
(96.5%) datapoints with quantifiable concentrations; 131 (0.9%)
datapoints below LLOQ and 377 (2.6%) above upper limit of
quantification (ULOQ)) from 899 of the 912 participants in-
cluded in the PopPK dataset. Only participants with both relu-
golix and testosterone data available were kept for the PopPK/
PD analysis. Testosterone concentrations below the LLOQ and
above the ULOQ were < 5% of the testosterone data; therefore,
exclusion of these observations from the analysis was considered
appropriate.35

The final PopPK/PD model included production and deg-
radation processes for endogenous GnRH, GnRH receptors,
and testosterone, with competitive and reversible inhibition of
endogenous GnRH binding to GnRH receptors by relugolix,
downregulation of GnRH receptor production driven by activa-
tion of the GnRH receptor, and a turnover model representing
the dynamics of the latent unobserved endogenous GnRH with
a modulation of its production by testosterone concentrations
(Figure 3). IIV on testosterone production rate constant (KinT')
was included, for which age was identified as a covariate with sta-
tistical significance. Body weight, race, health status, or cancer
stage did not have a statistically significant effect on KinT. IIV
on activation of the GnRH receptor (DRSO; defined as level of
GnRH receptor activation at which receptor downregulation
is at 50% of maximum) was also assessed; however, inclusion of
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Relugolix steady state Ciougn (Ng/mL)
15

Black or African American

2.5th percentile body weight
(54.8 kg)

97.5th percentile body weight
(121 kg)

2.5th percentile age
(55 years)

97.5th percentile age
(86 years)

Reference = 8.06 ng/mL

Figure 1 Univariate impact of covariates on relugolix Ctrough,ss upon the recommended dosing regimen (a 360-mg loading dose, followed by
a 120-mg daily dose). Numbers represent percentage change from the C, hss value in a reference man in the phase Il study population:
non-Black/African American race, median body weight (80 kg), and median age (72years). Bars represent the relative change (%) from the

reference value. Ctroughyss, trough relugolix concentration at steady-state.

IIV on DR, led to instability and non-normally distributed ran- ~ PD model were estimated with good precision (RSE based on
dom effects and was therefore not retained in the final PopPK/  SIR <17.6%). The IIV on KinT was 45.7% with a low shrink-
PD model. The parameter estimates of the final PopPK/PD age37 (2.8%), reflecting the remaining variability of KinT after
model] are summarized in Table $2. Parameters in the PopPK/  incorporation of age effect and the large amount of data available

Relugolix steady state AUC (ng-h/mL)
35 90 145 200 255 310 365 420 475 530

Black or African American

2.5th percentile body weight
(54.8 kg)

97.5th percentile body weight
(121 kg)

2.5th percentile age
(55 years)

97.5th percentile age
(86 years)

Reference = 300 ng-h/mL

Figure 2 Univariate impact of covariates on relugolix AUC__ upon the recommended dosing regimen (a 360-mg loading dose, followed by
a 120-mg daily dose). Numbers represent percentage change from the AUC__ value in a reference man in the phase Ill study population:
non-Black/African American race, median body weight (80 kg), and median age (72years). Bars represent the relative change (%) from the

reference value. AUC_, area under the relugolix concentration-time curve over a dosing interval at steady-state.
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Endogenous
- o KinA agonist (GnRH) KoutA

KinR*DR KouR

Relugolix

Cp/KD

+
-n
o
[

KinT*RAC KouT

dGnRH BLT HILFD dRecpt
= KinA4 * — KouAd * GnRH = KinR * DR — KouR * Recpt
dt Testos dt
dTestos
7 = KinT * Rac — KouT * Testos

GnRH
RAC = FRAC * Recpt FRAC=——
1+ GnRH + P/ )

GnRH + P/ )
KinR = BLR * KouR FRAC2 =

1+ GnRH + P/ )

DRzl

KinA =BLA * KouA DR =

DRz + (FRAC2 = FRACY™

Figure 3 Schematic representation of the PopPK/PD model. BLA, baseline value for the endogenous agonist (GnRH); BLR, baseline value

for the GnRH receptor; BLT, baseline value for testosterone; Cp, relugolix plasma concentration; DR, receptor downregulation; DRy,

level of

receptor activation at which receptor downregulation is at 50% of maximum; FRAC, fraction of activated GnRH receptors (by agonist); FRAC2,
fraction of activated GnRH receptors (by agonist and antagonist); GnRH, gonadotropin-releasing hormone (endogenous agonist); HILFD,

Hill coefficient of the testosterone-feedback on GnRH production; KD, receptor equilibrium dissociation constant; KinA, endogenous GnRH
production rate constant; KinR, GnRH receptor production rate constant; KinT, testosterone production rate constant; KouR, GnRH receptor
degradation rate constant; KouT, testosterone degradation rate constant; KoutA, endogenous GnRH degradation rate constant; nH, Hill
coefficient of the downregulation of GnRH receptor production; PD, pharmacodynamic; PopPK, population pharmacokinetic; RAC, amount of

activated receptors; Recpt, receptor; Testos, testosterone.

across participants. Standard GoF plots showed no overall bias
(Figure S4), indicating an appropriate characterization of tes-
tosterone concentrations during treatment with relugolix by the
PopPK/PD model. The testosterone elimination half-life de-
rived from the estimate of testosterone degradation rate (Koul')
as In (2)/KouI was 7.6 hours, which is consistent with values

reported in the literature.?>3%~40

Simulations of testosterone profile to assess the impact of
covariates. The covariate effects on testosterone suppression were
assessed by comparing simulated testosterone concentrations by

age (a covariate in both final PopPK and PopPK/PD models),
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Black/African American race, and body weight (covariates in the
final PopPK model) for patients in the HERO study. Testosterone
concentrations were simulated followingthe ad ministration of the
recommended dosing regimen for 45 days with 100% adherence.
Minor differences in testosterone suppression were demonstrated
between patients younger and older than the median of 72 years,
between patients with a body weight above and below the median
of 80 kg, and between Black/African American and non-Black/
African American men, with the 95th percentile of simulated
testosterone concentrations remaining at ~ 20 ng/dL (Figure 4),
indicating a lack of clinically relevant impact of these covariates
on the suppression of testosterone by relugolix.
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Figure 4 Simulation of testosterone profiles by covariate subgroups according to age, weight, and race. The shaded areas represent the 90%
prediction interval (5th to 95th percentile) of the simulations. The solid lines represent the median of the simulations. Relugolix was simulated
to be administered for 45days with 100% adherence. Testosterone concentrations of < 50 ng/dL and <20 ng/dL represent the castration

levels and profound castration levels, respectively.

Simulations of testosterone profile with different dosing regimens.
Testosterone response associated with various dosing regimens
was simulated to explore the dose-response relationship.
The 360-mg loading dose was associated with an initial rapid
decrease in simulated testosterone concentrations within 24
hours postdose, and the 120-mg daily dose is the minimal daily
dose associated with the 95th percentile of simulated individual
testosterone concentrations at 20 ng/dL. After administration of
the reccommended dosing regimen, simulated median testosterone
concentrations were predicted to achieve castration levels of
testosterone (< 50 ng/dL) by day 2 and profound castration levels of
testosterone (< 20 ng/dL) by day 9, and to maintain concentrations
below profound castration levels thereafter (Figure S5). The 95¢h

percentile of simulated testosterone concentrations was ~ 20 ng/
dL from day 25 onward.

Simulations of testosterone profile following temporary treatment
interruption. Temporary treatment interruption on testosterone
concentrations was investigated by simulating testosterone
concentrations with various durations of treatment interruption (up
to 28 days). For each scenario, 100% adherence to the reccommended
dosing regimen for the initial 40days of treatment was assumed,
followed by temporary treatment interruptions for 1,2, 3,7, 14,21, or
28 days prior to resuming treatment with a 120-mg dose once daily.
Following a consccutive 7-day temporary treatment interrup-
tion, 97.3% of the patients were predicted to remain at castration

Table 2 Percentage of patients with simulated testosterone concentrations at castration levels (<50 ng/dL) and at
profound castration levels (<20 ng/dL) after temporary treatment interruptions of different durations (N = 1,000 for each

scenario)

Testosterone Duration of temporary treatment interruption

concentration Full

(ng/dL) adherence (%) 1 day (%) 2days (%) 3days (%) 7 days (%) 14 days (%) 21 days (%) 28days (%)
<50 100.0 99.9 99.4 99.3 97.3 85.5 61.2 36.5
<20 93.8 87.9 82.3 76.2 54.4 28.2 12.4 5.6
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Figure 5 Simulation of testosterone profile after treatment
discontinuation. The shaded area represents the 90% prediction
interval (5th to 95th percentile) of the simulations. The solid

line represents the median of the simulations. Testosterone
concentrations of >280 ng/dL, <50 ng/dL, and <20 ng/dL represent
the normal range, castration levels, and profound castration levels,
respectively. Relugolix was simulated to be administered for 40 days
with 100% adherence followed by treatment discontinuation.

levels of testosterone (concentrations <50 ng/dL) and 54.4% at
profound castration levels of testosterone (concentrations <20
ng/dL; Table 2); simulated testosterone concentrations were pre-
dicted to return to steady-state after resumption of the 120-mg
daily dose after ~ 13 days (Figure S5). Following a 14-day tempo-
rary treatment interruption, 85.5% of the patients were predicted
to remain at castration levels of testosterone (concentrations < 50
ng/dL) and 28.2% at profound castration levels of testosterone
(concentrations < 20 ng/dL; Table 2).

Simulations of testosterone profile aftertreatmentdiscontinuation.
Testosterone concentrations associated with 100% adherence
to the recommended dosing regimen for 40days followed
by discontinuation of treatment were simulated (Figure S).
Following discontinuation of treatment, around 50% of patients
were predicted to have testosterone concentrations above
castration levels by day 25, and to have concentrations > 280 ng/
dL (lower limit of the normal range) by day 52.

DISCUSSION

We describe a PopPK model for relugolix exposure and a semi-
mechanistic PopPK/PD model characterizing the relationship
between relugolix exposure and testosterone concentrations.
The models were developed based on data from five clinical stud-
ies in healcthy adult men and men with advanced prostate cancer,
including the phase III safety and efficacy study (HERO). The
PKs of relugolix were described by a three-compartment model
with first-order absorption, short (16 minutes) absorption lag
time, and first-order elimination. Age, body weight, and Black/
African American race were independently identified as statis-
tically significant covariates in the final PopPK model. The im-
pact of age and body weight on relugolix exposure at steady-state
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were relatively small (relative change <20%). There is no clear
explanation for the higher exposure to relugolix in Black/
African American race, considering that race was identified as
a covariate independent of age or body weight. Additionally,
relugolix is a substrate of intestinal P—gp,ze in which polymor-
phisms that could significantly impact drug exposure have not
been reportcd.“’42 Relugolix also undergoes multiple routes of
biotransformation and climination,26 and therefore it is un-
likely for ethnically based differences of a single biotransforma-
tion or elimination pathway to have an impact on the overall
systemic clearance of relugolix with clinical relevance.”> The
effect of Black/African American race was partly mitigated by
the combined effect of other covariates. Based on the multivari-
ate covariate simulations with 10,000 individuals sampled from
the phase III population, relugolix exposure in Black/African
American men was 16-26% higher than in non-Black/African
American men, indicating that the overall impact of Black/
African American race on the exposure to relugolix is not clini-
cally meaningful. The model-predicted lack of clinical relevance
from age, body weight, and race is consistent with analyses from
the observed phase ITI data.*** The final PopPK model was ex-
ternally validated using the relugolix concentration data from
the additional 87 patients enrolled in the HERO amendments,
which was not included during model development, and the ad-
ditional data was also adequately described by the PopPK model.

A semimechanistic PopPK/PD model adapted from a previously
published model by Romero ez al® that included the primary com-
ponentsof the HPG axis, with addition of competitive and reversible
GnRH receptor antagonism of relugolix and feedback mechanisms
on production of GnRH receptor and testosterone, was developed
to characterize the full serum testosterone time-course over the
entire treatment period of relugolix (the initial testosterone drop
after start of treatment, changes in testosterone levels during treat-
ment, and a testosterone recovery following treatment discontinu-
ation). Note that ITV was included on testosterone production rate
(KinT') but not on other parameters in the final PopPK/PD model,
for which age was the only covariate with statistical significance;
such limitation could potentially impact inferences of the model.
Specifically, although the age-dependent decline in KinT is con-
sistent with the literature,46’47 the II'V on KinT was high (45.7%),
suggesting that the IIV on KinT remained to some extent unex-
plained after incorporation of age effect. Additionally, the PopPK/
PD model with a single ITV parameter may oversimplify the physio-
logical cause of IIV on testosterone concentrations upon treatment
with relugolix. Nevertheless, the GoF plots showed no overall bias,
demonstrating an appropriate characterization of testosterone con-
centrations during treatment of relugolix by the PopPK/PD model.
Simulations of testosterone profile demonstrated minor effects of
age, body weight, or Black/African American race that were con-
sidered not to be clinically meaningful.

Based on simulations with the final PopPK/PD model, after ad-
ministration of the recommended dosing regimen for relugolix, sim-
ulated median testosterone concentrations were predicted to achieve
castration levels of testosterone (concentrations < 50 ng/dL) by day 2
and profound castration levels of testosterone (concentrations <20
ng/ dL) by day 9, and maintain below profound castration levels
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thereafter. Simulated testosterone concentrations were predicted to
achieve profound castration levels of testosterone in > 90% of patients
by day 25, consistent with observed testosterone concentration data
from HERQ, where mean testosterone concentrations were below
castration levels by day 4, the first sampling time point.ZG’48 Sustained
testosterone suppression below castration levels was also observed
from day 29 through weck 48 in the HERO study, with sustained
castration levels achieved in 96.7% of patients through week 48,2648

Simulations based on the final PopPK/PD model were conducted
to assess the impact of temporary treatment interruption on testos-
terone concentrations after steady-state is reached: 85.5% of the pa-
tients were predicted to remain at castration levels of testosterone
after a 14-day treatment interruption, which supported the dosing
recommendations for temporary interruption of treatment for up to
14days, if needed (e.g., when concomitant use of relugolix and an
oral P-gp inhibitor cannot be avoided and dosing cannot be sepa-
rated by at least 6 hours).26 In addition, following a 7-day treatment
interruption, simulated testosterone concentrations were predicted
to return to steady-state ~ 13 days after the resumption of the 120-
mg daily dose. Therefore, a loading dose of 360 mg, which leads to
rapid suppression of testosterone concentrations, is recommended
after a temporary interruption of longer than 7(:1ays.26 Of note,
100% compliance with the recommended dose for the initial 40 days
prior to temporary treatment interruption was assumed in all sce-
narios presented herein. Alternate scenarios, including sporadic non-
adherence (e.g., a patient missing 2 doses per week) and treatment
interruptions occurring before the steady-state of testosterone con-
centration is reached, have not been assessed as part of the analyses.

Additional simulations based on the final PopPK/PD model
were conducted to demonstrate testosterone recovery after treat-
ment discontinuation: — ~50% of patients were predicted to
achieve testosterone concentrations above the castration levels
on day 25 and above 280 ng/dL on day 52. Simulated testoster-
one following treatment discontinuation was faster than that ob-
served in the HERO study, which is consistent with other studies
demonstrating a correlation between the duration of ADT and the
time required for testosterone concentrations to normalize.49’50
Specifically, in a subset of patients in the HERO study who did
not receive subsequent ADT for 90 days following discontinuation
of treatment with relugolix, the cumulative incidence rate of tes-
tosterone concentrations to > 280 ng/dL (lower limit of normal
range) or to baseline was 55%.2048

In summary, the PopPK and semimechanistic PopPK/PD mod-
els adequately characterized the systemic relugolix exposure and
its relationship to testosterone concentrations. Age, body weight,
and Black/African American race demonstrated at most mini-
mal effects with no clinical relevance; other races, health status
(healthy men vs. patients with prostate cancer), or stage of cancer
demonstrated no effects on relugolix exposure or testosterone con-
centrations. Model-based simulations of testosterone profiles were
consistent with clinical data, reflecting the high predictive value of
the model and supporting the reliability of the model-based simu-
lations. Simulation using the PopPK/PD model demonstrated that
97.3% and 85.5% of the patients remained at castration levels upon
temporary interruption for 7days and 14days, respectively. The
PopPK and PopPK/PD models can be used to provide guidance

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 113 NUMBER 1 | January 2023

regarding dosing recommendations under various circumstances
(e.g., temporary interruption of treatment, if needed) for relugolix.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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