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Abstract

Erdafitinib is a potent oral pan-fibroblast growth factor receptor inhibitor being
developed as oncology drug for patients with alterations in the fibroblast growth
factor receptor pathway. Erdafitinib binds preferentially to a1-acid glycoprotein
(AGP) and is primarily metabolized by cytochrome P450 (CYP) 2C9 and 3A4.
This article describes a physiologically based pharmacokinetic (PBPK) model for
erdafitinib to assess the drug-drug interaction (DDI) potential of CYP3A4 and
CYP2C9 inhibitors and CYP3A4/CYP2C9 inducers on erdafitinib pharmacokinet-
ics (PK) in patients with cancer exhibiting higher AGP levels and in populations
with different CYP2C9 genotypes. Erdafitinib's DDI potential as a perpetrator
for transporter inhibition and for time-dependent inhibition and/or induction
of CYP3A was also evaluated. The PBPK model incorporated input parameters
from various in vitro and clinical PK studies, and the model was verified using
a clinical DDI study with itraconazole and fluconazole. Erdafitinib clearance in
the PBPK model consisted of multiple pathways (CYP2C9/3A4, renal, intestinal;
additional hepatic clearance), making the compound less susceptible to DDIs.
In poor-metabolizing CYP2C9 populations carrying the CYP2C9*3/*3 genotype,
simulations shown clinically relevant increase in erdafitinib plasma concentra-
tions. Simulated luminal and enterocyte concentration showed potential risk of
P-glycoprotein inhibition with erdafitinib in the first 5 h after dosing, and simula-
tions showed this interaction can be avoided by staggering erdafitinib and digoxin
dosing. Other than a simulated ~ 60% exposure reduction with strong CYP3A/2C
inducers such as rifampicin, other DDI liabilities were minimal and considered
not clinically relevant.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 Janssen Research & Development. Pharmacometrics & Systems Pharmacology published by Wiley Periodicals LLC on behalf of American Society for Clinical

Pharmacology and Therapeutics

CPT Pharmacometrics Syst Pharmacol. 2021;10:1107-1118.

WWWw.psp-journal.com 1107


http://www.psp-journal.com
https://doi.org/10.1002/psp4.12682
mailto:﻿
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:smamidi1@its.jnj.com

1108 |

DE ZWART ET AL.

ASCPT

STUDY HIGHLIGHTS

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Based on in vitro studies and the human mass balance study, the clearance path-
ways of erdafitinib were identified. The contribution of cytochrome P450 (CYP)
3A4 and 2C9 were verified in a clinical drug-drug interaction (DDI) study.
Erdafitinib is highly protein bound and free fraction is dependent on al1-acid gly-
coprotein (AGP) levels.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study addressed the feasibility of using a physiologically based pharmacoki-
netic model to evaluate the DDI potential of erdafitinib as victim and perpetrator
in different populations, such as a population with cancer with varying AGP lev-
els as well as different genotype populations for CYP2C9.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study can address questions to potential dose adjustments in patients with
different genotypes, with comedications both as a victim or a perpetrator.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

Increased knowledge and verification of potential dosing scenarios serves to bet-

INTRODUCTION

Erdafitinib is an oral pan-fibroblast growth factor receptor
(FGFR) inhibitor characterized by a potent antitumor activ-
ity against FGFR-aberrant malignancies in preclinical and
clinical studies.'” Erdafitinib was granted a breakthrough
designation by the US Food and Drug Administration (FDA)
for the treatment of locally advanced or metastatic urothelial
carcinoma with susceptible FGFR3 or FGFR2 genetic altera-
tions and progression during or following at least one line of
platinum-containing chemotherapy, with subsequent accel-
erated approval for this indication in April 2019.* Erdafitinib
is also approved in Canada and a few other countries for the
same indication. Pharmacokinetic (PK) investigations of
erdafitinib within phase I clinical trials conducted in patients
with cancer support dose-proportional and time-independent
PK after single and multiple daily dosing at dose levels from
0.5-12-mg, with a recommended maximum dose of 9-mg
given once daily (q.d.).>® Erdafitinib binds preferentially to
al-acid glycoprotein (AGP) and free fraction in plasma pro-
tein (f,,) decreases with increasing AGP levels, resulting in
decreased clearance.’

Per in vitro systems, erdafitinib is a substrate for cyto-
chrome P450 (CYP) 2C9, CYP3A4, and P-glycoprotein (Pgp),
a weak time-dependent inhibitor (TDI) and weak inducer
of CYP3A4 and an inhibitor of organic cation transporter 2
(OCT2) and Pgp.* M6 is the O-demethylated erdafitinib and
the major fecal metabolite in humans (24%). It is formed pre-
dominantly by CYP2C9 and to a small extent by CYP3A4.
M8, N-dealkylated erdafitinib, is the other important fecal
metabolite in humans accounting for ~ 3% of the dose (1% in
urine), which is primarily formed by CYP3A4.® Subsequently,

ter inform prescribers and health care providers regarding DDIs.

the role of CYP3A4 and CYP2C9 in the elimination of er-
dafitinib were confirmed in vivo through a fluconazole and
itraconazole drug-drug interaction (DDI) trial.’

A physiologically based PK (PBPK) model was developed
for erdafitinib that captured the AGP-dependent f,,, and cor-
responding effects on total and free (unbound) exposure,
along with the differential relative contributions of clear-
ance pathways, based on in vitro data and single-ascending
dose and multiple-ascending dose clinical and human
mass balance data, and was subsequently verified using a
clinical DDI study with itraconazole and fluconazole. The
PBPK model was used to evaluate the DDI of perpetrator
drugs: CYP3A4/CYP2C9 inhibitors and CYP3A4/CYP2C9
inducers, on erdafitinib, considering the effect of different
CYP2C9 genotype populations and differences in AGP lev-
els between healthy individuals and patients with cancer.

The DDI potential of erdafitinib as perpetrator for
transporter inhibition (Pgp and OCT2/multidrug and
toxin extrusion protein 2) and for time-dependent inhibi-
tion and/or induction of CYP3A was also evaluated.

METHODS
Software

PBPK modeling was performed using the Simcyp
v16.1 simulator (Simcyp Ltd). Characteristics of the clini-
cal studies included in the PBPK model development,
optimization and verification, and simulated trial de-
sign settings are listed in the Supplemental Information,
Tables S1-S4. Input parameters of the PBPK models used
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are listed in Tables S5-S15. Incubation details of in vitro
studies are given in Tables S16 and S17.

Model development

Figure 1 provides an overview of the strategy used for the
erdafitinib PBPK model development, verification, and ap-
plication. Parameters representing physicochemical prop-
erties, in vitro absorption, distribution, metabolism, and
excretion (ADME) studies, and clinical total and free plasma
concentration time profiles for erdafitinib were used to de-
rive the input parameters for the erdafitinib PBPK model
(Table S18). Per the PBPK model, erdafitinib clearance con-
sisted of a combination of metabolism by CYP3A4 (20%) and
CYP2C9 (39%) based on the in vitro phenotyping informa-
tion, renal clearance (13%), and intestinal secretion (21%; im-
plemented as biliary clearance) as derived from the human
mass balance study. Additional hepatic metabolic clearance
was estimated at 8%, derived from the minor amount of other
metabolites excreted in the feces in the human mass balance
study. As disease state can alter the plasma protein binding
(e.g., increased AGP levels in patients with cancer),'*"" the
variability in f;,, was considered using protein concentration-
dependent f,. Moreover, a patient-like virtual population
was created based on the virtual healthy volunteers popula-
tion in Simcyp™ v16.1 by modifying the AGP levels, reflect-
ing the observed AGP levels in a healthy subject population
(EDI1006 and EDI1007) or a patient population (EDI1001)

ASCPT

(Table $S19).° Simulated and observed correlations between
AGP levels and f,, are shown in Figure S1.

Complete absorption of erdafitinib was assessed based
on the human ADME study with '*C-erdafitinib (12-mg).®
At the end of the sampling period, the total amount of ra-
dioactivity recovered ranged from 79.2% to 93.1% of the
administered dose. The majority of total radioactivity was
recovered in feces (58.7%-75.1%). The average total radioac-
tivity recovered in urine was 16.2%-24.8% of the adminis-
tered dose (accounting for unchanged drug and metabolites)
and can be assigned to absorbed erdafitinib that was system-
ically available before urinary elimination. Metabolite pro-
filing of pooled feces indicated M6 and M8 resulting from
O-demethylation and N-demethylation of erdafitinib con-
tributed to 24% and 3.23%, respectively, of the dose in the
feces and can be accounted for as absorbed erdafitinib that
was systemically metabolized and eliminated in the feces.*®
A slow elimination of drug and recovery of unchanged
drug in the feces over extended days (17% recovered over
~ 16 days with < 5% of the dose recovered within the first
3 days), which is beyond the normal gastrointestinal transit
time, suggesting a slow disposition of absorbed erdafitinib.
Due to lack of evidence of direct conjugate formation in in
vitro human hepatocyte incubations and rat biliary excretion
study, the possibility of biliary-excreted conjugated drug is
unlikely. Therefore, the unchanged drug recovered in feces
must first have been absorbed and subsequently secreted
in the intestine directly or eliminated via the bile. Overall,
the data obtained in the mass balance study indicate that
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FIGURE 1 Overview of the physiologically based pharmacokinetic model development, verification, and application strategy.®” AGP,
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erdafitinib is > 94% absorbed from the gastrointestinal tract.
Therefore, the absorption of erdafitinib was considered
complete following oral administration.

Model verification

In addition to the in vitro data, relevant data from three clini-
cal studies were used to build and verify the PBPK model for
the relative contribution of CYP pathways and for potential
involvement of Pgp in the overall clearance of the compound.
The first study was the aforementioned first-in-human phase
I study,® which allowed verification of the PBPK model for
simulation of the PK of total and free erdafitinib in a patient
population following single and multiple dosing. The second
was a human mass balance study in eight healthy individuals
receiving a single dose of 12-mg erdafitinib, which allowed
to determine the intestinal secretion and percent bioavail-
ability.® During the early clinical development, efficacious
dose was considered in the range of 9-12-mg q.d., therefore
a 12-mg dose was used in the mass balance study.® The third
study was a DDI clinical study assessing the effect of multi-
ple doses of 400-mg q.d. fluconazole (a moderate inhibitor
of CYP2C9 and a weak inhibitor of CYP3A) and 200-mg q.d.
itraconazole capsule (a strong inhibitor of CYP3A4'% and an
inhibitor of Pgp"® as well) on the PK of a single 4-mg oral dose
of erdafitinib in 16 healthy adults in a parallel design.® In
addition, both total and free concentrations were compared
with clinically observed concentrations.

Prespecified acceptance criteria to evaluate the ability
of the PBPK model to predict the observed data were based
on the methods described by Abduljalil et al.** for the PK
parameters, and for DDI predictions the method based on
Guest et al."” was applied, considering the magnitude of
the observed interaction. Although a Simcyp verified (SV)-
itraconazole PBPK model is available in the Simcyp com-
pound library, several shortcomings have been previously
described by Ke et al.,'® including mismatch in simulated and
observed PK for the hydroxyitraconazole metabolite. An up-
dated PBPK model, taking these shortcomings into account,
was published by Chen et al.'’” and is used in this article. The
SV-fluconazole file from the Simcyp  v16.1 library was used,
a file for which verification was done for the CYP3A4 inhibi-
tion properties with modifications to the CYP2C9 inhibition
constant (Ki) value from 7.92 uM to 20.4 uM'® implemented
to accurately capture the CYP2C9 inhibition properties.

Model application
Modified virtual populations with specific input parameters

for poor metabolizer (PM) phenotypes for CYP2C9 were
created, as described in Tables S20 and S21, to accurately

simulate the effects of CYP2C9 genotypes observed in
CYP2C9 PM with *2/%2, *2/*3, and *3/*3 genotypes. Relative
enzyme abundance was back-calculated from published
studies using tolbutamide as a CYP2C9 probe substrate.'* '
For each virtual population, the coefficients of variance
were further modified based on the published data by Chiba
et al.* These CYP2C9 PM virtual populations were used to
investigate a worst-case scenario with CYP3A4 inhibition in
a PM CYP2C9*3/*3 genotype population.

To translate in vitro observations regarding the inhibi-
tory effects of erdafitinib on OCT2 into clinical relevance,
DDI simulations were conducted by including the in vitro
transporter inhibition data into the erdafitinib PBPK model
using transporter substrate metformin (OCT2 and multi-
drug and toxin extrusion protein) as a sensitive DDI victim
substrate. Although erdafitinib is a potent Pgp inhibitor in
vitro, Pgp inhibition at a systemic level can be excluded at
the clinically relevant doses {concentration resulting in 50%
inhibition [IC5, = 0.67 uM] > R (50*[maximum concentra-
tion (Cpaiee] = 0.57 uM)} based on the FDA and European
Medicines Agency guidelines.B’24 However, at the intestinal
levels, it cannot be excluded that the ICs, for erdafitinib is
< 0.1*dose (9-mg erdafitinib)/250 ml (= 8.1 uM), which is
the requisite for a Pgp inhibition of potential clinical signifi-
cance according to the guidance documents.”** To evaluate
the impact of Pgp inhibition more dynamically during tran-
sit through the gastrointestinal tract, simulated luminal and
enterocyte concentrations were used to determine the time
frame where erdafitinib concentrations are higher than the
unbound extracellular ICs, and the unbound intracellular
IC,, for Pgp inhibition, respectively. DDI simulations with di-
goxin as a probe substrate of intestinal and hepatic Pgp with
coadministration of erdafitinib and with staggered dosing
were used to further evaluate the Pgp DDI potential (sensi-
tivity analysis of IC, values is shown in Figure S2). Verified
PBPK models for rifampicin and digoxin were available in
the Simcyp  v16.1 compound library and were used in con-
junction with the derived erdafitinib PBPK model. The SV-
metformin file from the Simcyp  v16.1 library was used with
the modification described by Burt et al., > and some adjust-
ments toward the relative activity factors of the transporters
were done based on in vitro data (on file) to be able to ade-
quately describe the PK of the compound using the settings of
Simcypm (Table S22).7%

RESULTS

Erdafitinib PBPK model performance
verification

The PK parameters and concentration-time plots of the
observed and simulated data for erdafitinib lowest (4-mg)
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TABLE 1 Simulated (n = 96) and observed single dose (n = 9) and steady-state (n = 6) pharmacokinetic parameters for erdafitinib after
4-mg and 9-mg single doses followed by 9-mg q.d. dosing from Day 4 onward in patients with cancer

Simulated Observed (EDI1001)
Single dose q.d. dosing Single dose q.d. dosing
AUC, , AUC,,, AUC, , AUC,,,
Conax (ng/ (ng-h/ Cnax (ng/ (ng-h/ Conax (ng/ (ng-h/ Crnax (ng-h/
Patients ml) ml) ml) ml) ml) ml) (ng/ml) ml)
4-mg dose N=96 N=7 N=5
Mean 190 7898 580 11,970 182 6743 675 13,516
Geometric mean 179 7408 543 10,896 163 6022 630 12,064
Median 174 7383 576 11,911 173 6360 569 13,516
Standard 69.7 2722 211 4827 77.1 3318 267 8619
deviation
Ratio predicted/ 1.10 1.23 0.86 0.90
observed®
Success criteria® 0.55-1.83 0.72-1.39  0.48-2.07 0.33-3.04
9-mg dose N=96 N=9 N=6
Mean 428 17,664 1282 26,371 431 17,564 2018 39,587
Geometric mean 403 16,560 1201 23,994 390 15,091 1911 36,608
Median 390 16,522 1270 26,209 389 16,053 1765 30,594
Standard 157 6095 464 10,642 177 9364 744 17,575
deviation
Ratio predicted/ 1.03 1.10 0.63 0.66
observed®
Success criteria® 0.65-1.54 0.49-2.03  0.54-1.86 0.48-2.09

Abbreviations: AUC,_;,, area under the curve from time 0 to 72 h; AUC,,,, area under the curve from time 0 to the end of the dosing period; C,,,,, maximum

plasma concentration; q.d., once daily.
“Ratios of predicted geometric mean value and observed mean value.

PSuccess criteria defined on observed data as described by Abduljalil et al.'*

and highest (9-mg) clinical dose per its approved indica-
tion in patients with cancer are presented in Table 1 and
Figure 2. Per visual predictive checks and the area under
plasma concentration versus time curve (AUC) simu-
lated/AUC observed and C,,,, simulated/C,,, observed
ratios, the simulated profiles matched the observed data
both after single dosing and at steady state.

Simulated and observed PK parameters for erdafitinib
in healthy subjects (EDI1007)* with the extensive metabo-
lizer (EM) CYP2C9 genotype, when administered alone or
with itraconazole 200-mg qg.d. or fluconazole 400-mg q.d.,
are summarized in Table 2. The results showed an increase
in C,x and area under the curve to infinite time (AUC;)
ratios of 1.21 and 1.49, respectively, when erdafitinib was
administered with fluconazole and of 1.04 and 1.34, respec-
tively, when administered with itraconazole. No significant
effect of included CYP2C9 genotype (*1/%1, *1/*2, *1/*3) was
observed; geometric mean AUC;,; ratios in the *1*1 sub-
group with fluconazole was 1.52 versus 1.48 in a combined
*1*1/*1*2 subgroup and with itraconazole this was 1.23
versus 1.34, respectively. The minor DDI effect observed

with codosing of strong inhibitors such as fluconazole
and itraconazole confirmed that other clearance pathways
than CYP3A and CYP2C9 metabolism are also playing a
role, such as the potential intestinal secretion. Pgp is not
likely involved in the active secretion process of erdafitinib
based on the observation that similar relative total amount
of erdafitinib (Pgp substrate) and metabolite M6 (not a
Pgp substrate) is excreted in urine after dosing erdafitinib
with itraconazole (Pgp inhibitor). Considering intersubject
and intertrial variability, the differences between observed
and simulated ratios were small (Figure 3). In addition, in
contrast to the simulations, the clinical DDI trial was not
a cross-over study and differences between trials should be
considered as well. If differences between virtual trials are
considered, for example, in the virtual trial 2, an erdafitinib
geometric mean AUC in the presence of itraconazole of
11,091 ng/ml-h was simulated, which is 1.32-fold higher as
the erdafitinib geometric mean exposure of 8401 ng/ml-h
without itraconazole obtained in virtual trial 5 (similar to
the observed calculated interaction between itraconazole
and erdafitinib of 1.34-fold; Table 2).
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FIGURE 2 Overlay linear plots of simulated mean and 90% prediction interval (green and gray lines) and observed (colored symbols
represent individual concentration data points, and each color represents one subject) plasma concentration time profiles of erdafitinib
(top, total concentration in ng/ml; bottom, free concentration in ng/ml) after 9-mg single dose followed by 9-mg q.d. dosing from Day 4 in

patients with cancer (study ED11001)%7 q.d., once daily

DDI simulations with erdafitinib
as the victim

Following verification of the model, additional prospec-
tive DDI simulations were performed to evaluate the DDI
potential as victim in different genotype populations and
the effect of increased AGP levels in patients with cancer.
DDI simulations in virtual patients with erdafitinib 9-mg
as the victim are summarized in Table S23. When coad-
ministered with itraconazole 200-mg q.d. or fluconazole
400-mg q.d., erdafitinib exposure was increased with re-
spect to AUC and C,,,, by 1.13 and 1.11 or 1.61 and 1.50-
fold, respectively. In the PM CYP2C9 genotype *3/*3,
when erdafitinib was dosed with concomitant itracona-
zole 200-mg q.d., the AUC and C,,,, ratios increased up
to 1.79 and 1.73 (worst-case scenario), respectively; cor-
responding increases were 1.32 and 1.30, respectively, for
CYP2C9 genotype *2/*2 and 1.46 and 1.44, respectively,

for CYP2C9 genotype *2/#3 (Figure 4). Simulation of in-
duction with rifampicin, a strong inducer of CYP3A4 and
moderator inducer of CYP2C9, resulted in ~ 60% decrease
in erdafitinib AUC and C,,, (Figures 4 and 5).

DDI simulations with erdafitinib as the
perpetrator

Simulated midazolam and alprazolam C,,, and AUC ra-
tios with and without erdafitinib 9-mg q.d. are summa-
rized in Table S24. Erdafitinib increased the exposure
of midazolam by 1.5-fold in a worst-case scenario (i.e.,
Jugue fraction unbound in gut = 1), supporting that it
is a weak TDI of CYP3A4. The higher ratios for predic-
tion using f,, g = 1 Versus f, o« = fup support that a large
portion of the simulated inhibiting effect is attributed to
inhibition in the gut. The minor in vitro induction effect



@ | 1113

ASCPT

PREDICTION OF DDI POTENTIAL FOR ERDAFITINIB

1A JO SpmIuSeU PIAIASAO oY) U Juopuadap a3uer 25ueIdodor Ue SUIULINIAP 0) PASN ¢ '[€ 12 ISAND UO Paseq BLIdILID 2due)dedde [OPON,
1 T8 3 [ME[NPQV £q paqLIOsap SE BjEp PaAISSqo UO PauPap BLIDJLID SSI0NS,

"OM[EA UBSWI PIAIOSO PUE dN[A UBSUI OLIIAUWO0AF PajoIpaid Jo soney,

*1031QIYUI )1/ /101QIYUT INOYIIM Iajourered :sMO[[0] Se Paje[nNo[ed puE asea1oul p[oj a) Suissardxa sorer pajenuis,

*A[rep 2ouo “pb ‘19ZI]0qERIOUI SAISUIXD

SEUA U 9)IUGUT 0 9AIND Y} IpUN BaTe )NV ‘9AIND SUWIN SNSISA UOIIBIIUSDUO0D ewise[d Iopun Bale )NV :SUONRIADIQQY

‘NA ‘uonoeIaul SnIp-3nip ‘1Ad ‘0S+d SWOIY203A0 ‘JAD ‘UOHenUdU0d ewse[d wWnwixew

00'T-L0'T 80'T-00'T %w:ﬁ sourydaooe [
€€°T-5L°0 TET-9L'0  ,BLIDILIO SS200NS 88°0 68°0 qPeAI9sqO/pajorpard oney
- - €0T¢ TLE S0°0 100 8¥9¢ 6'ch UONIBIASD pIepUR)S
veT YO'T S8LTT or1 ST'T 70T 9LE0T szl UBIUI OLI}OUWI090)
- - 8TTTl SPT ST'T 20'T €L6°0T el e
(L1 10 9T = u) D 3040 sjozeuoden ‘p°b Sw-00z ym
86'1-CT'T WT-€0'T p8uer oueldedde 1aa
€9°1-19°0 €9°T-19°0  ,BLIS}LIO SSA00NS 60T S8°0 qPPAI8q0/padIpald oney
- - L809 L'SL 770 100 6811 T0S UONIBIASD pIepUR)S
671 1T'T 090°€T 791 S9'1 YO'T S9THT LET UBIUI OL1}OUI0DD)
- - £€TH1 LLT 99'T Y01 TS8pT 9p1 B
(91 10 ST = u) g 110Y4y0) drozeuodny ‘p'b Swr-gop YITM
YET-SL0 0€T-LL'0  ,BLIDILIO $S300NS 660 €60 qPRAI95qO/paRdIpald oney
= = €25 6'7E = = 1682 9'8h UONBIASD pIepUe)S
- - LLLS PEL - - €598 4! UBIUI OLI}OUI09D)
= = SYT16 8€T = = L806 €€1 CE) A
(L1 = u) v 10y0) I1031qIY Ut ON
LOBeIDNV  oner*™™y  (ju/y-Su) (rw/3u) OHEIDNV oper™, (ru/y-Su) (ruu/3u)
Manv are) Manv iare)
(Cx/Tx + L+/Tx 622dAD -LOOT-IAA ‘ST = U) PIAIISqO (s109[qns 96 = u) pajernuirs

ad&K1ousd 6D7dAD INA U3 M (LOOTIAH) s102fqns Ayyreay ur Swi- qrunepd Jo Sursop [eto 9[3urs e G Ae U0 pue 11 03 T
skeq woiy "p b Sw-got 9[0zeuoonyy 10 pb Swr-pg sjozeuosENn! Jo Sursop Surmor[oy qrunFepIs 10y s1ojourered opouryosewreyd (LT 10 9T ‘ST = U) PIAIdSqO PUe (96 = U) pajenwilS ¢ ATIV.L



1114 |

DE ZWART ET AL.

ASCPT

E AUC; ¢

30000

25000

— 20000
[
S~
£

w0 25000
(@)
o)

< 10000

5000

0

& N $ >
\‘V * *% S
N & % £
3 > VS
S N2 5
QS Q g
N & °
Q A <&
% QQ A
(S}
N S
§ &
&

O AUC;; + itraconazole

O AUC; + fluconazole

FIGURE 3 Box plot of AUC;; values in healthy subjects after dosing erdafitinib alone or in combination with itraconazole 200-mg once
daily or fluconazole 400-mg once daily as observed in EDI1007° in healthy subjects with EM CYP2C9 genotypes compared with simulated
AUC;; values in six simulated trials in healthy subjects with EM CYP2C9 genotypes. AUC,, area under the curve to infinite time; CYP,
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did not result in any decrease of exposure of midazolam.
Moreover, based on the data generated for erythromycin
in the same experiment, the TDI effect of erdafitinib is
likely to be overestimated (Table S25).

As a Pgp inhibitor, simulated luminal and enterocyte
concentration after erdafitinib 9-mg showed a potential
risk of Pgp inhibition in the first 5 h after dosing only in
the different parts of the intestinal tract (Figure S3). This
resulted in an increase of digoxin C,,, values by 1.45-fold
when dosed together (Figure S4). However, the potential
concern for a Pgp-mediated DDI was alleviated by dose
staggering of erdafitinib and digoxin by at least 6 h.

To evaluate the potential inhibition of OCT2 in vivo,
DDI simulations using both the IC,, and the ICs,/2 val-
ues of erdafitinib were done, and the results showed
(Table S26) no relevant clinical interaction for the
OCT?2 substrate metformin (Figure S5) at the maximum
clinical erdafitinib dose (9-mg q.d.). The use of in vitro
determined ICs, values was shown to predict the po-
tential DDI on 250-mg metformin of two other known
positive control inhibitors of OCT2, cimetidine and
pyrimethamine. Both of the positive control inhibitors
were also included in the in vitro assay with erdafitinib

(Tables S5, S22, S25, S27, S28 and Figures S6-S10).
Additional sensitivity analysis on the in vitro assay de-
termined that the ICs, value for erdafitinib was per-
formed by simulating the interaction with a 30-fold
lower ICs, value,* resulting in mild inhibition of met-
formin exposure (Table S26).

DISCUSSION

The erdafitinib PBPK model is presented to provide an
integrated assessment of the DDI potential of this drug,
which was recently approved by the FDA and a few other
countries for the treatment of locally advanced or meta-
static urothelial carcinoma with susceptible FGFR3 or
FGFR2 genetic alterations and progression during or fol-
lowing at least one line of platinum-containing chemo-
therapy. These modeling results together with clinical
DDI studies were used to guide the clinical development
and the drug-labeling recommendations.

The purpose of the modeling and simulation performed
in this study was to assess the DDI potential of erdafitinib
as a victim for CYP3A inhibitors, CYP2C9 inhibitors, Pgp
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transporter inhibitors, and CYP3A4/CYP2C9 inducers in
healthy subjects, in patients, and in poor CYP2C9 metab-
olizing populations. Moreover, the DDI potential of er-
dafitinib as a perpetrator for transporter inhibition and for
time-dependent inhibition of CYP3A was also assessed.
Given that erdafitinib is highly bound to human plasma
proteins, primarily to AGP, coupled with clinical obser-
vations of higher AGP levels and high variation in f,; in
patients with cancer relative to healthy subjects, a PBPK
model was developed using a specific population with
cancer that reflected the difference in AGP. Except for
AGP, all physiological parameters remained unchanged in
the PBPK model. The good agreement between observed
and simulated concentrations of both total and unbound
erdafitinib supported the accuracy of the PBPK model.
In addition, the observed differences in total exposure in
patients with cancer versus healthy subjects (~ 1.4-fold)
and similarity of free exposure in both populations were
well captured in the PBPK model. Thus, the fold-change
in AUC ratio obtained from erdafitinib DDI simulations
in virtual patients are applicable to healthy subjects and

vice versa. The DDI ratios observed in the clinical study
EDI1007,® dosing erdafitinib in combination with the
CYP2C9 and CYP3A4 inhibitor fluconazole (400-mg q.d.),
were too low to explain the clearance pathways by CYP-
mediated metabolism only. Considering complete oral
absorption of erdafitinib based on its high solubility-high
permeability Biopharmaceutics Classification System
Class 1 characteristics as well as the prolonged excretion
of parent compound in feces up to even 1 week after dos-
ing,"! an intestinal secretion pathway seemed plausible.
Intestinal secretion was also shown with other drugs (e.g.,
talinolol*?). Potentially, a fraction of the erdafitinib dose
excreted into intestine may be recirculated via reabsorp-
tion, which is unknown, and no separate factor was con-
sidered in the current PBPK simulations. Recirculation
is not a clearance mechanism, but is more a distribution
phenomenon. The fraction of the systemic clearance that
is intestinally secreted derived from the human mass bal-
ance study was included in the PBPK model. Hence, the
net effect of intestinal secretion including possible reab-
sorption is indirectly accounted for in the PBPK model.
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Hypothetically, to incorporate recirculation into the
model, the intrinsic intestinal secretion clearance (biliary
intrinsic clearance in the model) will have to be increased
to maintain the same net effect of this pathway. As a re-
sult, to maintain the same observed oral clearance, the in-
trinsic clearance of the CYP pathways needs to decrease.
Overall, the fractions of the systemic clearance, cleared
via metabolic pathways or via intestinal secretion pathway
will have to stay the same and consequently assumptions
used in the PBPK model are unlikely to impact DDI pre-
dictions. Active involvement of Pgp in systemic clearance
seems unlikely based on the observed lack of change in
renal excretion of unchanged erdafitinib (Pgp substrate)
if dosed in combination with the CYP3A4 and Pgp inhib-
itor itraconazole (200-mg q.d.). In addition, the DDI ratio
after dosing erdafitinib in combination with itraconazole
was small and could be mainly attributed to inhibition of
CYP3A4 only. This suggested that Pgp is unlikely to play
an important role in the clearance of erdafitinib, and the
mechanism of intestinal secretion is unclear. In the PBPK
model, metabolism by CYP3A4 (20%) or CYP2C9 (39%)
accounted for > 50% of erdafitinib clearance.

The PBPK model was used to further evaluate the DDI
potential in a patient population. Simulated DDI with
itraconazole 200-mg q.d. or fluconazole 400-mg q.d. in pa-
tients dosed at 9-mg qg.d. resulted in increases in exposure
in AUC and C_,, of 1.13 and 1.11 or 1.61 and 1.50-fold,
respectively. In poor CYP2C9 metabolizers, if dosed with

concomitant strong CYP3A4 inhibitors, the DDI ratios
could go up to 1.79 and 1.73 for AUC and C,,,, respec-
tively, for CYP2C9*3#3, with smaller increases of 1.32 and
1.30, respectively, for CYP2C9*2/#2 and 1.46 and 1.44, re-
spectively, for CYP2C9*2/*3. Of note, in the DDI clinical
study,® CYP2C9 PM genotypes were excluded; therefore,
these populations could not be verified. Simulation with
a strong inducer of CYP3A4 and CYP2C9, such as rifam-
picin, resulted in ~ 60% decrease in erdafitinib AUC and
Chax in EM as well as in PM subjects; however, the ab-
solute difference in erdafitinib exposure between PM and
EM subjects dosed with concomitant inducer rifampicin
was smaller due to the higher exposure in PM subjects.
Therefore, simulated dose adjustments in EM subjects are
indicative for the necessary dose increase to obtain similar
plasma exposure. However, there was no clinical experi-
ence, nor are there clinical plans to test higher erdafitinib
dosing regimens under induction scenarios.

As a Pgp inhibitor, simulated luminal and enterocyte
concentration after dosing 9-mg erdafitinib showed a po-
tential risk of Pgp inhibition in the first 5 h after dosing
only in the different parts of the intestinal tract. This re-
sulted in a simulated increase of digoxin C,,, values by
1.45-fold if dosed together. The simulated interaction
could be avoided by at least 6-h dose staggering between
erdafitinib and digoxin. All other DDI liabilities are min-
imal and thus considered not clinically relevant. With
erdafitinib, plasma concentrations were simulated to be
higher in patients with the CYP2C9*3/#3 genotype; those
patients known or suspected to have this genotype should
be monitored for increased adverse reactions.

Overall, the PBPK modeling together with conducted
clinical DDI studies supports the DDI risks that are cap-
tured in the approved product labeling for erdafitinib. Per
the labeling, coadministration of erdafitinib with a mod-
erate CYP2C9 or strong CYP3A4 inhibitor will increase er-
dafitinib exposure and may lead to increased drug-related
toxicity, whereas erdafitinib exposure will potentially
be reduced with strong CYP2C9 or CYP3A4 inducers.
Accordingly, the use of alternative agents with no or min-
imal enzyme inhibition or induction potential should be
considered. Otherwise, when concurrent use is unavoid-
able, erdafitinib dose adjustments should be considered
based on adverse event monitoring during use with mod-
erate CYP2C9 or strong CYP3A4 inhibitors accordingly
to prescription label recommendations. Due to the risk
of decreased antitumor activity, concurrent use of erdafi-
tinib with strong CYP2C9 or CYP3A4 inducers should be
avoided if the dose regimen cannot be changed. Regarding
Pgp substrates, the product labeling highlights the poten-
tial increase in their systemic exposure if administered
concurrently with erdafitinib and that, when concurrent
use is unavoidable, drugs with a narrow therapeutic index
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should be taken at least 6 h before or after erdafitinib
to minimize the potential for interactions. In general,
the sponsor received positive feedback from the health
authorities (HAs) in the application of PBPK DDI sim-
ulations for drug development and supporting label rec-
ommendations for the product. In most situations, HAs
accepted the PBPK simulations, and in some other areas
recommended a cautious language for the label. For ex-
ample, HAs accepted dosing recommendations for erdafi-
tinib concomitant use with Pgp substrates and various
CYP2C9 genotypes based on PBPK simulations. For the
effect of CYP3A4/2C9 inducers on erdafitinib PK, a cau-
tionary language for potential loss of erdafitinib exposures
was recommended based on PBPK simulations. Although
erdafitinib simulations to study the CYP3A TDI effect on
CYP3A substrates (midazolam, alprazolam) and inhibi-
tion of OCT2 substrate (metformin) were suitably tested
with appropriate sensitivity analysis, there were some un-
certainties observed in predicted interactions with known
positive control inhibitors for these substrates (overpre-
diction of erythromycin [CYP3A TDI] interaction with
midazolam but not alprazolam, slight underprediction
of inhibitory effect of cimetidine and pyrimethamine on
metformin). Therefore, clinical DDI studies are planned to
confirm the simulated interaction results with CYP3A and
OCT?2 substrates and to provide label recommendations as
appropriate. Thus, the PBPK modeling together with con-
ducted clinical DDI studies supports the DDI risks that
are captured in the approved product labeling for erdafi-
tinib. Furthermore, erdafitinib is being individually dose
titrated in the clinical setting based on a quantitatively de-
termined biomarker strategy. This biomarker-based dose
titration further optimizes dose on an individual level in
addition to the DDI guidance.

CONCLUSIONS

The multiple pathways involved in the clearance of
erdafitinib make the compound less susceptible to DDIs.
Overall, aside from interactions involving strong CYP3A4
or moderate 2C9 inhibitors and CYP3A/2C inducers as
well as Pgp substrates, all other DDI liabilities are mini-
mal and thus considered not clinically relevant. Dose
staggering (~ 6 h) between erdafitinib dosing and narrow
therapeutic index Pgp substrates can minimize DDIs at
the intestinal level.
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