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Abstract

Background Erlotinib shows large inter-patient pharma-

cokinetic variability, but the impact of early drug exposure

and genetic variations on the clinical outcomes of erlotinib

remains fully investigated. The primary objective of this

study was to clarify the population pharmacokinetics/

pharmacodynamics of erlotinib in Japanese patients with

non-small cell lung cancer (NSCLC). The secondary

objective was to identify genetic determinant(s) for the

cerebrospinal fluid (CSF) permeability of erlotinib and its

active metabolite OSI-420.

Methods A total of 88 patients treated with erlotinib

(150 mg/day) were enrolled, and CSF samples were

available from 23 of these patients with leptomeningeal

metastases. Plasma and CSF concentrations of erlotinib and

OSI-420 were measured by high-performance liquid

chromatography with UV detection. Population pharma-

cokinetic analysis was performed with the nonlinear

mixed-effects modelling program NONMEM. Germline

mutations including ABCB1 (1236C[T, 2677G[T/A,

3435C[T), ABCG2 (421C[A), and CYP3A5 (6986A[G)

polymorphisms, as well as somatic EGFR activating

mutations if available, were examined. Early exposure to

erlotinib and its safety/efficacy relationship were evaluated.

Results The apparent clearance of erlotinib and OSI-420

were significantly decreased by 24 and 35 % in patients

with the ABCG2 421A allele, respectively (p \ 0.001),

while ABCB1 and CYP3A5 polymorphisms did not affect

their apparent clearance. The ABCG2 421A allele was

significantly associated with increased CSF penetration for

both erlotinib and OSI-420 (p \ 0.05). Furthermore, the

incidence of grade C2 diarrhea was significantly higher in

patients harboring this mutant allele (p = 0.035). A mul-

tivariate logistic regression model showed that erlotinib

trough (C0) levels on day 8 were an independent risk factor

for the development of grade C2 diarrhea (p = 0.037) and

skin rash (p = 0.031). Interstitial lung disease (ILD)-like

events occurred in 3 patients (3.4 %), and the median value

of erlotinib C0 levels adjacent to these events was

approximately 3 times higher than that in patients who did

not develop ILD (3253 versus 1107 ng/mL; p = 0.014).

The objective response rate in the EGFR wild-type group

was marginally higher in patients achieving higher erloti-

nib C0 levels (C1711 ng/mL) than that in patients having

lower erlotinib C0 levels (38 versus 5 %; p = 0.058),

whereas no greater response was observed in the higher

group (67 %) versus the lower group (77 %) within EGFR

mutation-positive patients (p = 0.62).

Conclusions ABCG2 can influence the apparent clear-

ance of erlotinib and OSI-420, and their CSF permeabil-

ities in patients with NSCLC. Our preliminary findings

indicate that early exposure to erlotinib may be associated

with the development of adverse events and that increased

erlotinib exposure may be relevant to the antitumor

effects in EGFR wild-type patients while having less of

an impact on the tumor response in EGFR mutation-

positive patients.
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1 Background

Erlotinib is a potent epidermal growth factor receptor

(EGFR) tyrosine kinase inhibitor (TKI), and is currently

being used to treat patients with locally advanced or met-

astatic non-small cell lung cancer (NSCLC) [1]. The rec-

ommended dose of oral erlotinib (150 mg/day) is the

maximum that can be tolerated; thus, an erlotinib dose

adjustment is needed to avoid adverse reactions. Since

erlotinib shows significant variability in its pharmacoki-

netics, pharmacokinetic variability can only partly explain

differences in outcomes between patients. Previous studies

revealed a correlation between erlotinib exposure and the

grade of skin toxicity [2–4]. There have been infrequent

reports of fatal interstitial lung disease (ILD) in patients

receiving erlotinib and gefitinib, another EGFR–TKI [5, 6],

and the relationship between high erlotinib concentrations

and the occurrence of ILD has been suggested [7–9].

Erlotinib is metabolized in the liver, mainly by cyto-

chrome P450 (CYP) 3A4/3A5 and, to a lesser extent, by

CYP1A1/1A2 to produce the active metabolite OSI-420

(desmethyl erlotinib, M14), followed by the formation of

many other metabolites including oxidative metabolites

(i.e., M2, M12, and M17) and glucuronides (i.e., M10 and

M18) [10, 11]. Erlotinib and OSI-420 are considered to be

equipotent in inhibiting EGFR tyrosine kinase activity. The

CYP3A5*3 allele, resulting in the loss of functional protein,

may have the potential to affect the metabolism of erlotinib

[12, 13]. It has been demonstrated that erlotinib is trans-

ported by the active efflux pumps P-glycoprotein (MDR1/

ABCB1) and breast cancer resistance protein (BCRP/

ABCG2) [14]. The effect of MDR1 genetic variations on

erlotinib pharmacokinetics remains controversial. Thomas

et al. [3] reported no influence of MDR1 polymorphisms

including 2677G[T/A and 3435C[T on erlotinib disposi-

tion, while the ABCB1 1236-2677-3435 TTT haplotype

was associated with higher plasma concentrations of erl-

otinib [15]. On the other hand, there are positive relation-

ships between the ABCG2 421C[A polymorphism, which

has been associated with the decreased expression of

membrane protein[16], and extensive accumulation of

SN-38 [17] and sunitinib [18] in patients who were homo-

zygous for the variant allele, and increased exposure to

gefitinib [19] as well as decreased erlotinib disposition [3].

Central nervous system (CNS) metastases remain a

frequent complication in NSCLC. Erlotinib can penetrate

into the brain and improve CNS metastases [20]. We have

previously reported the limited but varying permeability of

erlotinib and OSI-420 into the cerebrospinal fluid (CSF) in

NSCLC patients who developed leptomeningeal metastases

[21]. ABCB1 and ABCG2 are expressed at the blood–

brain-barrier (BBB) and prevent the CNS distribution of

many drugs including anticancer agents and antiepileptic

drugs [22, 23]. However, there is no clinical data on the

influence of ABCB1 and ABCG2 polymorphisms on the

CSF penetration of erlotinib and OSI-420.

Recent advances in biomarker analysis for the efficacy

of gefitinib and erlotinib have identified a number of

somatic EGFR mutations, associated with a high sensitivity

of tumors to EGFR–TKI [24–26]. The most clinically rel-

evant EGFR mutations are L858R in exon 21 and deletions

in exon 19. The objective response rate (ORR) in NSCLC

patients with EGFR mutations is reported to be more than

70 %, with median progression-free survival (PFS) ranging

from 9 to 13 months [27–32]. However, some patients

without EGFR mutations benefit from erlotinib treatment

[33, 34]. It has been shown that high plasma drug con-

centrations were associated with better PFS in NSCLC

patients without EGFR mutations treated with gefitinib

[35]. The impact of drug exposure on efficacy of erlotinib

has not been evaluated considering the EGFR mutation

status.

In this study, we aimed to clarify (1) the population

pharmacokinetics and pharmacogenomics of erlotinib and

its pharmacokinetic and pharmacodynamic relationships

including (2) exposure-safety relationship and (3) expo-

sure-efficacy relationship; and to explore (4) genetic

determinant(s) for the CNS distribution of erlotinib and

OSI-420 in Japanese patients with NSCLC.

2 Patients and Methods

2.1 Patients and Treatment

A total of 88 patients with advanced NSCLC who started

erlotinib therapy at Kyoto University Hospital between

June 2009 and March 2012 were enrolled (Fig. 1). All

patients met the following criteria: histologically confirmed

stage IIIb or IV and the presence of clinically and/or

radiologically assessable disease. Patients with a perfor-

mance status C2 for whom cytotoxic chemotherapy was

considered unacceptable were included. Erlotinib was

orally administered at a standard dose of 150 mg/day until

progressive disease (PD) or intolerable toxicity. The

treatment was continued by dose reductions/interruptions

when unacceptable adverse reactions occurred in patients.

The demographics and baseline characteristics of patients

are summarized in Table 1. This study was performed as

part of a treatment and was conducted in accordance with

the Declaration of Helsinki and its amendments. The study

protocol was approved by the Kyoto University Graduate

School and Faculty of Medicine, Ethics Committee. All

patients provided written informed consent.
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2.2 Genotyping

Blood DNA was extracted using a Wizard Genomic DNA

Purification Kit (Promega KK, Tokyo, Japan). Since the

CYP3A4*1B allele is of unknown functional significance,

the more clinically relevant CYP3A5*3 (6986A[G) allele

was genotyped by polymerase chain reaction (PCR)

restriction fragment length polymorphism (RFLT) [36, 37].

Common ABCB1 polymorphisms including 1236C[T,

2677G[T/A, and 3435C[T, and the ABCG2 421C[A

polymorphism were examined by direct sequencing or

PCR-RFLT [16, 38]. The EGFR mutation status in tumors

was obtained from medical records if available. EGFR

mutations in exons 18-21 were analyzed by the peptide

nucleic acid-locked nucleic acid PCR clamp method [39].

2.3 Pharmacokinetic Study

Serial venous blood samples (2 mL) were collected at 2, 4,

8, and 24 h post-dose on day 1, and at the same time points

including before administration on day 8. Trough (C0)

blood samplings were also performed whenever ILD was

suspected. Plasma was separated by centrifugation

(3,000 rpm, 10 min), and stored at -30 �C until the anal-

ysis. From 23 patients with CNS metastases (Fig. 1), the

remaining part of CSF samples (2 mL), which had been

taken before administration for cytologic diagnosis, were

collected at a steady state after day 8. Plasma and CSF

concentrations of erlotinib and OSI-420 were measured by

high-performance liquid chromatography (HPLC) with UV

detection [40]. The lower limits of quantification for

erlotinib and OSI-420 were both 2 ng/mL. Intra- and inter-

assay variabilities were both less than 5 %. Noncompart-

mental analysis was conducted using WinNonlin version

6.1 software (Pharsight Corporation, Mountain View, CA,

USA) to calculate the area under the plasma concentration–

time curve over the 24-h dosing interval (AUC24), maxi-

mum plasma concentration (Cmax), the time at which Cmax

occurred (tmax), minimum plasma concentration (Cmin), and

elimination half-life (t�).

2.4 Population Pharmacokinetic Analysis

Population pharmacokinetic analysis was conducted with

the nonlinear mixed-effects modelling program (NON-

MEM) (version 7, double precision, level 1.1; GloboMax,

Hanover, MD, USA) using the first-order conditional esti-

mation method with interaction (FOCEI) [41]. A one-

compartment model linking a metabolite compartment with

first-order absorption and biotransformation to OSI-420

was used to describe the structural pharmacokinetic model

for erlotinib (ADVAN5), as shown in Fig. 2. In plasma,

OSI-420 was reported to account for only 5 % of the total

drug exposure after a single oral dose of erlotinib [10];

thus, the fraction of erlotinib converted to the metabolite

OSI-420 (fm) was set at 0.05. For a base model, body

weight was used as a covariate to patient body size, along

with appropriate exponents, and the relationships of body

weight with the apparent clearance and apparent volume of

distribution for both erlotinib and OSI-420 were initially

Patients on erlotinib
(n = 88)

Plasma data
(n = 88)

CSF data
(n = 23)

Population PK/PG
analysis

PK/PD analysis

•Exposure-safety
•Exposure-efficacy•NONMEM

PK/PG analysis

Fig. 1 Schematic illustration of the analysis objects in this study. CSF cerebrospinal fluid, NONMEM nonlinear mixed-effects modelling, PD

pharmacodynamics, PG pharmacogenomics, PK pharmacokinetics
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tested. These exponents were not significantly different

from 1; thus, a linear relationship was chosen for sub-

sequent covariate analysis.

The effects of demographic and clinical covariates on

pharmacokinetic parameters were examined by forward

and backward stepwise regression analysis. For continuous

covariates, a linear model and power model centered on a

median value were tested for age and clinical laboratory

data (albumin, total bilirubin, alanine amino transferase

[ALT], aspartate amino transferase [AST], and serum

creatinine), respectively. Owing to a lack of an adequate

amount of data on plasma drug concentrations during and

after the first week of treatment, we could not estimate a

linear or nonlinear increase in the apparent oral clearance

(CL/F) of erlotinib over time. Instead, the potential

Table 1 Patient demographics and clinical characteristics [n = 88]

Characteristic Valuea

Sex (n)

Male 43

Female 45

Age (years) 69 [36–86]

Body weight (kg) 53 [28–86]

Body surface area (m2) 1.50 [1.02–1.87]

Histology (n)

Adenocarcinoma 74

Squamous cell carcinoma 12

Other 2

Disease stage (n)

IIIb 6

IV 82

ECOG PS (n)

0–1 48

C2 40

Prior chemotherapy (n)

0 21

1 35

C2 32

Smoking history (n)

Never 43

Former 42

Current 3

Baseline clinical chemistry

Albumin (g/dL) 3.7 [2.1–4.6]

Total bilirubin (mg/dL) 0.6 [0.2–2.0]

AST (IU/L) 23 [8–106]

ALT (IU/L) 17 [1–72]

Serum creatinine (mg/dL) 0.7 [0.4–12.0]

Concomitant medication (n)

Gastric acid-reducing agent (famotidine/

omeprazole/lansoprazole/rabeprazole)

11/6/9/2

Calcium channel blocker (amlodipine/

nifedipine/cilnidipine/verapamil/diltiazem)

10/2/1/2/4

Antiepileptic drug (phenytoin/carbamazepine) 3/1

EGFR mutation status (n)

Wild-type 28

Mutant (exon 19 deletion/exon 21 L858R/other) 16/20/3

Unknown 21

PK data

Patients with a full PK profile (day 1/day 8; n) 56/79

Patients with CSF samples at a steady state (n) 23

Erlotinib daily dose (mg/day)

Month 1 136 ± 27

Month 2 126 ± 31

Month 6 106 ± 40

Month 9 106 ± 41

Month 12 100 ± 42

Table 1 continued

Characteristic Valuea

Pharmacogenomic data [n = 86]

ABCB1

1236C[T (n)

C/C 12

C/T 40

T/T 34

2677G[T/A (n)

G/G 21

G/T 24

G/A 11

A/A 2

T/A 13

T/T 15

3435C[T (n)

C/C 32

C/T 39

T/T 15

ABCG2

421C[A (n)

C/C 43

C/A 38

A/A 5

CYP3A5

6986A[G (n)

A/A 4

A/G 42

G/G 40

a Values are expressed as median [range] or the mean ± SD unless

specified otherwise

ABC ATP-binding cassette, ALT alanine aminotransferase, AST aspar-

tate aminotransferase, CSF cerebrospinal fluid, CYP cytochrome P450,

ECOG PS Eastern Cooperative Oncology Group performance status,

EGFR epidermal growth factor, PK pharmacokinetic, SD standard

deviation
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influence of a steady state after repetitive dosing on erl-

otinib CL/F was evaluated by a multiplicative model with

an indicator variable (0 or 1). Because the number of

patients with a particular genotype of some genes such as

ABCG2 and CYP3A5 was small (Table 1), genotype

information was included in the population pharmacoki-

netic model as dichotomous variables, with the typical

wild-type genotype as a reference category. The fractional

change associated with the categorical covariates including

sex and concomitant medication was also examined by a

multiplicative model. Because only 3 patients were cur-

rently smoking, we did not evaluate smoking history as a

covariate. However, given the stimulating effect of smok-

ing on erlotinib clearance [2, 42], we assessed the potential

influence of smoking history by comparing the individual

Bayesian estimates of erlotinib CL/F between current

smokers and non-smokers.

The minimum objective function value (OFV) was used

to evaluate the goodness-of-fit of each model with the

likelihood ratio test. Upon the inclusion of each covariate, a

difference in the OFV (DOFV) between basic and inter-

mediate models of more than 3.84 was considered signifi-

cant (p \ 0.05, 1 degree of freedom [df]). Upon

independent deletion of each covariate from the full

regression model, a DOFV between full and reduced

models of more than 10.83 was required to retain a

covariate in the final model (p \ 0.001, 1 df). Predictive

performance for the final model was assessed by comparing

observed and predicted concentrations, as well as by

weighted residuals (WRES) versus predicted concentra-

tions and time after dose.

2.5 Evaluation of Safety and Efficacy

All toxicities were graded according to the National Cancer

Institute Common Toxicity Criteria for Adverse Events

(NCI-CTCAE) version 4.0. The best tumor response was

assessed by the Response Evaluation Criteria in Solid

Tumors (RECIST) version 1.1 [43]. Confirmation of

complete response (CR) or partial response (PR) was

required by means of a second assessment conducted

4 weeks or more after the initial evaluation. Stable disease

(SD) was defined as disease control maintained for at least

6 weeks. Long-term efficacy was evaluated by PFS, which

was calculated from the date of starting treatment until the

date of death or PD, and overall survival (OS). Efficacy

analyses were performed on the intent-to-treat (ITT) pop-

ulation. The data cutoff date was 31 August 2012.

2.6 Statistical Analysis

Bivariate correlations were assessed using the Pearson

correlation coefficient. A trend for ordered differences of

variables across groups was assessed by the Jonckheere–

Terpstra test. The cumulative incidence of grade 3/4

adverse events was estimated by adjusting for competing

risks (e.g. death or discontinuing treatment due to PD), and

differences were evaluated by Gray’s test [44]. A multi-

variate logistic regression model was applied to determine

risk factors for erlotinib-induced adverse events and esti-

mate the adjusted odds ratio (OR) and its 95 % confidence

interval (CI). Median PFS and OS were estimated using the

Kaplan–Meier method. A multivariate Cox proportional

hazards model was used to evaluate the association

between PFS or OS and clinical or genomic characteristics

and estimate the adjusted hazard ratio (HR) and its 95 %

CI. Only those variables with p \ 0.20 in the univariate

analysis were included in the multivariate analysis. A two-

tailed p-value of less than 0.05 was considered significant.

All statistical analyses were performed with STATA ver-

sion 12 (StataCorp LP, College Station, TX, USA).

3 Results

3.1 Exposure to Erlotinib and OSI-420 in Plasma

Both erlotinib and OSI-420 exhibited large interindividual

variabilities in systemic exposure with a median tmax of

2–4 h (Fig. 3a, b). The median t� of erlotinib and OSI-420

after the first dose were 32 and 26 h, respectively; thus, a

steady state was considered to have been achieved by day

8. The average metabolic ratio of erlotinib to OSI-420 was

significantly higher on day 8 than that on day 1 (0.12 versus

0.08; p \ 0.0001) (Fig. 3c). Since the sum of the AUC24 of

erlotinib and OSI-420 correlated highly with erlotinib C0

levels on day 8 (r2 = 0.85; p \ 0.0001) (Fig. 3d), the C0

level was used as a single predictor for total drug exposure

at a steady state. To evaluate drug exposure and the safety/

ka k20 

k30 

k23 

Gut 
1 

Erlotinib 
(V2) 

2 

OSI-420 
(V3) 

3 

fm 

1 - fm 

Fig. 2 Schematic representation of the structural pharmacokinetic

model for erlotinib and its active metabolite OSI-420. fm fraction of

erlotinib converted to OSI-420, ka absorption rate constant, k20 elimi-

nation rate constant of erlotinib, k23 formation rate constant, k30

elimination rate constant of OSI-420, V2 apparent volume of distribution

of erlotinib, V3 apparent volume of distribution of OSI-420
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efficacy relationship, patients were classified into three

groups based on erlotinib C0 levels: low (quartile 1 [Q1];

n = 21), middle (Q2–Q3; n = 42), and high (Q4; n = 21)

(Fig. 3e).

Pharmacogenomic data were available from 86 patients

of the population, and the frequencies of germline muta-

tions examined were all in Hardy–Weinberg equilibrium

(Table 1). Neither single nucleotide polymorphisms

examined in the ABCB1 gene nor the ABCB1 TTT haplo-

type influenced erlotinib C0 levels on day 8, while the

ABCG2 421A allele was significantly associated with

increased erlotinib C0 levels (Fig. 4). Although the meta-

bolic ratio of erlotinib to OSI-420 was significantly higher

in CYP3A5 expressors versus nonexpressors (p \ 0.05),

the C0 level was not affected by the CYP3A5 6986A[G

polymorphism (Fig. 4f). There were no differences in drug

exposure in patients with or without a gastric acid-reducing

agent or calcium channel blocker (Table 2). Notably, the

Cmin, Cmax, and AUC24 of erlotinib and the Cmin of OSI-

420 on day 8 were significantly lower in patients con-

comitantly treated with antiepileptic drugs (p \ 0.05).

3.2 Population Pharmacokinetic Model

A total of 1284 observations from 86 patients providing

pharmacogenomic data were available for population

pharmacokinetic analysis (Fig. 1). No significant relation-

ship was observed between clinical laboratory data or

concomitant medication and the apparent clearance of erl-

otinib and OSI-420. The ABCG2 421C[A polymorphism

and steady state were identified as significant covariates for

the apparent clearance of erlotinib (DOFV = 42.58 and

128.37, respectively), and the ABCG2 polymorphism was

also demonstrated as a significant covariate for that of OSI-

420 (DOFV = 52.56) in univariate analyses. The backward

elimination analysis did not exclude any covariates incor-

porated in the full model (Table 3). The final model and

parameter estimates for erlotinib and OSI-420 are summa-

rized in Table 4. The CL/F of erlotinib increased by 34 %

after the first week. The ABCG2 421A allele was signifi-

cantly associated with a 24 % decrease in the CL/F of

erlotinib and a 35 % decrease in the apparent clearance of

OSI-420. After taking into account all significant covariates
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Fig. 3 Plasma concentration–time profiles of a erlotinib and b OSI-

420 on days 1 and 8. Results are shown as individual data with the

mean and standard deviation (SD). c Changes in the metabolic ratio of

erlotinib to OSI-420 during the first week. Results are shown as

individual data with the mean and SD. The p-value is from a paired

t test. d Correlation between erlotinib trough (C0) levels and the sum

of AUC24 of erlotinib and OSI-420 on day 8. e Distribution of

erlotinib C0 levels on day 8. Verticallines represent the 25th and 75th

percentiles, respectively, dividing the population into 3 groups: low

(Q1: 234–843 ng/mL), middle (Q2–Q3: 848–1,684 ng/mL), and high

(Q4: 1,711–5,047 ng/mL). AUC24 area under the concentration–time

over 24-h dosing interval
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in the final population pharmacokinetic model, the interin-

dividual variability in CL/F of erlotinib was reduced from

58.8 % associated with the base model to 44.6 %. In addi-

tion, the interindividual variability in CLm/fm of OSI-420

decreased by 10.0 % from 68.3 % associated with the base

model. Figure 5 shows the predictive performance for the

final model. A small bias was observed in the prediction of

OSI-420 concentrations, but the Bayesian method using

individual plasma concentration data provided more accu-

rate and less biased predictions for both erlotinib and

OSI-420. Furthermore, the WRES for erlotinib as well as

OSI-420 were randomly distributed around the null ordinate

of perfect agreement throughout predicted concentrations

and time after dose. Based on the final model, the average

value of the individual Bayesian estimates for erlotinib CL/F

in current smokers was approximately 46 % higher than that

in non-smoking patients at steady state (6.20 versus 4.24 L/h).

3.3 Cerebrospinal Fluid Penetration of Erlotinib

and OSI-420

CSF concentrations of erlotinib were determined in 23

patients (Fig. 1), but those of OSI-420 were available

from only 15 patients due to the limit of quantification.

Significant correlations were observed between plasma and

CSF C0 levels for erlotinib (r2 = 0.77; p \ 0.0001) and

OSI-420 (r2 = 0.28; p = 0.044) (Fig. 6). The average CSF

C0 levels of erlotinib and OSI-420 were 36 and 6 ng/mL,

respectively, and corresponding plasma concentrations

were 1,060 and 138 ng/mL, respectively. The median

CSF:plasma concentration ratios of erlotinib and OSI-420

were 3.3 and 3.1 %, respectively.

Age, sex, smoking history, and performance status were

not associated with the permeability of erlotinib and OSI-

420 into the CSF. ABCB1 polymorphisms did not influence

the CSF penetration of either erlotinib or OSI-420 (Fig. 6).

In contrast, median CSF:plasma concentration ratios were

significantly greater in patients with the ABCG2 421A

allele than that in wild-type patients (erlotinib, 4.6 versus

3.1 %, p = 0.003; OSI-420, 4.4 versus 2.2 %, p = 0.024).

3.4 Exposure–Safety Relationship

The most common adverse events during erlotinib treat-

ment were skin rash (82 %) and diarrhea (56 %) (Fig. 7a).

As for the first required modifications in erlotinib treatment

against adverse events, dose reductions and interruptions

occurred in 29 (33 %) and 16 (18 %) of the patients,
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Fig. 4 Influence of ABCB1 (a, 1236C[T; b, 2677G[T/A; c,
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Population PK/PD and CSF Permeability of Erlotinib 599



respectively. Treatment discontinuation due to severe

adverse reactions occurred in 12 (14 %) of the patients.

The most frequent adverse events leading to treatment

discontinuation were fatigue and/or anorexia (6.8 %), ILD-

like events (3.4 %), liver dysfunction (1 %), and gastro-

intestinal bleeding (1 %). Severe grade 3/4 toxicities

occurred more frequently in patients with increased erl-

otinib C0 levels on day 8 during the first month (p = 0.007)

(Fig. 7b). The development of grade C2 skin rash was

significantly higher in patients with high erlotinib C0 lev-

els, ABCB1 2677G[T/A, and 3435C[T polymorphisms

(Table 5). Multivariate logistic regression analysis showed

that only erlotinib C0 levels on day 8 were an independent

predictor for developing grade C2 skin rash (OR 2.83;

95 % CI 1.10–7.29; p = 0.031). Similarly, the C0 level was

independently associated with the development of grade

C2 diarrhea (OR 3.79; 95 % CI 1.09–13.2; p = 0.037),

based on multivariate analysis of sex, body surface area,

performance status, erlotinib exposure, and the ABCG2

421C[A polymorphism (Table 5). A positive trend was

observed between a higher erlotinib C0 level and higher

grade toxicity such as skin, gastrointestinal, and hepatobiliary

Table 2 Effect of concomitant medication on the exposure parameters of erlotinib and OSI-420

Parametera Gastric acid-reducing agent p-value Calcium channel blocker p-value Antiepileptic drug p-value

With Without With Without With Without

Day 1 [n = 18] [n = 38] [n = 13] [n = 43] [n = 3] [n = 53]

Erlotinib

Cmin (ng/mL) 755 [270] 593 [346] 0.06 606 [421] 657 [302] 0.68 483 [291] 655 [332] 0.43

Cmax (ng/mL) 1290 [705] 1320 [717] 0.86 1260 [719] 1330 [711] 0.76 875 [424] 1340 [714] 0.22

AUC24 (lg�h/mL) 21.8 [9.5] 19.4 [9.9] 0.40 18.8 [10.3] 20.6 [9.6] 0.57 15.1 [7.6] 20.5 [9.8] 0.36

OSI-420

Cmin (ng/mL) 62 [58] 54 [48] 0.62 49 [44] 59 [53] 0.51 45 [14] 57 [52] 0.27

Cmax (ng/mL) 95 [87] 109 [83] 0.55 92 [59] 108 [90] 0.46 77 [17] 106 [86] 0.09

AUC24 (lg�h/mL) 1.69 [1.59] 1.77 [1.37] 0.85 1.48 [0.98] 1.82 [1.54] 0.35 1.32 [0.25] 1.77 [1.47] 0.09

Day 8 [n = 23] [n = 56] [n = 17] [n = 62] [n = 3] [n = 76]

Erlotinib

Cmin (ng/mL) 1490 [1040] 1160 [644] 0.17 1420 [1150] 1210 [660] 0.49 445 [275] 1290 [780] 0.019

Cmax (ng/mL) 2670 [1420] 2520 [1050] 0.67 2710 [1460] 2530 [1070] 0.63 1080 [356] 2620 [1150] 0.008

AUC24 (lg�h/mL) 48.7 [26.8] 41.9 [19.2] 0.28 45.9 [27.8] 43.4 [20.0] 0.73 18.4 [9.4] 44.9 [21.5] 0.047

OSI-420

Cmin (ng/mL) 185 [211] 140 [133] 0.35 159 [213] 151 [143] 0.88 76 [33] 156 [162] 0.02

Cmax (ng/mL) 283 [250] 275 [203] 0.90 249 [223] 285 [215] 0.56 217 [105] 280 [219] 0.44

AUC24 (lg�h/mL) 5.78 [5.64] 5.09 [4.20] 0.60 4.96 [5.40] 5.38 [4.46] 0.77 3.35 [1.26] 5.37 [4.71] 0.09

a Values are expressed as the geometric mean [SD]

AUC24 area under the concentration–time curve from time zero to 24 h, Cmax maximum concentration, Cmin minimum concentration,

SD standard deviation

Table 3 Hypothesis testing with backward reduced models

Hypothesis Reduced model DOFVa df p-value Conclusionb

Did ABCG2 influence CL/F? h3 = 0 35.04 1 \0.001 Yes

Did SS influence CL/F? h4 = 0 131.37 1 \0.001 Yes

Did ABCG2 influence CLm/fm? h7 = 0 70.61 1 \0.001 Yes

Did BW influence erlotinib and OSI-420 PK parameters? BW/53 = 1 73.64 0 ND Yes

a Comparison between reduced model and the full model: ka = h1, CL/F = h2 � [BW/53] � [1 - h3 � ABCG2] � [1 ? h4 � SS], Vd/F = h5 � [BW/

53], CLm/fm = h6 � [BW/53] � [1 - h7 �ABCG2], and Vd,m/fm = h8 � [BW/53]
b ‘‘Yes’’ was concluded by DOFV more than 10.83

BW body weight, CL/F apparent oral clearance, CLm/fm apparent clearance of the metabolite, df degree of freedom, DOFV difference in

objective functions, fm fraction of erlotinib converted to OSI-420, ka absorption rate constant, ND not defined, PK pharmacokinetic, SS steady

state, Vd/F apparent volume of distribution, Vd,m/fm apparent volume of distribution of the metabolite
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disorders (Fig. 8). ILD-like events occurred in 3 patients

(3.4 %), and the median value of erlotinib C0 levels adja-

cent to the events was significantly higher than that of

patients who did not develop ILD (p = 0.014).

3.5 Exposure–Efficacy Relationship

No patient had CR and the disease control rate

(CR ? PR ? SD) of erlotinib for all patients in the ITT

population was 66 % (95 % CI 55–76). A significant

fraction of patients with EGFR mutations achieved PR

(76 %; 95 % CI 59–88), while few wild-type patients had

PR (14 %; 95 % CI 4–33) (Fig. 9a). Among EGFR wild-

type patients, higher exposure to erlotinib on day 8

(C0 C1,711 ng/mL) yielded a higher ORR than that with

lower exposure (Q4, 38 % versus Q1–Q3, 5 %;

p = 0.058), which was marginally significant, whereas no

greater response was achieved in the higher-C0 group (Q4,

67 %) versus the lower-C0 group (Q1–Q3, 77 %) within

EGFR mutation-positive patients (p = 0.62) (Fig. 9b). In

addition, a more detailed analysis revealed that the middle-

C0 group had the highest ORR among the 3 groups (Q1,

67 %; Q2–Q3, 84 %; Q4, 67 %) (Fig. 9c).

The median PFS and OS for all patients in the ITT

population were 17.6 and 28.7 weeks, respectively.

Multivariate Cox proportional hazards model analysis

showed that histology (HR 3.97; 95 % CI 1.15–13.7;

p = 0.029), performance status (HR 2.14; 95 % CI

1.12–4.10; p = 0.021), the EGFR mutation (HR 0.48;

95 % CI 0.26–0.91; p = 0.025), and rash grade (HR 0.48;

95 % CI 0.26–0.91; p = 0.025) were independently asso-

ciated with PFS (Table 6). Furthermore, non-adenocarci-

noma (HR 5.07; 95 % CI 1.66–15.5; p = 0.004) and a

performance status C2 (HR 2.05; 95 % CI 1.07–3.91;

p = 0.030) were identified as poor prognostic factors for

OS, and the presence of EGFR activating mutations (HR

0.46; 95 % CI 0.23–0.94; p = 0.033) was significantly

associated with prolonged OS (Table 6). Neither ABCB1,

ABCG2, and CYP3A5 polymorphisms nor early erlotinib

exposure were associated with PFS and OS.

4 Discussion

This study demonstrated that the ABCG2 421C[A poly-

morphism is a significant determinant of interindividual

variability in the CNS distribution of erlotinib and OSI-

420, as well as in the apparent clearance of both erlotinib

and OSI-420 in patients with NSCLC. Our results indicate

that higher exposure to erlotinib is associated with higher

grade toxicity than lower exposure. Moreover, ILD-like

events occurred in patients with extensively elevated C0

levels of erlotinib. These findings suggest that therapeutic

drug monitoring (TDM) of plasma erlotinib concentrations

may help identify patients at high risk of severe adverse

events including ILD.

The mean population pharmacokinetic parameter esti-

mates of erlotinib and OSI-420 were generally consis-

tent with those reported outside Japan [2, 3, 45, 46],

which suggests no marked ethnic difference. Kraut et al.

[45] reported that there was a significant increase in

AUC24, OSI-420/AUC24, erlotinib between day 1 and day 8 in

patients with head-neck squamous cell carcinoma. It has

been revealed that the metabolism of midazolam in vitro

was stimulated after the treatment of liver and intestinal

microsomes with erlotinib [11, 47]. Based on these find-

ings, our result showing that the metabolic ratio increased

during the first week may be accounted for by the

Table 4 Population pharmacokinetic model and parameter estimates

for erlotinib and OSI-420

Parametera Estimate

Mean 95 % CI

Population parameters for erlotinib

ka (h-1) = h1 1.65 0.99–2.31

CL/F (L/h) = h2 � [BW/53] � [1 - h3 � ABCG2] � [1 ? h4 � SS]

h2 3.37 2.84–3.90

h3 0.24 0.06–0.42

h4 0.34 0.27–0.41

Vd/F (L) = h5 � [BW/53]

h5 133 117–149

xka (CV%) 172 115–214

xCL/F (CV%) 44.6 36.8–51.3

xVd
xVd/F (CV%) 45.9 36.7–53.6

rerlotinib (CV%) 21.5 20.0–22.8

Population parameters for OSI-420b

CLm/fm (L/h) = h6 � [BW/53] � [1 - h7 � ABCG2]

h6 49.1 39.4–58.8

h7 0.35 0.15–0.56

Vd,m/fm (L) = h8 � [BW/53]

h8 30.1 20.9–39.3

xCLm/fm (CV%) 58.3 48.3–66.8

xVd,m/fm (CV%) 49.6 5.4–69.9

rOSI-420 (CV%) 24.1 22.4–25.7

a If the patient was an ABCG2 421A allele carrier, then ABCG2 = 1;

otherwise, ABCG2 = 0. If the number of doses was[7, then SS = 1;

otherwise, SS = 0
b CLm and Vd,m were calculated setting fm to 0.05, and then the

parameter estimates for CLm and Vd,m were interpreted as the ratios of

fm (i.e., CLm/fm and Vd,m/fm, respectively) [10]

BW body weight, CI confidence interval, CL/F apparent oral clear-

ance, CLm/fm apparent clearance of the metabolite, CV coefficient of

variation, fm fraction of erlotinib converted to OSI-420, ka absorption

rate constant, SS steady state, Vd/F apparent volume of distribution,

Vd,m/fm apparent volume of distribution of the metabolite, x interin-

dividual variability, r residual variability
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stimulation of metabolism, probably due to the autoin-

duction and/or activation of CYP3A enzymes by erlotinib.

The metabolic ratio was significantly different among

CYP3A5*3 genotypes, suggesting that CYP3A5 is involved

in the conversion of erlotinib to OSI-420. However, the

contribution of this enzyme to the overall CL/F of erlotinib

was not significant, which is supported by previous studies

[3, 46, 48]. These observations may be explained by the

fact that erlotinib is metabolized predominantly by

CYP3A4 [11]. Figure 5d shows no structural bias except

for a small underestimation of some high concentrations of

OSI-420, which were mostly from peak concentrations.

One possible explanation for this bias is that the reduced

metabolism and/or excretion of OSI-420 may be caused by

saturation at high metabolite concentrations in the liver.

Oral absorption of erlotinib is considered to be depen-

dent on gastric pH [49]. Interestingly, no significant

pharmacokinetic interaction was observed between erloti-

nib and gastric acid-reducing agents (Table 2), which is

consistent with previous results [48]. It may have been

because of their administration in a staggered manner.

Moreover, a proton pump inhibitor can inhibit the activity

of CYP3A and ABCG2 [50, 51], which may compensate

for potential decreases in the oral absorption of erlotinib

due to decreased solubility. Based on these results, con-

comitant medication of gastric acid-reducing agents may

not attenuate the effectiveness of erlotinib and should be

recommended in patients at high risk of gastrointestinal

ulcers [52]. On the other hand, the antiepileptic drugs

phenytoin and carbamazepine, which are CYP3A4 induc-

ers, significantly reduced the steady-state Cmax and AUC24

of erlotinib by more than 50 %. Thus, an increased dose of

erlotinib should be considered during co-treatment with

enzyme-inducing antiepileptic drugs. Both erlotinib and

OSI-420 have been identified as substrates for ABCG2

[22]. In addition, ABCB1 may play a role in erlotinib

pharmacokinetics and toxicity [15]. We found that the

presence of the ABCG2 421A allele resulted in a signifi-

cant decrease in the apparent clearance of erlotinib (24 %)

and OSI-420 (35 %), which is consistent with previous

findings [3]. The significant influence of the ABCG2

polymorphism on metabolite clearance indicates that

ABCG2 can play a role in the hepatobiliary excretion of

OSI-420 in the liver.

In the present study, we could not develop a population

pharmacokinetic model describing the interindividual
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variability for erlotinib and OSI-420 in CSF owing to a

limited amount of data on CSF drug concentrations. It has

been reported that patient demographics such as age, sex,

smoking history, and performance status are not associated

with the interindividual variability in the CSF:plasma

concentration ratio of gefitinib in patients with NSCLC

[53], which is consistent with our results of erlotinib CNS

permeability. Although the small sample size of the present
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study may have limited the detection of an influence of

common ABCB1 polymorphisms on the CSF penetration of

OSI-420, the ABCG2 421C[A polymorphism was shown

to significantly alter the CNS permeability of erlotinib and

OSI-420. To our knowledge, this is the first report sug-

gesting that ABCG2 limits the brain distribution of erloti-

nib and OSI-420 at the BBB in cancer patients. Because of

a lower CNS exposure to OSI-420 than erlotinib, it is likely

that OSI-420 plays a minor role in the clinical activity of

erlotinib for CNS metastases. Based on these findings,

higher CSF concentrations may be achieved by high-dose

erlotinib administration. Furthermore, despite a similar

plasma exposure to erlotinib, its CNS exposure can reach at

a higher level in patients with CNS metastases from

NSCLC who harbor the ABCG2 421A allele without

compromising the safety profile as compared with the wild-

Table 5 Risk factors for grade 2 or higher skin rash and diarrhea in patients with non-small cell lung cancer treated with erlotinib

Factor Skin rash (grade C2) Diarrhea (grade C2)

Univariate Multivariate Univariate Multivariate

No

[n (%)]

Yes

[n (%)]

p-value ORa

(95 % CI)

p-value No

[n (%)]

Yes

[n (%)]

p-value ORa

(95 % CI)

p-value

Sex 0.815 0.060 0.273

Male 19 (44.2) 24 (55.8) 37 (86.0) 6 (14.0) 2.16 (0.54–8.59)

Female 21 (46.7) 24 (53.3) 31 (68.9) 14 (31.1)

Age (years) 0.424 0.532

\75 26 (42.6) 35 (57.4) 46 (75.4) 15 (24.6)

C75 14 (51.9) 13 (48.1) 22 (81.5) 5 (18.5)

Body surface area (m2) 0.200 0.132 0.972

\1.50 23 (52.3) 21 (47.7) 31 (70.5) 13 (29.5) 1.02 (0.26–4.06)

C1.50 17 (38.6) 27 (61.4) 37 (84.1) 7 (15.9)

ECOG PS 0.435 0.142 0.168

0/1 20 (41.7) 28 (58.3) 40 (83.3) 8 (16.7) 2.21 (0.72–6.82)

C2 20 (50.0) 20 (50.0) 28 (70.0) 12 (30.0)

Erlotinib exposureb 0.017 0.031 0.014 0.037

Low 24 (57.1) 18 (42.9) 2.83 (1.10–7.29) 37 (88.1) 5 (11.9) 3.79 (1.09–13.2)

High 13 (31.0) 29 (69.0) 27 (64.3) 15 (35.7)

ABCB1 1236C[T 0.259 0.987

w/w 4 (30.8) 9 (69.2) 10 (76.9) 3 (23.1)

w/m and m/m 35 (47.9) 38 (52.1) 56 (76.7) 17 (23.3)

ABCB1 2677G[T/A 0.137 0.545 0.946

w/w 13 (59.1) 9 (40.9) 1.44 (0.44–4.71) 17 (77.3) 5 (22.7)

w/m and m/m 26 (40.6) 38 (59.4) 49 (76.6) 15 (23.4)

ABCB1 3435C[T 0.178 0.443 0.864

w/w 18 (54.5) 15 (45.5) 1.51 (0.53–4.35) 25 (75.8) 8 (24.2)

w/m and m/m 21 (39.6) 32 (60.4) 41 (77.4) 12 (22.6)

ABCB1 haplotypec 0.315 0.971

TTT–TTT and TTT–other 19 (40.4) 28 (59.6) 36 (76.6) 11 (23.4)

Other–other 20 (51.3) 19 (48.7) 30 (76.9) 9 (23.1)

ABCG2 421C[A 0.984 0.035 0.453

w/w 20 (45.5) 24 (54.5) 38 (86.4) 6 (13.6) 1.61 (0.46–5.58)

w/m and m/m 19 (45.2) 23 (54.8) 28 (66.7) 14 (33.3)

CYP3A5 6986A[G 0.591 0.667

w/w and w/m 23 (47.9) 25 (52.1) 36 (75.0) 12 (25.0)

m/m 16 (42.1) 22 (57.9) 30 (78.9) 8 (21.1)

a Upper category of each factor indicates the reference group
b Patients were divided into 2 groups according to the median value of erlotinib C0 levels on day 8 (1206 ng/mL)
c ABCB1 1236-2677-3435 TTT haplotype

CI confidence interval, C0 trough concentration, CYP3A5 cytochrome P450 3A5, ECOG PS Eastern Cooperative Oncology Group performance status,

m mutant allele, OR odds ratio, w wild-type allele
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type patients. Since ABCG2 expression confers acquired

resistance to gefitinib in NSCLC [54], it is of interest to

investigate whether the ABCG2 polymorphism can affect

its expression at the somatic level in cancer cells and

intratumoral concentrations of erlotinib in patients with

NSCLC. Future studies should be performed to elucidate

the association between CSF concentrations of erlotinib

and its antitumor effects towards CNS metastases.
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Fig. 8 Associations between erlotinib trough (C0) levels on day 8 and

the severity grade of a skin rash, b diarrhea, c oral mucositis, d blood

bilirubin increases, e paronychia, and the development of f interstitial

lung disease (ILD)-like events. Bars indicate the median values. The

p-values are from the Jonckheere–Terpstra test (a–e) or Mann–

Whitney U test (f)
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Fig. 9 a Objective response rate for erlotinib in patients with or

without somatic EGFR mutations. b Effect of higher erlotinib

exposure on the objective response rate according to the EGFR

mutation status. Q1–Q3 and Q4 indicate trough (C0) levels on day 8

of B1684 and C1711 ng/mL, respectively. The p-values are from

Fisher’s exact test. c Objective response rate for erlotinib in patients

with somatic EGFR mutations according to erlotinib C0 level quartile

(Q) on day 8

Population PK/PD and CSF Permeability of Erlotinib 605



Table 6 Prognostic factors for progression-free survival (PFS) and overall survival (OS) in patients with non-small cell lung cancer treated with

erlotinib

Factor PFS OS

Univariate Multivariate Univariate Multivariate

Median (d) p-value HRa (95 % CI) p-value Median (d) p-value HRa (95 % CI) p-value

Sex 0.004 0.489 0.224

Male 56 0.73 (0.31–1.76) 180

Female 156 300

Histology \0.0001 0.029 \0.0001 0.004

Adenocarcinoma 145 3.97 (1.15–13.7) 279 5.07 (1.66–15.5)

Non-adenocarcinoma 23 33

Smoking history 0.001 0.433 0.018 0.712

Former/current 43 0.69 (0.28–1.73) 138 0.88 (0.44–1.76)

Never 175 345

ECOG PS 0.005 0.021 \0.001 0.030

0/1 168 2.14 (1.12–4.10) 534 2.05 (1.07–3.91)

C2 56 95

EGFR mutation status \0.001 0.025 \0.001 0.033

Wild-type 43 0.48 (0.26–0.91) 120 0.46 (0.23–0.94)

Mutant 218 551

Rash grade 0.063 0.025 0.005 0.101

0/1 67 0.48 (0.26–0.91) 120 0.61 (0.33–1.10)

C2 158 236

Diarrhea grade 0.842 0.447

0/1 124 209

C2 86 197

Erlotinib exposureb 0.966 0.710

Low 88 201

High 125 197

ABCB1 1236C[T 0.927 0.894

w/w 68 199

w/m and m/m 124 218

ABCB1 2677G[T/A 0.843 0.884

w/w 125 191

w/m and m/m 123 218

ABCB1 3435C[T 0.071 0.983 0.320

w/w 140 0.99 (0.32–3.06) 209

w/m and m/m 88 203

ABCB1 haplotypec 0.107 0.619 0.209

TTT–TTT and TTT–other 72 0.74 (0.23–2.39) 203

Other–other 125 209

ABCG2 421C[A 0.794 0.713

w/w 125 236

w/m and m/m 82 201

CYP3A5 6986A[G 0.485 0.676

w/w and w/m 125 218

m/m 88 197

a Upper category of each factor indicates the reference group
b Patients were divided into 2 groups according to the median value of erlotinib C0 levels on day 8 (1,206 ng/mL)
c ABCB1 1236-2677-3435 TTT haplotype

CI confidence interval, C0 trough concentration, ECOG PS Eastern Cooperative Oncology Group performance status, HR hazard ratio, m mutant allele,

w wild-type allele

606 M. Fukudo et al.



As shown in Fig. 7a, the safety profile of erlotinib in

Japanese patients with NSCLC was similar to that observed

in previous clinical trials [1, 55]. Recently, increased

cumulated drug exposure was shown to be associated with

grade 3 or higher toxicity in cancer patients treated with the

multikinase inhibitor sorafenib [56]. Similarly, in the

present study, increased erlotinib C0 levels on day 8 were

significantly associated with a more rapid development of

grade 3/4 adverse events and with the occurrence of higher

grade toxicity. Multivariate analyses revealed that erlotinib

C0 levels on day 8 were a significant independent predictor

for grade C2 skin rash as well as diarrhea. Our results

provide further evidence for the association between the

pharmacokinetic variability of erlotinib and skin toxicity

[2–4]. In contrast, previous studies showed no significant

relationship between erlotinib exposure and diarrhea [2, 3].

This discrepancy may be partly explained by the fact that

erlotinib C0 levels on day 8 were highly correlated with

total drug exposure (AUC24, erlotinib ? OSI-420) in our patient

population (Fig. 3d). We also clarified that the ABCG2

421A allele was a potential risk factor for grade C2 diar-

rhea, although this relationship was not significant after

adjustments for multiple testing. Our results and similar

findings of gefitinib toxicity related to the pharmacoge-

netics of ABCG2 suggest that diarrhea may evolve from

high drug exposure on the gut wall where drug absorption

may be enhanced by the ABCG2 421C[A polymorphism

[57]. Rudin et al. [46] identified a novel diplotype of two

polymorphic loci in the ABCG2 promoter (-15622C[T

and 1143C[T) relating to erlotinib-induced diarrhea. These

findings indicate that reduced ABCG2 activity due to a

genetic variant may predispose patients to gastrointestinal

adverse effects from EGFR–TKI.

The pharmacogenetics of sunitinib, a TKI similar to

erlotinib, have been reported for toxicity and efficacy [58–

60]. The CYP3A5*1 allele was associated with an increased

risk of dose reductions [60], as well as with improved PFS

in patients with renal cell carcinoma [59]. Furthermore, the

ABCB1 and ABCG2 polymorphisms analyzed here showed

a tendency towards a worse response to sunitinib [60]. In

the present study, however, there was no relationship

between these genetic polymorphisms and the efficacy of

erlotinib in terms of PFS and OS. These findings suggest

that the roles of CYP3A5 and ABCB1/ABCG2 in the

treatment outcomes of cancer patients may be different in

TKIs and/or among different types of cancer. A higher

exposure to erlotinib on day 8 did not contribute to pro-

longed PFS and OS (Table 6). More patients (n = 8, 19 %)

were forced to discontinue treatment due to intolerable

toxicities during the first month in the high-C0 group, while

only 1 patient (2 %) experienced the early termination of

treatment in the low-C0 group. It can be postulated that

patients who have been forced to discontinue treatment

early due to severe toxicities could not have achieved

survival benefits from erlotinib despite high drug exposure.

Previously, the effectiveness and minimal toxicity of

erlotinib at a daily dose of 25 mg were shown in NSCLC

patients with EGFR mutations [61]. In the present study,

lower exposure to erlotinib had a more favorable safety

profile than that of higher exposure. Furthermore, the

middle range of erlotinib concentrations (Q2–Q3) was

associated with a better objective response rate (84 %) than

the low (Q1, 67 %) and high (Q3, 67 %) concentrations in

patients with EGFR mutations (Fig. 9c). Taking these

findings and our previous results [62] into account, patients

may benefit from an initial low dose of erlotinib to achieve

drug concentrations within the middle range (Q2–Q3,

848–1,684 ng/mL), without any compromise in clinical

efficacy, if they have good prognostic factors such as

somatic EGFR activating mutations. Additionally, an erl-

otinib-related skin rash (grade C2) was independently

associated with improved PFS (Table 6), as reported pre-

viously [63]. Dose escalations in erlotinib in relation to the

incidence and severity of the rash do not seem to increase

its clinical activity [64]. On the other hand, when grade 2 or

higher skin rash occurred in patients with elevated erlotinib

C0 levels at a steady state, dose reductions to the lowest

and most effective level should be considered to avoid

unnecessary early treatment discontinuation. Although the

number of patients in this study was small, ORR was

slightly higher in the higher-C0 group (Q4, 38 %) than in

the lower-C0 group (Q1–Q3, 5 %) within a subset of

patients with wild-type EGFR (Fig. 9b). Our results imply

that higher exposure to erlotinib may be required for more

potent inhibition of wild-type EGFR. TDM of imatinib has

been suggested to improve clinical outcomes in patients

with chronic myeloid leukemia and the target trough level

of imatinib has been set above approximately 1,000 ng/mL

[65, 66]. However, optimal concentrations of erlotinib have

not been identified in the present study. Future studies

designed to clarify the therapeutic range of erlotinib in

relation to the EGFR mutation status and to prospectively

compare the efficacy and safety of erlotinib between

pharmacokinetic-guided dosing and fixed dosing should be

conducted in a larger number of patients with NSCLC.

5 Conclusions

The ABCG2 421C[A polymorphism can influence the

apparent clearance of erlotinib and OSI-420, and their CSF

permeabilities in patients with NSCLC. Furthermore, TDM

of erlotinib C0 levels at a steady state may be helpful in

identifying patients at high risk of severe adverse events

including ILD. Higher erlotinib exposure may be relevant

to the antitumor effects in EGFR wild-type patients while
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having less of an impact on the tumor response in patients

with EGFR activating mutations.
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