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Clinical Pharmacology of EGFR/Met Inhibitors in Non-Small Cell Lung

Cancer

Shigehiro Yagishita' and Akinobu Hamada>"

'Department of Respiratory Medicine, Juntendo University Graduate School of Medicine, 2-1-1, Hongo, Bunkyo-ku,
Tokyo 113-8421, Japan; *Department of Clinical Pharmacology, Group for Translational Research Support Core,
National Cancer Center Research Institute, 5-1-1, Tsukiji, Chuo-ku, Tokyo 104-0045, Japan

Abstract: Development of molecular targeting agents, starting with imatinib for chronic myeloid leukemia or gefitinib for
non-small cell lung cancer NSCLC), has recently progressed at a rapid rate. Epidermal growth factor receptor tyrosine
kinase inhibitors (EGFR-TKIs) have already been developed to the 2" and 3¢ generation, and novel drug development
targeted towards Met activation, which is an EGFR-TKI resistance mechanism, is ongoing. Although the era of new anti-
cancer agents is moving towards an era of molecular targeting agents, the methods used for drug development are not dif-
ferent than before. In addition to the importance of pharmacokinetics (PK) and pharmacodynamics (PD) for drug devel-
opment, emerging evidence is also demonstrating the significance of pharmacogenomics, since certain types of gene al-
teration may greatly affect drug metabolism, excretion, and notably, clinical efficacy. It is desirable to determine optimal
doses of anticancer drugs by taking into account these factors that could potentially influence PK/PD. The following arti-
cle reviews the clinical development of EGFR/Met inhibitors for NSCLC and the clinical pharmacology of these drugs.

Keywords: Epidermal growth factor receptor, Met, non-small cell lung cancer, pharmacology.

1. INTRODUCTION

The findings of molecular studies of non-small cell lung
cancer (NSCLC) brought a paradigm-shift in therapeutic
strategy from that of conventional cytotoxic drugs to indi-
vidual molecular targeted .agents (MTAs). Since the devel-
opment of the epidermal growth factor receptor tyrosine
kinase inhibitor (EGFR-TKI) gefitinib, there has been rapid
progress in search of new molecular targets and in the devel-
opment of MTAs, including agents for targets such as
anaplastic lymphoma kinase (ALK) translocation or rear-
ranged during transfection (RET) fusion [1, 2]. Moreover,
there has also been great progress in the investigation of drug
resistance. Prime examples of such resistance are the secon-
dary mutation of the EGFR exon 20, leading to the EGFR
T790M mutant, or Met activation, which leads to EGFR-TKI
resistance. Overcoming therapeutic resistance is an issue of
great significance in molecular targeting therapy and the
development of innovative MTAs are a demand of the times
[3-5].

In past development of conventional cytotoxic drugs, the
“3 + 3 design” was frequently used, in which side effects
were treated as surrogates of clinical effects because of the
close correlation of drug exposure, side effects, and clinical
effects. Hence, the maximal tolerated dose (MTD) and the
recommended dose (RD) were determined in compliance
with the prevalence of intolerable toxicities (dose-limiting

*Address correspondence to this author at the Department of Clinical Phar-
macology, Group for Translational Research Support Core, National Cancer
Center Research Institute, 5-1-1, Tsukiji, Chuo-ku, Tokyo 104-0045, Japan;

E-mail: akhamad@nce.go.jp

1389-4501/14 $58.00+.00

303

toxicities (DLT)), with the aim of adjusting the blood con-
centration of an agent for a therapeutic window with as low a
side effect and as high a therapeutic effect as possible. Al-
though the influence of several gene polymorphisms on drug
absorption or metabolism was already recognized at that
time, it was not considered in terms of drug development
(Table 1).

Recent drug development of MTAs has been undertaken
in almost the same manner as for previous drugs. However,
various problems are emerging with such an approach. One
problem is the drug administration method. As typified by
EGFR-TKIs, most of the newly developed MTAs are orally
administered drugs, and it is difficult to predict their phar-
macokinetics (PK) and pharmacodynamics (PD) due to vari-
ous factors that potentially influence their absorption or the
first-pass effect. Secondly, there are differences in side ef-
fects between conventional cytotoxic drugs and MTAs, such
as the skin rash or diarrhea of EGFR-TKIs. Thirdly, since
most MTAs are exposed chronically, their side effects, when
considered as surrogates of clinical effects, may differ from
those of cytotoxic drugs, in which PK parameters such as
maximum concentration (Cmax) and area under the blood
concentration-time curve (AUC) correlate with side effects
and MTD. As a consequence, the DLT might have to be
changed to be suitable for MTAs. A further problem has
arisen that was discovered based on accumulating evidence
of pharmacogenomic (PGx) studies. Recent studies in ge-
netic research have elucidated various genetic factors that
impact clinical response, like EGFR mutation for EGFR-TKI
therapy, or on PK profiles such as gene polymorphisms of
metabolic enzyme, cytochrome P450 (CYP), or ATP-binding
cassette (ABC) transporter. These data undermine the

© 2014 Bentham Science Publishers
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Table 1. EGFR-TKIs for NSCLC.
Generation 1" Generation 2" Generation
Compound Gefitinib Erlotinib Afatinib Dacomitinib
Target EGFR EGFR, HER2, HER4
Phase Approved Approved Approved Phase 111
MTD 700 mg QD 200 mg QD 50 mg BID 45 mg QD
Clinical dose 250 mg QD 150 mg QD 40 mg BID 45mg QD
Bioavailability 60% 59% Unknown Unknown
Plasma protein binding 90% 95% 95% 97-8%
Transporter ABCBI1, ABCG2 ABCBI, ABCG2 ABCBI, ABCG2 Unknown
Cytochrome P450 CYP3A4 CYP3A4/5, CYPLAL2 Michael Addition CYP2D6, CYP3A4
Cmax (ng/mL) * 384" 2384 8337 112%
ty (hr) ® 4137 2592 4047 59-859
AUC (ng- hr/mL) ® 16660 " 426797 12407 22509

1) 225 mg QD administration for 14 days. 2) 150 mg QD administration for 23 days. 3) 40 mg BID administration for 28days. 4) 45 mg QD administration for 14 days. MTD; maxi-

mum tolerated dose, SS; steady state

assumption of a triangular relationship between blood
concentration, side effects, and clinical effect for MTAs.
There is therefore an urgent need for drug development that
takes into account such various factors that could potentially
influence the MTA effect. Furthermore, these accumulating
data also indicate the increasing importance of PK, PD, and
PGx in the development and proper use of MTAs in clinical
practice. In this review, we summarize the current develop-
ment of EGFR/Met inhibitors and the clinical pharmacology
of these drugs.

2. EGFR-TKIS FOR NSCLC

The EGFR pathway is part of a complex signal-
transduction network that is central to critical processes in
cell proliferation. In 2002, gefitinib was the first approved
EGFR-TKI for the treatment of locally-advanced or metas-
tatic NSCLC in Japan. Gefitinib is a low-molecular weight
quinazoline derivative that inhibits EGFR tyrosine kinase
activity by hydrogen-bonding with M793 in the kinase
adenosine triphosphate (ATP)-binding site, thereby reversi-
bly inhibiting the binding of ATP, and is therefore called a
“reversible EGFR-TKI”. In 2004, the correlation between
EGFR mutation and the clinical response to this EGFR-TKI
was demonstrated [6]. The prevalence of EGFR mutation
was shown to vary across different ethnicities; approximately
10% of NSCLC in Caucasians and 35% in Asians [7]. Since
then, several EGFR-TKIs have been developed, some of
which have already been approved for clinical use (Fig. 1,
Table 1).

2.1. First Generation EGFR-TKIs
2.1.1. Gefitinib

Gefitinib and erlotinib belong to the 1% generation
EGFR-TKIs, which reversibly inhibit the binding of ATP. In
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a phase I trial of gefitinib, patients were treated with daily
doses of up to 700 mg gefitinib. The MTD was determined
as 700 mg with a DLT of grade 3 reversible diarrhea [8, 9].
The RD was determined as 250 mg QD based on similar
clinical activity to, and a lower incidence of grade 3 or worse
toxicity compared with 500 mg QD [10, 11]. After oral ad-
ministration of gefitinib, peak plasma concentrations are
achieved within 3 to 7 h, with a mean oral bioavailability of
60%. Elimination of gefitinib is primarily by hepatic
CYP3A4 metabolism and the inactive metabolites are ex-
creted in feces [12].

2.1.2. Erlotinib

Erlotinib, the second EGFR-TKI to be approved, was
evaluated using daily doses of up to 200 mg in a phase I trial
[13]. The MTD was determined as 200 mg with grade 3 or 4
diarrhea and the RD for NSCLC was determined as 150 mg
QD. Peak plasma concentrations occur 4 h after oral admini-
stration with a mean oral bioavailability of 59%. Erlotinib is
metabolized primarily by CYP3A4/5 and to a lesser extent
by CYP1A1/2 and CYP2C8. Elimination is primarily by
excretion in feces.

Major side effects of 1 generation EGFR-TKI therapies
were diarrhea and skin rash in 50% or more of treated pa-
tients. Other side effects included hepatic toxicity, dry skin,
nausea, vomiting, pruritis, anorexia, and fatigue. Interstitial
lung disease (ILD) occurred in approximately 5% of patients
in an Asian population. Up to one third of these cases were
fatal.

2.2. Second Generation EGFR-TKIs

The ultimate issues in EGFR-TKI therapy are the inevi-
table therapeutic resistance and recurrence. The tumors of 20
to 40% of patients with an EGFR mutation are intrinsically
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Fig. (1). Varios current EGFR-TKIs and their clinical activity.

resistant to EGFR-TKIs, called intrinsic resistance. The
mechanisms of intrinsic resistance are reported to be the
presence of a threonine-to-methionine substitution at amino
acid position 790 (T790M) in the EGFR gatekeeper residue,
Met activation, ALK translocation, improvement of drug
metabolism due to enzyme induction or gene polymor-
phisms, and BCL2-like 11 (BIM) polymorphisms [3, 14-16].
'The mechanisms of acquired resistance include T790M mu-
tation (50%), Met amplification (5-10%), PIK3CA mutation
(~5%), small-cell lung cancer transformation (1%), and
epithelial-mesenchymal transition (1%) [3-5]. Second gen-
eration EGFR-TKIs have been developed to overcome ac-
quired resistance, especially that involving the T790M muta-
tion. These EGFR-TKIs form an irreversible covalent bond
to a unique cysteine residue at a 797 in the EGFR catalytic
domain, which results in the inhibition of ATP binding and
also inhibition of the other members of the HER family,
HER2 and HER4.

2.2.1. Afatinib

Afatinib was recently approved as an EGFR-TKI and
was evaluated using daily doses of up to 50 mg in a phase 1
trial [17]. The MTD and RD were determined as 50 mg QD,
with the most common side effects being diarrhea and skin
rash. The recommended starting dose was modified to 40 mg
QD in a phase II trial because the 40 mg QD therapy showed
a similar objective response and fewer grade 3 adverse
events compared with 50 mg QD therapy [18]. Peak plasma
concentrations are generally reached within 3 to 5 h after
oral dosing. The absolute bioavailability of afatinib in hu-
mans is unknown. Afatinib is metabolized primarily by Mi-
chael addition rather than by cytochrome P450. Elimination
is primarily by excretion in feces [19]. In the phase III trial
LUX-Lung 3 whose primary endpoint was progression-free
survival (PFS), afatinib significantly prolonged median PFS
compared with cisplatin plus pemetrexed as first-line chemo-
therapy in patients with EGFR mutation positive stage
IIIB/IV lung adenocarcinoma (median PFS 11.1 vs. 6.9
months, p=0.001) [20]. In contrast, in the LUX-Lung 4 trial,
which evaluated the efficacy (primary endpoint: objective
response rate) of afatinib for patients who experienced pro-
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gression during prior gefitinib or erlotinib therapy, afatinib
showed unsatisfactory results as 2™ or 3™ line chemotherapy
for this EGFR-TKI resistant population (response rate (RR)
8.2%, median PFS 4.4 months) [21].

2.2.2. Dacomitinib

Another second generation EGFR-TKI, dacomitinib, was
investigated in a phase I trial using daily doses of up to 60
mg. The MTD and RD were determined as 45 mg QD, with
common side effects being stomatitis, skin rash, and diarrhea
[22]. Peak concentrations of dacomitinib in plasma occurred
12 h after oral dosing. Elimination of dacomitinib is primar-
ily by CYP2D6 and CYP3A4 metabolism [23]. In a random-
ized phase II trial, dacomitinib showed a promising effect in
2" or 3% line therapy for unselected NSCLC patients com-
pared with erlotinib (median PFS; 2.86 vs. 1.91 months)
[24]. However, a recent interim result of the phase III
ARCHER 1009 trial, whose primary endpoint being PFS,
revealed little efficacy of dacomitinib for unselected NSCLC
(dacomitinib vs. erlotinib, RR; 11.4% vs 8.2%, median PFS;
2.6 vs. 2.6 months, median overall survival (OS); 7.9 vs. 8.4
months) [24, 25]. Another phase III trial, ARCHER 1050,
which is evaluating the efficacy (primary endpoint: PEFS) of
dacomitinib in treatment-naive NSCLC patients with EGFR
mutation, is still ongoing (ClinicalTrials.gov:
NCTO01774721).

As a whole, 2™ generation EGFR-TKIs seem to have
equivalent efficacy compared with 1% generation EGFR-
TKIs, with obviously enhanced side effects such as diarrhea
or skin rash (Table 2). Moreover, although these drugs were
initially intended to overcome resistance that was acquired
mainly by EGFR T790M mutation, to date neither afatinib
nor dacomitinib have demonstrated significant efficacy to-
wards EGFR mutated tumors with acquired resistance.

2.3. Third Generation EGFR-TKI

The clinical efficacy of 2™ generation EGFR-TKIs was
limited partly because of enhanced adverse events, which
were assumed to be a result of concomitant inhibition of
wild-type EGFR. This assumption led to the development of
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Table2. Frequently observed side effects related to EGFR-TKI treatment.
1* Generation 2" Generation 3™ Generation
All Grade / Grade3-4 (%) Gefitinib" Erlotinib” Afatinib" Dacomitinib” CO-1686” AZD9291"
Rash 4370 85714 96 /15 58710 4/0 27/0
Diarrhea 4871 62/5 90/ 16 78/12 23/0 2071
Dry skin 1370 2171 3170 30/<1 - 1170

1) Data from package inserts 2) Data from [68] 3) Data from [27] 4) Data from [28]

3™ generation EGFR-TKIs, which were designed to selec-
tively inhibit the T790M mutated EGFR with less activity
against wild-type EGFR.

2.3.1. CO-1686

CO-1686 is a newly developed 3 generation EGFR-
TKI, which irreversibly and selectively inhibits mutant
EGFRs, in particular the T790M mutated EGFR. In a pre-
clinical study, CO-1686 demonstrated a significant growth
inhibitory effect towards T790M mutant-expressing tumors
with minimal effect on wild-type EGFR in vitro and in vivo.
Recently, CO-1686 demonstrated a good tolerability and
promising efficacy in the phase I part of a phase I/II trial that
included patients with EGFR mutated, recurrent, advanced
NSCLC previously treated with an EGFR-TKI [27]. In this
trial, CO-1686 was evaluated using daily doses of up to 1000
mg, and the expansion cohorts including three dosing cohorts
(500/625/750 mg BID) for two different patient cohorts (a
2" line patient cohort and a >2" Jine patient cohort) are still
ongoing. The reported results showed that grade 3/4 tox-
icities were hyperglycemia (22%), QTc prolongation (7%),
vomiting (3%), decreased appetite (1%), and nausea (1%).
The proportion of toxicities that were related to wild-type
EGFR inhibition was low, and was comparable to that of the
placebo arm in previous trials (diarrhea 21%, rash 5%). In an
analysis of 40 patients with the EGFR-T790M mutation,
CO-1686 showed promising activity (RR 58%) and an en-
couraging PFS (not reached, current estimates exceed 12
months). A randomized phase II/III trial of CO-1686 or er-
lotinib for the treatment of naive EGFR mutated patients
(TIGERLI trial), a phase II single-arm trial for T790M posi-
tive 2" line patients after EGFR-TKI failure (TIGER? trial /
NCT02147990), and a randomized phase III trial evaluating
CO-1686 or chemotherapy for 2™ line T790M positive pa-
tients after EGFR-TKI failure (TIGER3 trial) are in progress.

2.3.2. AZD9291

AZD9291 is also a mutant selective, irreversible 3™ gen-
eration EGFR-TKI that has shown antitumor activity against
both an EGFR activating mutation and the EGFR T790M
mutation while maintaining a margin of selectivity against
the wild-type EGFR. In a currently ongoing open-label phase
I trial, up to 240 mg AZD9291 was administered once a day
[28]. In a dose escalation cohort of this trial, no DLTs have
been seen at any dose evaluated and the MTD has not been
defined. The recommended phase II dose was determined as
80 mg QD based on both its activity in T790M positive pa-
tients and on the low incidence of toxicity. The frequently
observed side effects of 80 mg QD in the cohort (n=74) were
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(any grade (%) / Grade =3 (%)): rash (27/0), diarrhea (20/1),
nausea (14/0) and dry skin (11/0). Characteristic side effects
of AZD9291 were: hyperglycemia (n=3), QT prolongation
(n=4), and an ILD-like event (n=6). The RR according to
T790M status was 65% in T790M positive patients and 22%
in T790M negative patients, indicating the T790M specific
activity of AZD9291 as expected. Two phase II trials that are
evaluating the efficacy and tolerability of 80 mg QD for
T790M positive patients (AURA trial / NCT01802632 and
AURAZ2 trial / NCT02094261) are ongoing, and a phase III
trial to compare AZD9291 and platinum-based chemother-
apy in second-line, EGFR-TKI pre-treated patients (AURA3
trial / NCT0215981) is under consideration.

In summary, the development of 3™ generation EGFR-
TKIs appears to be running smoothly and these inhibitors are
promising for the treatment of EGFR-TKI resistant tumors
with the EGFR-T790M mutation, which accounts for more
than 50% of resistant cases. As expected, these mutant selec-
tive EGFR-TKIs clearly showed a lower incidence of rash,
diarrhea, or dry skin that were assumed to occur as a result of
wild-type EGFR inhibition. This lower incidence of side
effects enabled dose escalation, higher PK and considerable
efficacy (Table 2).

3. MET INHIBITOR FOR NSCLC

Met is a heterodimeric receptor tyrosine kinase with a
natural ligand, hepatocyte growth factor (HGF), that is pro-
duced by stromal and mesenchymal cells in an endocrine or
paracrine manner [29]. Met can be altered and activated
through receptor overexpression, gene amplification, muta-
tion or alternative splicing. Met activation induces subse-
quent activation of multiple signaling pathways involved in
proliferation, survival, angiogenesis, morphogenesis, cell
scattering, motility, migration and invasion [30, 31].

Met is often concomitantly expressed with the EGFR in
NSCLC, and the importance of cross-talk between Met and
the HER family has been well described. Activation of Met
depends on EGFR overexpression, and, conversely, HGF
stimulation promotes EGFR activation [32, 33]. Moreover,
Met plays a key role in EGFR-TKI resistance by driving
HER3-dependent activation of PI3K [34]. Therefore, a Met
inhibitor for NSCLC has been considered in order to over-
come EGFR-TKI resistance (Table 3).

3.1. Onartuzumab

Onartuzumab is a humanized monovalent monoclonal an-
tibody that blocks HGF binding and prevents downstream
cellular signaling of Met. In a phase I trial, onartuzumab was
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Compound Tivantinib Crizotinib Onartuzumab
Target Met Met, ALK, ROS1 Met
Type TKI MoAb
Approved as ALK inhibitor
Ph Phase I Phase III
ase ase Phase I as Met inhibitor ase
MTD 360 mg BID 250 mg BID Not identified up to 30 mg/kg
- 360 mg BID for EM"
Recommended dose / clinical dose 240 mg BID for PM” 250 mg BID 15 mg/kg
Transporter Unknown ABCBI -
Cytochrome P450 CYP2C19 CYP3A4/5, CYP2B6 -
Cmax (ng/mL) 27197 493% 348 (ug/ml) ¥
ti2 (hr) 6.57 3959 11.5 (days) ¥
AUC (ng- hr/mL) 266552 4608 ¥ 1740 (ug*day/mL) ¥

1) EM: extensive metabolizer of CYP2C19, PM: poor metabolizer of CYP2C19. 2) 360 mg BID administration for 22 days. 3) 250 mg BID administration for 15 days. 4) 15 mg/kg
single-agent administration. Abbreviations; TKI: tyrosine kinase inhibitor, MoAb: monoclonal antibody

evaluated using doses of up to 30 mg/kg without exhibiting
an MTD, and the RD was determined as 15 mg/kg based on
preclinical PK/PD modeling [35, 36]. In a randomized phase
IT trial in unselected recurrent NSCLC with coprimary end-
points being PFS in the intent-to-treat group and Met-
positive group, patients were assigned erlotinib plus onartu-
zumab (EO) or erlotinib plus a placebo (EP). There was no
significant improvement in PFS or OS in the overall popula-
tion (n=137, PFS hazard ratio (HR), 1.09; p=0.69; OS HR,
0.80; p=0.34). However, the EO population that was immu-
nohistochemically (IHC) positive for Met did show im-
proved PFS and OS (n=62; PFS HR 1.71, p=0.06; OS HR
2.61, p=0.004) [37]. Recently, the results of a randomized
phase 1II trial (METLung trial, OAM4971g), which evalu-
ated the survival benefit (primary endpoint: OS) of EO com-
pared with EP for patients with previously treated Met THC
positive stage [1Ib/IV NSCLC, were presented [38]. In that
trial, Met expression status was determined using an THC
assay with the CONFIRM anti-total MET SP44 monoclonal
antibody (Ventana). This trial was stopped due to the futility
of EO at the time of enrolling 499 patients (EO vs. EP; me-
dian OS 6.8 vs. 9.1 months, HR 1.27, p=0.068; median PFS
2.7 vs. 2.6 months, HR 0.99, p=0.92). Despite the futility of
this phase 11 trial, there is still room for consideration of the
use of a biomarker (another antibody for IHC, the
MET/CEP7 ratio of FISH, or a Met point mutation) or en-
richment of the study population (limit for. patients with
EGFR mutation or EGFR-TKI resistance) for Met-targeted
therapy. Exploratory analyses of a phase III trial and the re-
sult of ongoing phase III trial which evaluate OS benefit with
EO vs. EP in patients with Met positive and EGFR mutation
positive NSCLC (NCT01887886) are awaited.

3.2. Tivantinib

Tivantinib is an oral tyrosine kinase inhibitor of Met that
inhibits Met in a non-ATP competitive manner. Tivantinib
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stabilizes the inactive configuration of Met and disrupts Met
phosphorylation and downstream signaling. Doses of ti-
vantinib of up to 400 mg BID were evaluated in a phase I
trial [39]. The frequently observed grade 3/4 DLTs were:
fatigue, mucositis, palmar-plantar erythrodysesthesia, hy-
pokalemia, and febrile neutropenia. The MTD and recom-
mended phase II dose were determined as 360 mg BID. Peak
plasma concentrations of tivantinib occurred 2 to 4 h after
oral dosing. Elimination of tivantinib is primarily by
CYP2C19 metabolism. In- this ftrial, a patient with a
CYP2C19*2 polymorphism developed grade 4 febrile neu-
tropenia and grade 3 mucositis with higher AUC and Cmax
of tivantinib. As a consequence, the RD was modified ac-
cording to individual CYP2C19 polymorphism [40]. In a
reported randomized phase II trial whose primary endpoint
was PFS, erlotinib plus tivantinib (ET) improved PFS and
OS over erlotinib plus placebo (EP) in a subset of patients
with non-squamous NSCLC, which was a population en-
riched for Met overexpression (ET vs. EP; median PFS 132
vs. 68 days, HR 0.71, p=0.12; median OS 302 vs. 208 days,
HR 0.72, p=0.18) [41]. Based on these results, two phase III
trials that compared the efficacy of ET and EP were con-
ducted. The MARQUEE trial enrolled 1048 patients with 2™
or 3™ line non-squamous NSCLC for the aim of evaluating
OS benefit, but was terminated early with futility [42]. The
interim results showed a trend toward clinical benefit of ET
in terms of RR (ET vs. EP, 10.3% vs. 6.5%, p<0.05), PFS
(median PFS 3.6 vs. 1.9 months, HR 0.74, p<0.0001) and OS
(median OS 9.3 vs, 5.9 months, HR 0.70, p=0.03). Another
phase III ATTENTION trial, which evaluated OS benefit in
Asian patients with 2™ or 3™ line non-squamous wild-type
EGFR NSCLC, was also stopped when 307 patients had
been randomized based on a higher incidence of ILD in the
ET treated group [43]. Recently reported results of this trial
showed some sign for benefit of PFS (ET vs. EP; median
PFS 2.9 vs. 2.0 months, HR 0.719, p=0.019) and OS (median
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OS 12.9 vs. 11.2 months, HR 0.891, p=0.427), although the
data lacked statistical power. Another exploratory single-arm
phase II trial evaluating ET treatment in patients with EGFR-
TKI resistance was reported [44]. The subgroup analysis for
Met IHC expression in this trial indicated the possibility of
efficacy in ET treatment (Met IHC High vs. Low, median
PFS 125 vs. 43 days, RR 9.1% vs. 0.0%).

3.3. Crizotinib

Crizotinib is a multi-target TKI for Met, ALK and ROS1,
and is already approved for treatment of ALK translocation
positive NSCLC. After oral administration of crizotinib,
peak plasma concentrations are achieved within 5 h, with a
mean oral bioavailability of 43%. Elimination of crizotinib is
primarily by CYP3A4 and lesser extent by CYP2B6. The
ongoing phase 1 expansion cohort of crizotinib for Met-
amplified NSCLC was recently presented and showed prom-
ising results [45]. In this trial, patients were stratified based
on Met amplification status that was defined as the ratio of
Met gene copy number gain relative to centromere 7
(MET/CEP7), which was determined by FISH. Of the 14
patients that received 250 mg crizotinib BID treatment, the
RR was 0% in the Low Met group (n=2), 17% in the Inter-
mediate Met group (n=6) and 67% in the High Met group
(n=6) with durable response (Intermediate vs. High Met,
median duration of response 16 vs. 73.6 weeks). Based on
these encouraging results, exploration of the optimal
MET/CEPY7 ratio associated with clinical benefit is ongoing.

Although the concept of targeting Met is a reasonable
approach, some of the Met inhibitors still could be effective
for certain types of patients. Therefore, further exploration of
valid biomarkers or enrichment for an appropriate patient
population is urgently needed.

4. FACTORS INFLUENCING PHARMACOKINETICS
AND PHARMACODYNAMICS

There is no room for argument regarding the importance
of PK/PD in cancer chemotherapy and its development.
However, a range of factors potentially impact PK/PD val-
ues. Non-genetic factors include food effects, physiological
factors, lifestyle, comorbidities, and co-administration of
other drugs. There is also accumulating evidence for modula-
tion by genetic factors including by gene polymorphisms that
influence drug absorption or metabolism. Here we discuss
some of the factors that influence the PK/PD of EGFR or
Met inhibitors (Table 4).

4.1. Food Effect

Some important factors can have a tremendous impact on
the absorption of drugs given orally such as food effect, poor
bioavailability due to co-administration of drugs that affect
gastric emptying time, or gastric pH.

Food intake can influence the extent of drug absorption
after oral administration by increasing or decreasing absorp-
tion, or it can leave absorption unchanged. Erlotinib absorp-
tion is a prime example of food effect: when taken with food,
a single-dose of erlotinib showed an approximate doubling in
the concentration of the AUC and multiple doses showed 37-
66% increases in the AUC [46]. On the other hand, when
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gefitinib was given with a high-fat breakfast, small increases
in the AUC were seen but these increases were not clinically
significant. There was a 39% decrease in the AUC when
afatinib was administered with, compared to without food,
which resulted in a recommendation of taking without food
[8, 17]. Inappropriate usage of drugs can lead to loss of effi-
cacy or serious side effects, even to a fatal adverse event.
Food effect studies are therefore imperative during current
drug development.

4.2. Co-Administration of Other Drugs

Co-administration of other drugs can influence the PK
profile of cancer chemotherapy through drug-drug interac-
tion. Proton pump inhibitors or histamine Hj-receptor an-
tagonists induce lower gastric pH, resulting in lower
bioavailability/AUC. Certain types of anticonvulsant or ri-
fampicin may induce the activity of metabolic enzymes, es-
pecially CYP3A4, and increase drug clearance. Conversely,
macrolide antibiotics or grapefruit juice may inhibit drug
metabolism and result in an increased drug exposure and side
effects. As most MTAs are eliminated by CYP3A4, these
influences of drug-drug interaction cannot be negligible in
clinical practice. Of the EGFR-TKIs, only afatinib is not
metabolized by cytochrome P450.

4.3. ABC Transporter

Pharmacokinetic processes are highly dependent on the
interplay of drugs with drug transporters in organs such as
the intestine, kidney and liver. Gene polymorphism of ABC
transporters is now increasingly recognized to have a signifi-
cant role as a determinant of individual variability in re-
sponse to various commonly prescribed drugs. There are 48
known ABC transporters, including three major transporters
referred to as ABCB1 (P-glycoprotein), multidrug resistance-
associated protein-2 (MRP2, ABCC2), and breast cancer-
resistant protein (BCRP, ABCG2) that are known to influ-
ence the oral absorption and disposition of a wide variety of
drugs [47]. As a consequence, the expression levels of these
transporters have considerable influence on individual sus-
ceptibility to drug induced side effects, interactions and
treatment efficacy.

Several studies evaluated the influence of ABC trans-
porter polymorphism on the plasma concentration, effect, or
side effects of EGFR-TKIs. A major functional polymor-
phism of ABCG2, 421C>A, was reported to be associated
with gefitinib induced diarrhea in a cohort including 124
patients, and with increased plasma and cerebrospinal fluid
concentration in 88 patients treated with erlotinib [48, 49]. In
a study investigating the correlation between gefitinib in-
duced side effects and the ABCG2 gene polymorphism
421C>A or 376C>T, no evident association was found in a
relatively small cohort including 75 Japanese NSCLC pa-
tients [50]. The ABCG2 polymorphism -15622C>T, which is
located in the promoter region, has also been reported to be
associated with gefitinib induced diarrhea, increased plasma
erlotinib concentration, and lower ABCG2 expression [51,
52]. The only novel report of the impact of ABCBI1 poly-
morphism on EGFR-TKI therapy was a report of the associa-
tion between the 1236TT-2677TT-3435TT genotype and a
higher concentration of erlotinib, and the risk of developing
toxicity [53].
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Table4. Factors that influence drug pharmacokinetics and pharmacodynamics.
Food Effect
Drug Food Effect on Drug Exposure Recommendation Reference
.. High-fat breakfast VAUC 14%, | Cmax 34% . .
Gefitinib N fic ad
el High-fat meal 1AUC 32%, 1Cmax 37% © spectlic advise (691
.. High-fat and TAUC 200% (single dose) . [46]
Erlotinib . . Intake without food
riotmt High-calorie breakfast 1AUC 37-66% (multiple dose) niake without foo
Afatinib High-fat breakfast JAUC 39%, | Cmax 50%, {tmax Intake without food [17]
Co-Administration of Other Drugs
Influence Mechanism

Proton pump inhibitor (omeprazole etc)

JAUC of gefitinib, erlotinib

Sustained elevation of gastric pH

Histamine H2-receptor antagonist
(famotidine, ranitidine etc)

JAUC of gefitinib, erlotinib

Sustained elevation of gastric pH

CYP3A4 inducer
(phenytoin, rifampicine etc)

J AUC of gefitinib, erlotinib

Enhanced CYP3A4 metabolism

CYP3A4 inhibitor
(macrolide, grapefruit juice etc)

1 AUC of gefitinib, erlotinib

Decreased CYP3A4 metabolism

ABC Transporter
Drug Transporter Polymorphism Influence Reference
15622C/T 15622C/T polymorphlslm and TT haplotypt.a are associated with gefitinib [52]
induced grade 2/3 diarrhea
421C>A (Q141K) 421C>A polymorphism is associated with gefitinib induced diarrhea [48]
Gefitinib ABCG2
Ny X . . . .
21C>A, 376C5T 421C>A and 376C>T were not e\fldently associated with gefitinib in [50]
duced side effects

34G>A 34G>A is associated with gefitinib incuced skin rash [70]

12367T, . s
ABCBI 2677TT 1236TT-2677TT-335TT genotype are associated with higher plasma (53]

3435TT erlotinib concentration and the risk of developing toxicity
Erlotinib 15622C>T, -15622C/T and 1143C/T are associated with lower ABCG2 expression (51]
1143C/T and higher erlotinib plasma concentration
ABCG2
21CoA 421C>A is associated w1tb l’flgher plasmg and cerebrospinal fluid er- [49]
lotinib concentration.
Cytochrome P450
Drug Polymorphism Influence Reference

Erlotinib CYP1A2 The AUC of erlotinib in smokers were 2.8-fold lower than non-smokers [54]
Tivantinib CYP2C19 PMs had 1.9-fold higher AUC of tivantinib compared with EMs [40]

AUC; area under the curve, PM; poor metabolizer, EM; extensive metabolizer

4.4. Cytochrome P450

The cytochrome P450 superfamily (CYP) is a group of
enzymes that plays a major role in the metabolism of lipo-
philic drugs. There are more than 30 types of CYP enzymes,
and the majority of TKIs are metabolized by a CYP, espe-
cially by CYP3A4/5. Drug metabolism by CYP can be af-
fected by several factors such as co-administration of other
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drugs, lifestyle or gene polymorphisms. Conversely, variabil-
ity of CYP activity can impact on clinical outcome.

The difference in erlotinib PK according to smoking
status is a famous example of CYP effects. A single dose of
150 mg or 300 mg erlotinib was administered to healthy
males; the AUC of erlotinib in smokers was 2.8-fold lower
than that of non-smokers due to the induction of CYP1A2 by
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smoking [54]. The influence of CYP2C19 gene polymor-
phism on the metabolism of the Met inhibitor, tivantinib,
was studied in a Japanese phase I trial [40]. CYP2C19 exists
as wild-type CYP2C19*1, and two functionally deficient
variants, CYP2C19%2 and CYP2C19%3. Approximately 20%
of Asians, whose alleles consist of either CYP2C19*2 or
CYP2C19#3, are poor metabolizers (PMs), whilst others,
who possess at least one allele of wild-type CYP2C19%1, are
extensive metabolizers (EMs). In the phase I trial that in-
cluded 33 EMs and 14 PMs and that evaluated the safety and
PK of tivantinib, the MTD was 360 mg BID for EMs and
240 mg for PMs with frequently observed side effects such
as neutropenia, leukopenia, anemia, fatigue and anorexia.
The PMs displayed a 1.9-fold higher AUC compared with
EMs at a dose of 240 mg tivantinib BID. Thus, the RD for
tivantinib in the phase II trial was determined as 360 mg BID
for EMs and 240 mg BID for PMs. Several studies have de-
scribed the impact of CYP gene polymorphisms on the effi-
cacy or side effects of TKIs. However, the clinical utility of
such knowledge should be proven in a large cohort study [55].

4.5. Physiological Factors

Physiological factors such as age, sex, body size, comor-
bidity or organ function can have some influence on the
PK/PD profile [56, 57]. Aging is associated with lower activ-
ity of various cytochrome P450 enzymes such as CYP2D6
(1.4-fold), CYP2C19 (1.8-fold), or CYP3A4 (1.8-fold), and
lower renal excretion (2-fold) compared with that of healthy
adults [58-60]. The influence of body size on cytotoxic drug
plasma concentration change is also well known. The
American Society of Clinical Oncology provided tentative
recommendations for appropriate cytotoxic drug dosing for
obese patients as full weight-based dosing in 2012; however,
there are limited data regarding the impact of obesity or low
body weight on MTA plasma concentrations or clinical ef-
fects [61, 62]. Although ideally, optimal dose determination
should be done in accordance with each of the above factors,
specific dose subgroup analysis is not usually conducted in
clinical trials or clinical practice, as there are too many of
these factors and the factors are too complex.

CONCLUSION

Individualized drug selection and optimal dose determi-
nation is the ultimate goal of cancer chemotherapy develop-
ment and clinical pharmacology. Most phase 1 trials are tar-
geted at general solid tumors, start with roughly drawn
doses, and advance development of the drug by taking into
consideration the tumor types on which the drug has obvious
efficacy, or, to some extent, the demands of the market.
Nonetheless, since it is currently known that cancer types
differ based on tumor origin, histological subtypes, gene
alteration, or intratumoral heterogeneity, this makes it diffi-
cult to develop MTAs in the same manner as previous drugs.
The EGFR-TKIs or Met inhibitors are prime examples of the
need to take the above factors into account when developing
drugs, as these drugs failed to show clinical benefit in an
inappropriate study population based on ambiguous ration-
ale. Clearly a more precise setting of the study population,
evaluation of treatment efficacy in the study population, and
further optimal dose determination or modification are
needed.
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Attention has recently been focused on the concept of
therapeutic drug monitoring (TDM) for targeted therapy or
a phase 0 trial, which would be a possible way for idealized
dose optimization. The concept of TDM has been well
established in the use of antibiotics, immunosuppressives,
and antiepileptics. However, its use for cancer chemother-
apy has been limited, partly because of the difficulty of
multiple blood sampling for PK analysis [63]. As most
MTAs are exposed chronically and their PK profiles are
different from those of cytotoxic chemotherapy, several
studies have demonstrated the possibility of estimating the
steady-state drug concentration and further clinical efficacy
by using a single trough-level measurement [64, 65]. Addi-
tionally, a phase 0 trial is a novel way of assessing not only
PD but also PK or PGx. A phase 0 trial is a new form of
clinical trial that involves microdoses of the drug in a very
small number of patients and that aims to assess drug activ-
ity, especially PD [66, 67]. This concept can also be ap-
plied to assessments of drug-drug interaction, pharmacoge-
netic factors or many other physiological factors, and the
following PK change.

Although there are still many hurdles to overcome before
reaching our ultimate goal, the evaluation of PK/PD/PGx
must become of greater and greater importance in future
drug development. It should also be noted that these efforts
aimed at dose optimization should be made not only in the
development phase but also even after drug approval.

LIST OF ABERRATIONS

ABC transporter = ATP-binding cassette transporter

ABCB1 = P-glycoprotein

ALK = Anaplastic lymphoma kinase

ATP = Adenosine triphosphate

AUC = Area under the curve

BCRP = Breast cancer-resistant protein, ABCG2

BIM = BCL2-like 11

CEP7 = Centromere 7

Cmax = Maximum concentration

CYP = Cytochrome P450

DLT = Dose-limiting toxicities

EGFR-TKIs = Epidermal growth factor tyrosine
kinase inhibitors

EM = Extensive metabolizer

EO = Erlotinib plus onartuzumab

EP = Erlotinib plus placebo

EP = Erlotinib plus placebo

ET = Erlotinib plus tivantinib

HGF = Hepatocyte growth factor

IHC = Immunohistochemistry

ILD = Interstitial lung disease

MRP2 = Multidrug resistance-associated pro-

tein-2, ABCC2
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MTAs = Molecular targeted agents

MTD = Maximal tolerated dose

NSCLC = Non-small cell lung cancer

oS = Overall survival

PD = Pharmacodynamics

PFS = Progression-free survival

PGx = Pharmacogenomix

PK = Pharmacokinetics

PM = Poor metabolizer

RD = Recommended dose

RET = Rearranged during transfection

RR = Response rate

T790M = Threonine-to-methionine substitution at
amino acid position 790

DM = Therapeutic drug monitoring
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