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Abstract

Purpose A population pharmacokinetic (PK) analysis of the anti-fibroblast growth factor receptor 2b antibody, bemaritu-
zumab, was performed to evaluate the impact of covariates on the PK and assess whether dose adjustment is necessary for
a future phase 3 trial.

Methods Serum concentration data were obtained from three clinical trials, with 1552 bemarituzumab serum samples from
173 patients, and were analyzed using nonlinear mixed-effects modeling.

Results A two-compartment model with parallel linear and nonlinear (Michaelis—Menten) elimination from the central
compartment best described the bemarituzumab serum concentration data. The final model estimated a typical linear clear-
ance (CL) of 0.311 L/day, volume of distribution in the central compartment (V) of 3.58 L, distribution clearance (Q) of
0.952 L/day, volume of distribution in the peripheral compartment (V) of 2.71 L, maximum drug elimination by nonlinear
clearance (V,,,,) of 2.80 pg/day, and Michaelis—Menten constant (K,,) of 4.45 pg/mL. Baseline body weight, baseline albu-
min, gender, and chemotherapy were identified as statistically significant covariates on the PK of bemarituzumab. Given
the low interindividual variability of bemarituzumab key PK parameters (CL and V) and the small or modest effect of all
statistically significant covariates on bemarituzumab exposure at steady-state, no covariate is expected to have clinically
meaningful effects on bemarituzumab exposure.

Conclusion No covariate had a clinically meaningful impact on bemarituzumab exposure. These results indicate that dose
adjustment of bemarituzumab is not necessary, based on the aforementioned covariates, for a future phase 3 trial in gastric
and gastroesophageal junction adenocarcinoma population with FGFR2b overexpression in combination with mFOLFOX6.

Keywords Bemarituzumab - Anti-fibroblast growth factor receptor 2b - Population pharmacokinetics - Gastric and
gastroesophageal adenocarcinoma

Introduction

Bemarituzumab (FPA144) is a first-in-class, recombinant,
humanized, afucosylated immunoglobulin G1 (IgG1) kappa
monoclonal antibody (mAb) directed against fibroblast
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growth factor receptor 2 IIIb (FGFR2b) and is being devel-
oped by Five Prime Therapeutics as a therapeutic for cancer.
Bemarituzumab has two mechanisms of action: blocking the
FGFR2b signaling pathway and enhancing antibody-depend-
ent cell-mediated cytotoxicity (ADCC) against FGFR2b-
overexpressing tumors.

Bemarituzumab has been evaluated in three clinical trials
{FPA144-001, FPA144-002, and FPA144-004 [FIGHT]}.
FPA144-001 (NCT02318329), a phase 1, open-label, dose-
finding trial evaluating the safety and pharmacokinetics (PK)
of FPA 144 in patients with advanced solid tumors including
gastric and gastroesophageal junction adenocarcinoma (GEA)
at six dose levels ranging from 0.3 to 15 mg/kg once every
2 weeks (Q2W), demonstrated evidence of monotherapy activ-
ity and acceptable tolerability of bemarituzumab in patients
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with FGFR2b overexpressing GEA [1]. FPA144-002, a phase
1, open-label, dose-finding trial evaluating the safety and PK of
bemarituzumab in Japanese patients with advanced GEA at two
dose levels, demonstrated that bemarituzumab can be adminis-
tered safely to Japanese patients in doses up to 15 mg/kg Q2W.
Since GEA tends to be highly heterogeneous within the same
tumor, and when present, FGFR2b may not be uniformly dis-
tributed throughout the tumor specimen [2, 3], it was projected
that combining bemarituzumab with chemotherapeutic agents
was likely to improve the clinical benefit over bemarituzumab
alone. Therefore, a phase 2, randomized, double-blind, con-
trolled trial evaluating the combination of bemarituzumab with
modified FOLFOX6 (mFOLFOXG6; leucovorin calcium, fluoro-
uracil, and oxaliplatin) vs placebo with mFOLFOXG®6 in patients
with previously untreated advanced GEA (NCT(03343301 and
NCT03694522, FIGHT) was conducted. The FIGHT trial using
bemarituzumab at 15 mg/kg Q2W with 1 additional dose of
7.5 mg/kg on Cycle 1 Day 8 achieved clinically meaningful
and statistically significant improvements across all three of its
prespecified efficacy endpoints including objective response
rate (ORR), progression-free survival (PFS), and overall sur-
vival (OS) in patients with FGFR2b-positive, non-HER2 posi-
tive frontline advanced GEA [4].

A population PK (popPK) analysis was originally con-
ducted based on phase 1 FPA144-001 trial alone [5] to sup-
port the selection of the dose and schedule for bemarituzumab
in the phase 2 FIGHT trial. However, the data available from
the phase 1 FPA144-001 trial alone were insufficient for iden-
tifying key covariate relationships, such as combination with
chemotherapy mFOLFOX6 (combotherapy), tumor type [gas-
tric cancer (GC) vs gastroesophageal junction adenocarcinoma
(GED)], prior gastrectomy, administration of a single dose of
mFOLFOX®6 prior to randomization, geographic region, race,
and Japanese ethnicity. With the success of the FIGHT trial
in patients with GEA, a new popPK analysis using PK data
from three trials described above was conducted to evaluate
the effects of available covariates on the PK of bemarituzumab
in support of a future phase 3 trial in patients with GEA.

The objectives of the current analysis were to develop a
popPK model for bemarituzumab to characterize the PK,
understand the types of covariates and their magnitude effects
on PK parameters, and assess whether dose adjustment for
15 mg/kg Q2W with 1 additional dose of 7.5 mg/kg on Cycle
1 Day 8 is necessary for a future phase 3 trial in combination
with mFOLFOXG6.
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Materials and methods

Bemarituzumab serum concentration assay
in humans

Bemarituzumab serum concentrations in humans were
quantitatively measured at ICON Laboratory Services, Inc.
(Whitesboro, NY) with a validated ELISA [5].

Anti-bemarituzumab antibody assay in humans

The anti-drug antibody levels in study FPA144-001 were
determined by a validated bridging electrochemilumines-
cence assay that utilized Meso Scale Discovery (MSD) tech-
nology [5]. The second method was an ELISA with affinity
capture and elution pre-purification step to measure samples
from studies FPA144-002 and FIGHT. The assay sensitivity
was 30.2 ng/mL relative to the rabbit anti-bemarituzumab
positive control. Drug tolerance was greater than 200 pg/
mL in the presence of 800 ng/mL of rabbit anti-bemaritu-
zumab antibody. Anti-bemarituzumab levels were measured
at ICON Laboratory Services, Inc. (Whitesboro, NY).

Study design and pharmacokinetic population

The popPK analysis was conducted using data from three
clinical studies: FPA144-001, FPA144-002, and FIGHT
(Supplemental Table 1). All studies were conducted in
accordance with the Declaration of Helsinki and Guide-
lines for Good Clinical Practice; approval from Institu-
tional Review Boards or Independent Ethics Committees
was obtained for each trial [6, 7]. Written informed consent
was obtained from all trial participants.

Bemarituzumab was administered in a 30 min intravenous
(IV) infusion at doses ranging from 0.3 to 15 mg/kg Q2W,
with most patients receiving a dose of 15 mg/kg Q2W with
or without 1 additional dose of 7.5 mg/kg on Cycle 1 Day 8.
Patients were evaluable for PK analysis if they had received
at least one dose of bemarituzumab and a corresponding PK
sample collection after drug administration. Observations
below the lower limit of quantitation (LLOQ) at 0.125 pg/
mL were omitted from the analysis.
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Population PK analysis

The popPK analysis was performed using a nonlinear mixed-
effects modeling with the first-order conditional estimation
with interaction (FOCEI) method [8]. Model parameter
estimation and model evaluation were implemented with
NONMEM 7, Version 7.4.3 (ICON Development Solutions.
Ellicott City, MD, USA) [9] with GNU Fortran 95 Com-
piler (Version 4.6), Perl-Speaks-NONMEM (PsN) Version
4.2 (Uppsala University, Sweden) [10, 11], and R (version
3.5.3).

Base model and random-effects model
development

Based on known PK properties of bemarituzumab, the
default structural model was a two-compartment model with
parallel linear and nonlinear (Michaelis—Menten) elimina-
tion pathways from the central compartment using the dif-
ferential equations below [5]:
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where A and A are the amounts of drug in central and
peripheral compartments, respectively. V.. represents the
maximum drug elimination by nonlinear clearance, and K ,,,
the Michaelis—Menten constant, indicates the drug concen-
tration at 50% V,,,.- CL and Q represent linear clearance
and distribution clearance, respectively, while V, and V), rep-
resent volume of distribution in the central and peripheral
compartments, respectively.

Alternative model structures (eg, two-compartment with
time-varying clearance) were also explored, as appropriate.
No time-varying CL was identified after bemarituzumab
administration. The final base model was chosen based on
the objective function value (OFV), goodness-of-fit plots,
and reliability of model parameter estimates.

Assuming a log-normal distribution, the interindividual
variability (ITV) in PK parameters was described by an expo-
nential model:

6; = exp (6T + ’71') 3)

where 6; is the parameter for the i subject, 0 is natural
logarithm of the typical value of the parameter in the popu-
lation, and 7; (ETA) is a random interindividual effect with
mean 0 and variance ®>. The @ values are the diagonal ele-
ments of the IIV-covariance matrix (£2), which was initially

modeled as diagonal (DIAG option in the NM-TRAN
$OMEGA record); thus, assuming no covariance between
the random effects. A non-diagonal © matrix was finally
implemented using the BLOCK option to estimate correla-
tion between CL and V, based on the model fitness as well
as ETA correlation results.

Residual error was described using an additive error
model after log-transformation of the PK data:

In (yl]) =1In (9,]) +&; )

where y; and §; represent the jth observed and predicted
serum concentration, respectively, for the i subject, and ¢
is the random residual effect, which is normally distributed
with mean 0 and variance ¢°. Other residual error models
were explored if patterns were observed in the individual
weighted residual (IWRES) versus individual predicted
value (IPRED) plot.

Covariate model development

Following base model development, covariates likely to
impact bemarituzumab PK were explored for a possible cor-
relation with key bemarituzumab post hoc PK parameters
(Table 1). These covariates were selected based on physi-
ological plausibility, clinical relevance, availability of data,
as well as prior knowledge of similar compounds [5, 12].

Given the previously known effect of body weight on
the clearance and volume of other antibodies and bemaritu-
zumab [5, 12], the effect of body weight on PK parameters
was tested first as part of the base model development. Sig-
nificant body weight effects were incorporated into the base
model based on improvements in model fit. Once the base
model was developed, covariate screening was conducted
by examining correlations between all other covariates
and relevant PK parameters graphically, followed by linear
regression (for continuous covariates) and analysis of vari-
ance (ANOVA) testing (for categorical covariates) using R.
These analyses were conducted using the individual empiri-
cal Bayesian estimates (EBEs) of interindividual random
effects of PK parameters (ETA values) obtained from the
base model. Only those covariates that showed a significant
(p <0.05) correlation with the relevant PK parameters that
could be meaningfully explained from both a clinical and
scientific perspective were examined further in covariate
modelling using NONMEM.

Continuous covariates were modeled using a power
model as described in the following equation:

Coyv;
0, =exp| 07 +k, -1In + 5)

Covpp
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Table 1 Covariate values of bemarituzumab population pharmacokinetic dataset

Covariate (unit or group) Studies All

FPA144-001 FPA144-002 FPA144-004 FPA144-004

(phase 1) (phase 1) (phase 1) (phase 2)
No. of patients 79 6 12 76 173
No. of PK samples 906 110 175 361 1552
Continuous covariates {median [minimum, maximum] }
Age (years) 59 [25, 86] 66 [41, 74] 69 [33, 79] 60 [23, 80] 60 [23, 86]
Weight (kg) 62.3[35.5,148] 63.3[55.9,73.1] 71.6[61.2,89.0] 61.8[43.5,118]  63.9[35.5, 148]
Alkaline phosphatase (U/L) 108 [47.0,787] 207 [166, 487] 124 [67.0,338]  95.0[32.0, 1255] 103 [32.0, 1255]
Albumin (g/L) 38.0[19.0,46.0] 36.5[30.0,42.0] 38.0[30.0,46.0] 39.0[21.0,50.2] 38.0[19.0,50.2]
Total protein (g/L) 69.0 [47.0,93.0] 62.0[59.0,69.0] 71.0[64.0,86.0] 69.0[43.0,87.0] 69.0[43.0,93.0]
Aspartate transaminase (U/L) 24.0 [7.00,106]  23.0[18.0,33.0] 20.0[9.00,102] 21.0[9.00,113]  22.0[7.00, 113]
Alanine aminotransferase (U/L) 18.0 [6.00, 74.0] 14.5[11.0,28.0] 15.5[9.00,33.0] 17.5[5.00, 128] 17.0 [5.00, 128]
Total bilirubin (umol/L) 6.84[1.71,34.2] 10.3[8.55,13.7] 6.84[3.25,22.2] 8.12[2.57,25.7] 8.04[1.71,34.2]
Estimated glomerular filtration rate (eéGFR, mL/min/l.73m2) 89.1[29.1, 145] 92.6[82.8,113] 101 [65.4, 126] 98.4 [54.6, 141] 95.1[29.1, 145]
Lactate dehydrogenase (U/L) 225[100, 1041] 189 [180, 305] 214 [143, 499] 215[91.0, 963] 2151[91.0, 1041]
Tumor size (mm) 45.0[10.0,210] - - 52.0[11.0,297]  50.4[10.0, 297]
Categorical covariates {no. of patients (%)}
Gender Male 46 (58.2%) 6 (100%) 10 (83.3%) 51(67.1%) 113 (65.3%)
Female 33 (41.8%) - 2 (16.7%) 25 (32.9%) 60 (34.7%)
Race White 31(39.2%) - 9 (75.0%) 30 (39.5%) 70 (40.5%)
Asian 46 (58.2%) 6 (100%) 1(8.3%) 44 (57.9%) 97 (56.1%)
Other 2 (2.53%) - 2 (16.7%) 2 (2.63%) 6 (3.47%)
Eastern cooperative oncology group (ECOG) 0 24 (30.4%) 2 (33.3%) 6 (50.0%) 24 (31.6%) 56 (32.4%)
>1 55 (69.6%) 4 (66.7%) 6 (50.0%) 52 (68.4%) 117 (67.6%)
Hepatic function based on NCI-ODWG Normal 52 (65.8%) 5(83.3%) 10 (83.3%) 63 (82.9%) 130 (75.1%)
Mild 14 (17.7%) 1(16.7%) 2 (16.7%) 12 (15.8%) 29 (16.8%)
Missing 13 (16.5%) - - 1(1.32%) 14 (8.09%)
Renal function Normal 28 (35.4%) 4 (66.7%) 8 (66.7%) 54 (71.1%) 94 (54.3%)
Mild 35 (44.3%) 2(33.3%) 4 (33.3%) 21 (27.6%) 62 (35.8%)
Moderate 15 (19.0%) - - 1(1.3%) 16 (9.2%)
Severe 1(1.3%) - - - 1 (0.6%)
Prior gastrectomy No 53 (67.1%) - 12 (100%) 55 (72.4%) 120 (69.4%)
Yes 26 (32.9%) - - 21 (27.6%) 47 (27.2%)
Missing - 6 (100%) - - 6 (3.47%)
FGFR2b status 24+/3+ <10% - - - 31 (40.8%) 31 (17.9%)
24+/34+ >10% - - - 44 (57.9%) 44 (25.4%)
Missing 79 (100%) 6 (100%) 12 (100%) 1(1.32%) 98 (56.6%)
Tumor type GC 48 (60.8%) 6 (100%) - 65 (85.5%) 119 (68.8%)
GEJ 5(6.33%) - - 11 (14.5%) 16 (9.25%)
Other 26 (32.9%) - 12 (100%) - 38 (22.0%)
Therapy Monotherapy 79 (100%) 6 (100%) - - 85 (49.1%)
Combotherapy - - 12 (100%) 76 (100%) 88 (50.9%)
mFOLFOXG6 prior to randomization No 79 (100%) 6 (100%) 12 (100%) 41 (53.9%) 138 (79.8%)
Yes - - - 35 (46.1%) 35(20.2%)
Geographic region US/Europe/Australia 34 (43.0%) - 12 (100%) 32 (42.1%) 78 (45.1%)
China - - - 14 (18.4%) 14 (8.09%)
Rest of Asia 45 (57.0%) 6 (100%) - 30 (39.5%) 81 (46.8%)

FGFR2b fibroblast growth factor receptor 2
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Categorical covariates were modeled using the general
equation:

Jj . .
0,ifX; #
01=exp<0T+Z<kcov <1 le=j>>+’11> (6)
1 ’ !

where 6, is the individual parameter value for the ith subject,
0 1s the natural logarithm of the typical value of the param-
eter in the population, and #; is an interindividual random
effect with mean of zero and variance ®°. For a continuous
covariate, Cov; is the individual covariate value for the it
subject, Cov,,, is the population median or reference value
of the covariate, and k,, is the coefficient describing the
strength of the covariate effect on the parameter. For a cat-
egorical covariate, X; is the individual categorical covariate
indicator for the i™ subject (whose possible values are indi-
cated by j), and k., ; is the coefficient describing the strength
of the covariate effect for category j (which is zero for the
reference category).

Selection of the final covariate model (final popPK
model) was determined for its significance based on the
likelihood ratio test at the p < 0.01 level for forward inclu-
sion and p < 0.001 for backward deletion.

Model evaluation

The final popPK model was evaluated with multiple model
qualification/validation methods, including goodness-of-fit
diagnostics, prediction-corrected visual predictive check
(pcVPC) [13], numerical predictive check (NPC) [14], boot-
strap [15, 16], and shrinkage assessments [17].

pcVPC was used to visually assess the ability of the
model to reproduce both the central tendency and variabil-
ity of observed data over time [13]. A total of 1000 repli-
cates of the original popPK dataset were simulated using
observed covariates and dose regimens for each subject, the
final model parameter estimates, subject-specific random
effects, and residual error. The simulation-based 95% confi-
dence interval (CI) (calculated as the 2.5th-97.5th percentile
of the 1000 simulated trials) of the predicted median, 2.5th,
and 97.5th percentiles of the concentration—time profiles and
the corresponding observed data, normalized based on the
median population prediction of each time bin, were over-
laid to assess whether the model predictions can capture
the observed median and spread of the concentration—time
profiles.

Sensitivity analyses
The sensitivity analysis was performed for the final popPK

model to examine the influence of statistically significant
covariates on the predicted exposures including area under

concentration—time curve at steady-state (AUC,), maximum
serum concentration at steady-state (C,,, i), and trough
concentration at steady-state (Cy,, ) after the target dose
of 15 mg/kg Q2W for 52 weeks with 1 additional dose of
7.5 mg/kg bemarituzumab on Cycle 1 Day 8. Tornado plots
were generated for different scenarios (10th and 90th val-
ues of continuous covariates or possible group of categori-
cal covariates) to show the influence of each covariate on
expected exposure compared with the reference value (the
predicted exposure in a typical male patient on monotherapy
with a body weight of 64 kg and albumin of 38 g/L after the
target dose).

Population PK model simulations

To determine the predicted effect of covariates on steady-
state exposures in the GEA population, the bemarituzumab
concentration—time profiles were simulated using the EBEs
of individual PK parameters based on the final popPK model
for 135 GEA patients following the target dose. The pre-
dicted steady-state exposure metrics (AUC,, C s> and
Ciroug,ss) Were compared among covariate subgroups to
evaluate the need for dose adjustment in patient subgroups
of interest, including age group (< 65 vs> 65 years), weight
quartiles, albumin quartiles, gender, race (White vs Asian
vs other), Japanese ethnicity (Japanese vs non-Japanese),
geographic region (US, Europe, and Australia vs mainland
China vs rest of Asia), FGFR2b status [immunohistochem-
istry (IHC)-detected FGFR2b > 10% vs FGFR2b 1-9%],
therapy [monotherapy (FPA144-001 and FPA144-002) vs
combotherapy (FIGHT)], tumor type (GC vs GEJ), renal
function categories (estimated glomerular filtration rate
[eGFR] > 90, 60-89, 30-59, and 15-29 mL/min), hepatic
function classified by National Cancer Institute Organ Dys-
function Working Group (NCI-ODWG) criteria (normal vs
mild), Eastern Cooperative Oncology Group (ECOG) (0
vs > 1), prior gastrectomy (yes/no), and administration of a
single dose of mFOLFOX®6 prior to randomization (yes/no).

Results
Population PK analysis dataset

The PK analysis dataset included 1552 bemarituzumab
serum concentration—time data points from 173 patients
(Table 1). Of these patients, 85 (49.1%) received monother-
apy and 88 (50.9%) received combotherapy. Observations
below the LLOQ, which made up 1.22% (19/1552) of data
points, were omitted in the analysis. No anti-bemarituzumab
antibody was detected in any patients post-bemarituzumab
treatment in all 3 studies.
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Base model development and covariate assessment

Based on prior popPK analyses of bemarituzumab [5], a
two-compartment model with parallel linear and nonlinear
(Michaelis—Menten) elimination from the central compart-
ment was chosen as the starting structural model. After the
base model structure was established, the model was rerun
after excluding outlier data points with absolute conditional
weighted residuals ICWRESI) > 5. Subsequently, given the
previously known effect of body weight on the clearance
and volumes of other antibodies and bemarituzumab [5,
12], the effects of baseline body weight on CL, V., O, and
V,, were examined. The results indicated that adding body
weight effect on all four parameters significantly improved
the model fit (p <0.01, OFV decreased by 72.2, from
— 3200.8 to — 3273.0). However, removing body weight
effect from Q and V), resulted in a nonsignificant change
in OFV (p=0.038, increases by 6.558, from — 3273.0 to
— 3266.4 for 2 degrees of freedom). Compared to the base
model without body weight effects, the model with the body
weight effects added to CL and V, was established as the
final base PK model for bemarituzumab and reduced the IIV
of CL and V, by 19.7% and 32.9%, respectively.

Based on an examination of PK parameter—covariate
relationships, gender, combotherapy/study, aspartate ami-
notransferase, albumin, a single dose of mFOLFOX6 prior
to randomization, hepatic function based on NCI-ODWG,
ECOG performance status, lactate dehydrogenase, total
bilirubin on CL, gender, and combotherapy/study on V, had
a statistical significance of p <0.05 and were thus carried
forward to the forward covariate search in NONMEM. In
addition, tumor type (GC/GEJ/other) was also carried for-
ward to the forward covariate search on both CL and V for
further evaluation. Screening of other covariates showed that
age, race, eGFR based on Chronic Kidney Disease Epide-
miology Collaboration (CKD-EPI) equation [18], alkaline
phosphatase, alanine aminotransferase, total protein, tumor
size, prior gastrectomy, tumor type, FGFR2b status, and geo-
graphic region were not statistically significant covariates on
bemarituzumab CL and V..

Final population PK model

The covariate modelling process began with univariate test-
ing, where each covariate effect that was found to be sig-
nificant in the covariate screening was added to the base
model one at a time. Testing of the covariates one at a time
using a stepwise forward addition method in NONMEM
showed that the effect of albumin and combotherapy/study
on CL, and gender on V., were significant (p <0.01). The
full popPK model included all significant covariate relation-
ships. Covariates were then excluded from the full popPK
model one at a time using a stepwise backward elimination

@ Springer

method. The criterion for retention was a change in likeli-
hood ratio > 10.83 for one parameter (p <0.001). No covari-
ate was removed in the backward elimination process.

The parameter—covariate relations in the final popPK
model are described by the following equations:

WT,;
CL,;(L/hr) =exp(—4.35 4+ 0.695 X In T

ALB,
—0.657xXIn{ —— ) —0.200
38
X (Therapy; = combotherapy /study) + ncp ;.
@)

WT,
Ve,(L) =exp(1.28 + 0.369 X In <6_4>

— 0.164 X (Gender; = female) + ny,;

®)

where CL; and V; represent the linear clearance from the
central compartment and volume of distribution of the cen-
tral compartment of the ith individual; ¢ ; and 7y ; are
the interindividual random effects of CL and V_ of the ith
individual; WT;, ALB;, Gender;, and Therapy; represent the
body weight, albumin, gender, and combotherapy/study of
the i™ individual, respectively.

Parameter estimates for the final popPK model for bemar-
ituzumab are presented in Table 2. The typical values of
CL, V., Vp, 0, Ve and K, were precisely estimated, as
evidenced by the small relative standard error (RSE) values
(<13%) and narrow confidence intervals from bootstrap-
ping. The estimated coefficients of body weight, albumin,
gender, and combotherapy/study effects were generally esti-
mated with adequate precision (%RSE ranging from 6.46
to 23.2%). The IIVs and residual error were also well esti-
mated, with %RSE ranging from 6.5 to 10.7% for IIVs and
5.19% for residual error.

For a typical male patient on monotherapy with a body
weight of 64 kg and albumin of 38 g/L, the estimated CL
was 0.311 L/day, V, was 3.58 L, Q was 0.952 L/day, Vp
was 2.71 L, V.. was 2.80 pg/day, and K, was 4.45 pg/mL.
The estimated linear clearance half-life was 14.9 days. IIVs
on CL, V_, and VlD were 29.2%, 14.9%, and 60.4%, respec-
tively. The n-shrinkage for CL and V_ was low (13.7%
and 15.7%, respectively), suggesting their EBEs could be
used to accurately describe the relationships between CL
or V, and the relevant covariates. The larger IIV (97.4%)
and relatively higher n-shrinkage (44.6%) for V,,, were
expected given most patients were treated in the linear dose
range. The e-shrinkage for the residual error (¢) was 14.3%.
Based on the estimated coefficients of covariate effects in
the final model, a 10% decrease in body weight resulted in
7.06% decrease in CL and 3.81% decrease in V, (e.g., a 10%
decrease from 64 kg resulted in CL of 0.289 L/day and V,
of 3.45 L). A 10% decrease in albumin resulted in 7.17%
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Table 2 Summary of final population pharmacokinetic parameters

Parameter Parameter description Base model Final model Bootstrap estimates Final model
estimates (% estimate (% median (95% CI) shrinkage (%)
RSE) RSE)
exp (0,%24 Maximum drug elimination by nonlinear  4.03 (17.0%) 2.80 (4.13%) 3.29 (0.77, 10.4) -
clearance, V. (ug/day)
exp (0,) Michaelis—Menten constant, K, (ug/mL) 5.63 (15.2%) 4.45 (8.32%) 5.58 (0.665, 39.1) -
exp (6;)*24 Linear clearance, CL (L/day) 0.275 (3.53%) 0.311 (3.68%) 0.306 (0.261, 0.348) -
0, Influence of body weight on CL 0.703 (4.00%)  0.695 (6.46%) 0.718 (0.518, 0.987) -
[ Influence of albumin on CL - —0.657 (15.2%) — 0.659 (— 1.03, — 0.312) -
(20 Influence of combotherapy/study on CL - —0.200 (23.2%) — 0.205 (— 0.303, — 0.0849) -
exp (6,) Volume of central compartment, V, (L) 3.38 (1.42%) 3.58 (1.64%) 3.58 (3.46, 3.69) -
O Influence of body weight on V, 0.499 (9.92%) 0.369 (13.7%) 0.373 (0.242, 0.491) -
0, Influence of gender on V, - —0.164 (159%) —0.165 (- 0.22, —0.113) -
exp (05)*24 Inter-compartmental clearance, Q (L/day) 0.953 (13.8%) 0.952 (12.5%) 0.928 (0.684, 1.98) -
exp (6q) Volume of peripheral compartment, Vo 2.78 (5.89%) 2.71 (4.92%) 2.71 (2.41, 3.09) -
@)
®°Cl, Ve Covariance between CL and V, 0.0172 (34.1%) 0.0128 (39.8%) 0.0122 (0.00216, 0.0229) -
Inter-individual Vinax 89.9 (10.8%) 97.4 (6.84%) 89.8 (58.4, 144) 44.6%
variability (% cL 333(7.24%) 292 (6.50%)  27.8 (21.0,32.8) 13.7%
RSEY* v, 164 (6.57%) 149 (730%) 146 (122, 16.8) 15.7%
1A 59.5 (10.4%) 60.4 (10.7%) 59.3 (45.9,72.7) 20.5%
S Residual variability (%) 14.5 (4.95%) 14.6 (5.19%) 14.5 (13.1, 16.2) 14.3%

CI confidence interval, RSE relative standard error
*IIV is expressed as CV%

increase in CL (e.g., 10% decrease from 38 g/L resulted
in CL of 0.333 L/day). Females (N=60) exhibited 15.1%
smaller V, compared to males (N=113). Patients on com-
botherapy (FIGHT, N=88) exhibited 18.1% lower CL than
patients on monotherapy (FPA144-001 and FPA144-002,
N=285). The inclusion of albumin and combotherapy/study
on CL, and gender on V/ in the final popPK model reduced
the IIV of CL by 23.1% and V_ by 18.4% compared with
the base model (@’ and @, are 0.0854 and 0.0221 for
the final model vs 0.111 and 0.0270 for the base model,
respectively).

General goodness-of-fit plots showed good agreement
between predicted and observed concentrations of bemar-
ituzumab (Supplemental Fig. 1a), with no apparent bias in
the residual plots (Supplemental Fig. 1b). The distribution
of IIV is centered at zero and is normally distributed for
all parameters (Supplemental Fig. 2). Pairwise correlations
between the ETAs showed a slight correlation between CL
and V_, which is consistent with the £ matrix structure of the
model (Supplemental Fig. 3). These results confirm that the
structural model as well as the ITV and residual error models
described the observed data well. The parameter—covariate
relationships in the final popPK model, namely the effect
of body weight on CL and V, albumin and combotherapy/
study on CL, and gender on V, are illustrated in Fig. 1.
Collectively, these plots indicate that the covariate model

accurately described the relationships between individual
PK parameters and covariates in the final popPK model.
The pcVPC plots (Supplemental Fig. 4) and NPC (data not
shown) showed that the final popPK model could adequately
reproduce the central tendency and variability of the bemar-
ituzumab serum concentrations across all studies.

Sensitivity analysis

The sensitivity analysis showed that body weight was the
most influential covariate on bemarituzumab exposure
(Supplemental Fig. 5). Compared with a typical patient
with a body weight of 64 kg, patients with body weight
in the 10th percentile (45 kg) and 90th percentile (79 kg)
of the GEA population were expected to have 13.4-18.0%
lower and 7.0-12.1% higher steady-state exposures (AUC
ss» Cmax.ss» a0 Cyo0n o). Baseline albumin had a modest
effect on bemarituzumab exposure, patients with albu-
min at the 10th percentile (30 g/L) and 90th percentile
(44 g/L) of the GEA population were expected to have
5.7-18.9% lower and 3.9-13.2% higher steady-state
exposures. Patients administrated with combotherapy
were expected to have 18.8% higher AUC, 8.6% higher
Crnax,ss> and 28.6% higher Cyop s cOmpared to patients
administered bemarituzumab as monotherapy. Compared
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Fig. 1 Pharmacokinetic param-
eter—covariate relationships for
the final population pharma-

o |
cokinetic model. Circles are the = °
empirical Bayes estimates of S .
individual PK parameters after = 57
- . -
correcting for all other covari- O

ates except for the one plotted a4 & 5
in the x-axis. Blue squares
represent the geometric mean
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covariates. Red lines repre- Weight (kg)
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predicted parameter—covariate @ |
relationship based on the model. °
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lvlonotherapy Comboltherapy
Therapy

to males, females were expected to have 0.9% higher AUC
11.3% higher Cy,,y o, and 3.8% lower Ciqyop -
Overall, the differences in exposure due to these sig-
nificant covariates were within the overall variability of
exposure in the GEA population, which was — 39.7%
to+66.0%, — 27.0% to+45.4% and — 56.2% to+92.4%
for the Sth to 95th percentiles of the population relative to
the typical values of AUC, C and C respec-
tively (Supplemental Fig. 5).

s8?

max,ss? trough,ss?

Population PK model simulations

The simulated geometric mean (5th percentile, 95th per-
centile) steady-state exposures of the GEA population fol-
lowing the target dose were 2805 (1578, 4348) ug*day/mL,
401 (277, 553) pg/mL, and 125 (50, 218) pg/mL for AUC
Crnaxss> A0 Ciroon 5> TESPECtively.

The geometric mean simulated AUC

SS?

SS? Cmax,ss and
Crough,ss 10 the lowest (Q1) or highest (Q4) quartile were up
to 15.0% lower and 20.9% higher for body weight and 13.7%
lower and 16.8% higher for albumin, respectively, compared
with those of the GEA population. The impact of gender
on V, resulted in 7.87% lower AUC, 2.03% lower C,,,, «
and 8.68% lower Ci;qyqn s in females (N=50) compared to
with those in males (N =85), while the impact of comboth-
erapy (FIGHT, N=76) on CL resulted in 37.0% higher AUC
s 25.1% higher C,, . and 64.3% higher Cp, s compared
to monotherapy (FPA144-001 and FPA144-002, N=59)
(Fig. 2).

The predicted steady-state exposure metrics were
also analyzed for the covariate subgroups to evaluate the

@ Springer

0.6 0.8

CL (Liday)
0.4

0.2

30 80 9 120 150 20 30 40 50
Weight (kg) Albumin (g/L)

I~ ®
> We o
o -
o @ oo
o~ 4
n=113 n=60
T T
Male Female
Gender

need for dose adjustment in patient subgroups of interest
(Fig. 3). The geometric mean simulated AUC, C,. s, and
Clrough,ss in mild (N=46) or moderate (N=8) renal impair-
ment were up to 14.6% lower or 23.8% lower, respectively,
compared with those of patients with normal renal function
(N=280). Compared to patients with normal hepatic function
(N=103), patients with mild hepatic impairment (N =23)
were expected to have 17.9% lower AUC, 12.4% lower
Crnaxss» and 27.7% lower Cioyqn os- The modest differences
in the geometric mean AUC, C o aNd Ciron o WeTE
predicted across geographic regions (— 10.1% to 19.6%),
between ECOG performance status (— 9.99% to+27.3%),
Japanese and non-Japanese (— 1.86% to+26.4%), and with
or without a single dose of mFOLFOXG6 prior to randomiza-
tion (— 7.44% to 24.7%), compared with the GEA population
geometric mean (Fig. 3). The relatively small differences
in geometric mean simulated AUCy, C,yy o5 A0 Ciroyen s
were predicted between elderly patients > 65 years and
adults < 65 years (— 0.474% to+ 1.54%), White and Asian
(— 6.5% to+16.7%), with or without prior gastrectomy
(— 4.44% to+2.55%), IHC FGFR2b > 10% and FGFR2b
1-9% (— 1.41% to+1.00%), and GC and GEJ (- 1.95%
to+15.8%), compared with the GEA population geomet-
ric mean (Fig. 3). These differences in exposures across
covariate subgroups were small compared with the overall
variability of exposures in the GEA population (— 27.0% to
+ 92.4%) (Supplemental Fig. 5).
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Fig.2 Simulated steady-state exposures of bemarituzumab stratified
by significant covariates included in the final population pharmacoki-
netic model. Circles are the simulated steady-state bemarituzumab
exposure in individual patients. The boxes represent the 25th—75th
percentiles (the interquartile range). The solid black horizontal line in
the middle of each box represents the median. The whiskers represent

Discussion

The final popPK model described the bemarituzumab PK
data well, as assessed by diagnostic goodness-of-fit plots,
individual fits, pcVPC, NPC, shrinkage, and non-parametric
bootstrap results. The sensitivity analysis and population
simulations support the decision to test the same dose and
regimen used in the phase 2 FIGHT trial for a future phase 3
trial in the GEA population with FGFR2b over expression in
combination with mFOLFOX6 without any dose adjustment.

Bajaj et al. summarized the most common covariates
among 23 mAbs approved for use in at least one oncol-
ogy indication were baseline body weight and gender on
CL and V., as well as baseline albumin on CL [12]. In our
current popPK model for bemarituzumab, body weight,
baseline albumin, gender, and combotherapy/study were
identified as statistically significant covariates which are
consistent with what was previously reported, except for
the addition of combotherapy/study. Body weight was
identified as a significant covariate on CL and V.. Albu-
min and combotherapy/study were significant covariates
on CL, and gender was a significant covariate on V. In
comparison with the popPK analysis reported previ-
ously [5], combotherapy/study was identified as a new

the range of data points within 1.5 times the interquartile range. The
dashed red horizontal line represents the geometric mean of the GEA
population. AUC, area under curve at steady-state, C, maximum

max,ss
concentration at steady-state, C,.,p ., trough concentration at steady-

state, n number of patients, Q quartile, GEA gastric and gastroesopha-
geal junction adenocarcinoma

significant covariate, as the previous popPK analysis did
not include any samples from combination treatment or
first-line patients with GEA [5]. Other covariates evalu-
ated, including age, race, Japanese ethnicity, geographic
region, eGFR, alkaline phosphatase, aspartate aminotrans-
ferase, alanine aminotransferase, total bilirubin levels,
total protein, hepatic function based on NCI-ODWG,
lactate dehydrogenase, ECOG performance status, tumor
size, tumor type, FGFR2b status, prior gastrectomy, and
administration of a single dose of mFOLFOX®6 prior to
randomization did not show a statistically significant
impact on the PK of bemarituzumab. An immunogenicity
impact assessment was not performed since no patients
developed anti-bemarituzumab antibodies post-bemaritu-
zumab treatment.

We previously compared the observed serum concen-
trations from combotherapy to simulated PK profiles from
monotherapy and concluded that they are within a similar
range [5]. However, considering the small patient population
(12 patients), a covariate analysis between combotherapy
and monotherapy was not performed in the previous analysis
[5]. Seventy-six patients in the first-line setting were treated
with bemarituzumab in combination with mFOLFOX®6 in
the phase 2 FIGHT trial, and this combotherapy/study was
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Fig.3 Simulated steady-state exposures of bemarituzumab stratified
by non-significant covariates included in the population pharmacoki-
netic analysis. Circles are the simulated steady-state bemarituzumab
exposure in individual patients. The boxes represent the 25th—75th
percentiles (the interquartile range). The solid black horizontal line in
the middle of each box represents the median. The whiskers represent
the range of data points within 1.5 times the interquartile range. The

identified as a covariate for CL. This finding of comboth-
erapy as a covariate was unexpected because bemarituzumab
and mFOLFOX6 have distinct mechanisms of actions,
metabolism, and clearance mechanisms. Bemarituzumab is
cleared from the body via target-mediated clearance (spe-
cific clearance) and proteolytic catabolism (non-specific
clearance). Therefore, most likely, the finding resulted
from different patient populations between monotherapy
(FPA144-001 and FPA144-002) and combotherapy (FIGHT)
studies. Studies FPA144-001 and FPA144-002 enrolled later
line patients with solid tumor including GEA, and phase
2 of FIGHT enrolled patients with previously untreated
advanced first-line patients with FGFR2b overexpress-
ing GEA only except advanced gastrointestinal (GI) tumors
for phase 1 patients. New data from future trials will provide
more insights for us to understand the observation.

Since bemarituzumab has nonlinear clearance due to
target-mediated CL based on the phase 1 dose-escalation
study FPA144-001 (0.3-15 mg/kg), an important question
is whether the expression level of FGFR2b has any impact
on the PK of bemarituzumab. We previously reported that
FGFR2b status at baseline (high vs others) in patients with
late line GEA using bemarituzumab as monotherapy in the
FPA144-001 trial was not a covariate for PK. Results from
the FPA144-001 and FIGHT trials could not be combined to
evaluate whether FGFR2b status was a covariate for PK due

@ Springer

dashed red horizontal line represents the geometric mean of the GEA
population. AUC, area under curve at steady-state, C, maximum

max,ss
concentration at steady-state, C,.,p, ., trough concentration at steady-

state, y year, n number of patients, UEA US, Europe, and Australia,
CN China mainland, ROA rest of Asia, GC gastric cancer, GEJ gas-
troesophageal junction adenocarcinoma, GEA gastric and gastroe-
sophageal junction adenocarcinoma

to slight differences in the IHC assays for each trial. There-
fore, the data from the FIGHT trial were used to perform the
analysis alone and showed that the V., -FGFR2b expression
relationship was not significant at p < 0.05 and, therefore,
was not carried forward to the forward addition covariate
search. This observation could be confounded by the fact
that patients enrolled in the FIGHT trial were administered
a dose in the linear dose range. Since the target dose was in
the linear dose range, this observation supports the fact that
expression levels of FGFR2b will not require any dose justi-
fication, at least for the target dose tested in the FIGHT trial.

The sensitivity analysis showed that, compared with a
typical male patient on monotherapy with a body weight
of 64 kg and albumin of 38 g/L, patients with body weight
and baseline albumin at the 10th percentile and 90th per-
centile of the GEA population were expected to have <20%
lower or higher steady-state exposures (Supplementary
Fig. 5). Patients with combotherapy were expected to have
8.6-28.6% higher steady-state exposures compared to
patients with monotherapy, while the effect of gender on
bemarituzumab exposure was relatively small (0.9-11.3%).

Population PK simulation based on the final model
for the GEA population showed that moderate expo-
sure differences between covariate subgroups exam-
ined were all within +30% except for combotherapy/
study (Figs. 2, 3). Although the difference between
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monotherapy (FPA144-001 and FPA144-002) and com-
botherapy (FIGHT) is greater than 30%, this should not
impact the dose and regimen selection for a future phase 3
trial, as it will be designed to repeat what was observed in
the previous FIGHT trial and bemarituzumab will be used
with mFOLFOX6. The primary analysis results (data cut-off
date 23 September 2020) from phase 2 of the FIGHT study
showed that bemarituzumab combined with mFOLFOX6 led
to clinically meaningful improvements in PFS (HR =0.68,
95% CI 0.44-1.04; p=0.07) and OS (HR=0.58, 95% CI
0.35-0.95; p=0.03) compared with placebo plus mFOL-
FOX6 [4]. ORR also improved 13% in the bemarituzumab
arm (53 vs 40%) [4]. The frequency of serious adverse
events was similar in the study arms (31.6 vs 36.4%). How-
ever, adverse event-related discontinuation occurred more
often in the bemarituzumab arm (36.4 vs 5.2%). The length
of therapy was similar in both arms (24 vs 26 weeks). All
patients with partial response (PR) achieved targeted Cy;yon
of > 60 pg/mL based on the first-observed Cy,, 0n day 28
(Cycle 3 Day 1) [5]. In conclusion, the FIGHT trial had clin-
ically meaningful and statistically significant improvements
in PFS, OS, and ORR with manageable safety, which sup-
ported the selection of the current target dose and regimen
in combination with mFOLFOX6 in the same population.

Given the low IIV of bemarituzumab key PK parameters
(CL and V,) and the small or moderate effect of all statis-
tically significant covariates on bemarituzumab exposure
(AUCq;, Chaxss @a0d Ciroon ), 1O covariate is expected to
have clinically meaningful effects on bemarituzumab expo-
sure (Table 2). Additionally, the differences in exposures
across covariate subgroups were small compared with the
overall variability of exposures in the GEA population (Sup-
plementary Fig. 5). Therefore, no dose adjustment is war-
ranted for a future phase 3 trial in combination with mFOL-
FOXG6 for a patient population similar to the FIGHT trial.
However, further assessment is needed once additional data
are available representing larger sample sizes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00280-021-04333-y.
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