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Epidermal Growth Factor Receptor Gene Mutations and
Increased Copy Numbers Predict Gefitinib Sensitivity in
Patients With Recurrent Non—Small-Cell Lung Cancer

Toshimi Takano, Yuichiro Ohe, Hiromi Sakatnoto, Kofi Tsuta, Yoshikiro Matsuno, Ukihide Tateishi,
Seiichiro Yamarmote, Hiroshi Nokihara, Noboru Yamamoto, Tkuo Sekine, Hideo Kunitoh,
Tatsuhiro Shibata, Tokuki Sakiyama, Teruhiko Yoshida, and Tomohide Tamura

Purpose
To evaluate epidermal growth factor receptor {EGFR) mutaticns and copy number as predictors

of clinical outcome in patients with non-small-cell lung cancer {NSCLC) receiving gefitinib.

Patients and Methods
Sixty-six patients with NSCLC who experienced relapse after surgery and received geﬁtmlb

were included. Direct sequencing of exons 18 to 24 of EGFA and exons 18 to 24 of ERBB2
was performed using DNA extracted from surgical specimens. Pyrosequencing and quanti-
tative real-time polymerase chain reaction were performed to analyze the allelic patterry and
copy nurber of EGFR.

Results

Thirty-nine patients (59%) had EGFR mutations; 20 patienis had deletional mutations in exon
19, 17 patients had missense mutations (LS8R} in exon 21, and two patierts had missense
rutations (G7195 or G719C} in exon 18. No mutations were identified in ERBB2, Response
rate {82% [32 of 38 patients] v 11% [three of 27 patients]; P < .0001), time to progression
{TTP; median, 12,6 v 1.7 months; P < .0001), and overall survival (median, 20.4 v6.9 months:
P = 0001} were significantly better in patients with EGFR mutations than in patients with
wild-type EGFR. Increased £GFR copy numbers {= 3/celll were obsered in 29 patients
(44%) and were significantly associated with a higher response rate (72% {21 of 29 patients]
v 38% [14 of 37 patients]; P = .005) and a longer TTP {median, 9.4 v 2.6 months; # = .038).
High EGFR copy numbers {= 6/cell) were caused by selective amplification of mutant alleles.

Conclusion
EGFR mutations and increased copy numbers were significantly associated with better

clinical cutcome in gefitinib-treated NSCLC patients.

J Clin Oncol 23:6829-6837. © 2005 by Amérfcan Saociety of Clinical Oncology

pocket of the EGFR linase domain and blocks
downstream signaling pathways. Two phase
I1 studies, IRESSA Dose Evaluation in Ad-
vanced Lung Cancer.1 and.2 (IDEAL 1 and
2}, have demonstrated that gefitinib mono-
therapy exerts an antitumor activity in pa-
tients with advanced NSCLC who had

The epidermal growth factor receptor (EGFR)
is areceptor tyrosine kinase of the ErbB family
that has been implicated in cell proliferation
and survival and is frequently overexpressed
in many solid tumors, including non-small-

cell lung cancer (NSCLC). Gefitinib {Iressa;
AstraZeneca, Osaka, Japan) is an orally active,
selective EGER tyrosine kinase inhibitor that
binds to the adenosine triphosphate-binding

previously received platinum-based chemo-
therapy."? Gefitinib was approved in Japan
for the treatment of inoperable or recurrent
NSCLC in July 2002,
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The IDEAL tnals and retrospecuve stuches have re-
vealed that WOIIIER; TIever smokers, patiénts with adénocar-
cinoma, and Japanese patients have higher response rates to
gefitinib.!"* Among patients with adenocarcinoma, histo-
logic subtypes have been studied; one study showed that
responses were more frequent in patients with bronchi-
oloalveolar carcinoma (BAC) features (38% v 14%; P <
.001),” whereas another study showed that the response rate
was higher in patients with'a papillary-dominant subtype
(76% v 21%; P = .002).°

Although no predictive molecular markers had been
identified at the time of approval, somatic mutations in the
kinase domain of EGFR have been subsequently linked to
gefitinib sensitivity. According to three initial reports, 20 of
24 gefitinib-responsive tumors contained EGER mutations,
whereas 19 nonresponsive tumors did not contain any
mutations.5® The mutations were detected in exons 18 to
21 of EGFR, close to the region coding the adenosine
triphosphate—binding pocket of the kinase domain, and
most of them were observed in two hotspots: in-frame
deletions including amino acids at codons 747 to 749 in
exon 19 and an amine acid substitution at codon 858
{LB38R) in exon 21. Analyses of surgically resected NSCLC
tumors revealed that such mutations were more frequent
among women, never smokers, patients with adenocarci-
noma, and Japanese or East Asian patients,”** consistent
with the known clinical predictors of gefitinib sensitivity.

To evaluate the exact predictive value, we studied con-
secutive patients with recurrent NSCLC who received ge-
fitinib therapy. To insure high-quality genetic analyses of
the archived tissues, we used methanol-fixed, paraffin-
embedded surgical specimens, which are known to preserve
DNA better than formalin-fixed tissues,'* and performed
laser capture microdissection {LCM).

Recently, some other biomarkers of NSCLC have been
studied. The EGFR and chromosome 7 copy numbers in
NSCLC were assessed using fluorescence in situ hybridiza-
tion (FISH), and more than 3.0 EGFR copies per cell (bal-
anced polysomy or gene amplification) were detected in 39
(22%) of 183 patients.*® A correlation between an increased
EGFR copy number and gefitinib sensitivity was also pro-
posed in another study.'® In yet other studies, mutations in
thekinase domain of ERBB2 (HER?2), a gene coding another
receptor tyrosine kinase of the ErbB family, were detected in

6 (3.6%) of 445 patients with lung adenocarcinoma.”*# In
the current study, we also analyzed the EGER copy number
and the presence of ERBB2 muiations to assess their impact
on clinical outcome.

The expression of EGFR and related proteins has been
more widely studied using immunochistochemistry. Some
studies suggested that high expression of phosphorylated
Akt or low expression of phosphorylated mitogen-
activated protein kinase®®*' was associated with better out-
come in gefitinib-treated patients, but in general, methods,
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criteria, and results were inconsistént among studies. We
thought that protein expression should be analyzed in an-
other exploratory study, and in the current study, we fo-
cused on the genetic analyses.

Patients

After searching the pharmaceutical records of the National
Cancer Center Hospital, 279 patients with NSCLC who had begun
receiving gefitinib monotherapy (250 mg/d) between July 2002
and May 2004 were identified. Seventy-three of these patients had
undergone surgical resection of primary NSCLC at the hospital
and subsequently relapsed. Recurrences were not necessarily con-
firmed pathologically but were diagnosed clinically. Seven patients
were ineligible for inclusion in this study because methanol-fixed
tissues were not available {n = 5) or their informed consent to the
genetic analysis was not obtained (n = 2); consequently, 66 pa-
tients were included.

Genetic Analyses of EGFR and ERBB2

On a protocol approved by the institutional review board of
the National Cancer Center, we performed mutational analyses of
exons 18 to 24 of EGFR and exons 18 to 24 of ERBB2 and analyzed
the EGER copy number. Methanol-fixed, paraffin-embedded sur-
gical specimens of primary NSCLC were collected retrospectively,
and DNA was extracted from bulk tumor tissue, laser capture
microdissected tumor tissue, and normal lung tissue from each
patient. LCM was performed using a PixCell I LCM system (Arc-
turus Engineering Inc, Mountain View, CA) according to a previ-
ously described method.®® If appropriate, tumor cells were
captured separately from two areas with different histologic sub-
types, such as an area with a BAC subtype and another area with
stromal invasion. Nested polymerase chain reaction (PCR) was
performed to amplify exons 18 through 24 of EGFR using previ-
ously described primers,® and standard PCR was used to amplify
exons 18 through 24 of ERBB2. Direct sequencing of the PCR
products was performed using ABI PRISM 3700 and 3100 DNA
Sequencers {Applied Biosystems, Foster City, CA). All sequencing
reactions were performed in both forward and reverse directions,
and single nucleotide substitutions, insertions, and deletions were
detected using an application program named NAMIHEL?? Pyro-
sequencing was performed to verify the sequencing data of the
hotspots of EGFR and to assess the proportion of mutant alleles in
the laser-captured tumor cells using a Pyrosequencing PSQ 96MA
(Pyrosequencing, Uppsala, Sweden).* On the basis of the propor-
tion of mutant alleles, EGFR mutations were divided into two
patterns: balanced heterozygous (BH) pattern (< 60%) and
mutant-allele-dominant {MD) pattern (= 60%). The cutoff level
of 609 was decided because if more than 60%, the superiority of
the mutant over the wild-type sequences was obvious on the direct
sequencing chromatograms. Quantitative, real-time, TaqMan du-
plex PCR was performed to znalyze the EGFR copy number using
an ABI PRISM 7000 Sequence Detection System (Applied Biosys-
tems). The EGFR primers were 5'-GGAGGACCGTCGCTTGGT-3
and 5'-AACACCGCAGCATGTCAAGA-3"; the probe (5'-CACCG-
CGACCTGGCAGCCA-3") was labeled with the reporter dye
6-carboxyfluorescein (FAM), RNaseP was coamplified in the same
reaction mixture as the endogenous reference gene using TagMan
RNaseP Control Reagents (6-carboxyrhodamine [VIC] dye; Applied
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Biosystems). The average EGER copy number per cell was calculated
from the differences in the threshold amplification cycles between
EGFR and RNaseP. Peripheral-blood samples obtained from healthy
volunteers were analyzed as normal controls. Decreased, nor-
mal, moderately increased, and highly increased EGFR copy
numbers were defined as less than 1.5, 1.5 t0 3.0, 3.0 to 6.0, and
= 6.0 copies per cell, respectively.

Pathologic Evaluation

‘We reviewed the histologic features of the 66 patients using
hematoxylin and ecsin-stained slides of tumor samples. Two
board-certified pathologists (K.T. and Y.M.) who were naware of
the patients’ outcome and mutational status examined all the
specimens independently; in case of discrepancy, final diagnoses
were established by consensus. Adenocarcinoma was categorized
in two ways. The first categorization was based on the WHO’s
classification of lung tumeors,”® which includes four major sub-
types of adenocarcinoma: papillary, acinar, BAC, and solid; the
dominant subtype in the total tumor mass of each case was docu-
mented. The second categorization was based on a report from the
Memorial Sloan-Kettering Cancer Center,?® in which adenocarci-
nomas were classified into adenocarcinoma without BAC features
(Ad), adenocarcinoma with BAC features (AwBF), BAC with focal
invasion (BwFI), and pure BAC {PBAC). If two or more tumors
were present in one patient, the diagnosis of the most invasive
tumor in each case was documented.

Radiologic Evaluation

In patients who had measurable lesions, imaging studies were
pexformed at baseline, approximately 4 weeks after the initiation
of gefitinib treatment, and periodically thereafter throughout the
treatment. One board-certified radiologist {U.T.) who was un-
aware of the patients’ nutational status reviewed the baseline, first
follow-up, and confirmatory imaging studies and classified the
tumeor responses into complete response {CR), partial response
(PR), stable disease {SD), and progressive disease (PD) using
standard bidimensional measurements.*” Responders were de-
fined as patients with CR or PR. In this study, SD was subdivided
into minor response (MR) and no response. MR was defined as a
= 25% decrease in the sum of the products of the perpendicular
diameters of all measurable lesions at any poini during gefitinib
treatment. Time to progression {TTP) was defined as the time
from the start of gefitinib administration to confirmed disease
progression or death.

Statistical Analysis .

The associations among mutational status, EGFR copy number,
patient characteristics, and tumor response to gefitinih were assessed
using a ¥* test. The differences in TTP and overall survival {O5)
according to the patient subgroups were compared using Kaplan-
Meier curves and log-rank tests. Multivariate analyses using logistic
regression models and Cox proportional hazard models were per-
formed to assess the association between the biomarkers and clinical
outcome while adjusting for the baseline patient characteristics. All
analyses were performed using the SPSS statistical package (SPSS
version 11.0 for Windows; SPSS Inc, Chicage, I1).

Patient Characteristics
The patient characteristics are listed in Table 1. All of
the patients were Japanese. The proportions of women

www.jeo.org

Table 1. Patient Characteristics

Patients (n = E6)

No, %

i1+ Eurfent sroker
Histologic diagnosis

Adenocarcinoma 62 94
Papillaryfzcinar/BAC/solidt 30/18/9/5 45{27/14/8
Ad/AwWBF/BwFI/PBAC 15/45/2/0 23/68/3/0

Squamous cell carcinoma 3 5

Pleomorphic carcinoma 1 2

Perf ce Siatis’, ;-

37 56
14 21
15 23

Abbreviations: BAC, brenchicloalveolar carcinoms; Ad, adenocarcinoma
without BAC features; AwBF, adenocarcinoma with BAC features; BwFI,
BAC with focal invasion; PBAC, pure BAC.

*Never smokers were defined as subjects who have never had a
smoking habit, and former smokers were defined as subjects who had
stopped smoking at feast 1 year before diagnosis.

1Dominant subtype.

{39%), never smokexs (47%), and patients with adenocar-
cinoma (94%]) in this study were higher than those in a
database of more than 1,000 patients with advanced or
recurrent NSCLC treated at our hospital duzing the four
most recent years (27%, 27%, and 73%, respectively).
Twenty-two patients (33%) had been included in our phase
11 trial for first-line gefitinib therapy for patients with recur-
rent NSCLC, and the others had been treated with gefitinib
in clinical practice settings. The operations for primary
NSCLC were performed between February 1994 and Au-
gust 2003, and the median time from the operations to the
start of gefitinib was 2.3 years (range, 0.6 to 9.1 years).

Clinical Outcome :

Sixty-four patients had measurable lesions at the start
of gefitinib administration. CR and PR were observed in
two and 32 patients, respectiyely. MR was observed in three
of nine patients with SD. Twenty-one patients had PD,
including six patients who died before the first follow-up
imaging studies. Two patients had only unmeasurable bone
lesions at baseline; one patient showed rapid symptom im-
provement and continued to receive gefitinib therapy with-
out progression for 13.8+ months, whereas the other
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patient developed new lesions and died on day 71. These
patients were included in the analysis as a responder and a
nonresponder, respectively. The overall response rate was
53%. Forty-one patients died, and the median follow-up
time for the 25 survivors was 14.6 months (range, 10.3 to
32.3 months). Eleven patients were still receiving gefitinib
without progression at the time of the analysis, The median
TTP and the median survival time (MST) for all patients
were 5.2 and 16.3 months, rfespectiveiy.

EGFR and ERBB2 Mutations

Forty-three mutations in the EGFR tyrosine kinase do-
main were detected in 39 (59%) of the 66 patients. All the
mutations detected in this siudy are shown in Table 2.
Twenty patients had deletional mutations in exon 19, and
17 patients had missense mutations {L.858R)} in exon 21. In
exons 18 and 20, five types of missense mutations were
detected. Two of them (G719S and G719C) occurred at a
codon considered to be a third hotspot.%”*}2 The others
{L703V, E709K, and 5768I) were detected in patients who
also had mutations at the hotspots. Because these mutations
were not detected in the normal lung tissues from the same
patients, they were considered to be somatic mutations. No
somatic mutations were detected in exons 22 to 24. Silent
single nucleotide polymorphisms were identified at nucle-
otides 2361 (G/A; Q787Q), 2370 (G/A; T790T), and 2457
(G/A; V819V) in exon 20, and at nucleotide 2709 (C/T;
T903T) in exon 23, but the association between these poly-
moiphisms and the somatic mutations was not observed. In
this study, no mutations and no polymorphisms were de-
tected in exons 18 to 24 of ERBBZ.

All 43 mutations were detected in LCM samples, but 11
{26%) of these mutations were not detected in the bulk
tumor samples. In 13 patients, LCM was performed at
separate areas with different histologic subtypes, but no

Table 2. EGFR Mutations Detected in the Present Study

Ne. of

Nucleotides Patients

Exons Amino Acids

20 76 ' G — T at 2303

Abbreviations: £GFR, epidermal growth factor receptor; dei, deletion;
ins, insertion.

A patient with del E746-T751insA.

TA patient with LB58R.

¥A patient with L858R and 2 patient with G719C.
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heterogeneity was identified; the same mutations were de-
tected in nine patients, and no mutations were detected in
four patients. Mutational analyses of synchronous dou-
ble lung cancers were performed in two patients; one
patient had a tumor with wild-type EGFR and a more
invasive tumor with L858R + $768I, and the other pa-
tient had a tumor with a 9-bp deletion (del L747-E749)
and a more invasive tumor with a 15-bp deletion (del
E746-T751insA) + L703V,

Among the 39 patients with EGFR mutations, the pro-
portion of mutant alleles ranged from 29% to 94%. Nine-
teen patients showed a BH pattern and 20 patients showed
an MD pattern.

EGFR Copy Number

The EGFR copy number in the laser-captured tumor
cells ranged from 1.27 to 31.2 per cell, and increased EGFR
copy numbers (= 3.0 per cell) were observed in 29 patients
(44%). The relation between the copy number and the
proportion of mutant alleles is shown in Figure 1. Increased
copy numbers were observed more {requently in patients
with EGFR mutations than in patients with wild-type EGFR
{56% [22 of 39 patients} v 26% [seven of 27 patients];
P = .014). High copy numbers (= 6.0 per cell) were ob-
served only in patients with an MD pattern of mutations.
The copy number and the proportion of mutant alleles
among patients with EGFR mutations was positively corre-
lated (Spearman correlation coefficient = 0.643; P < .001),
implying that the mutant alleles were selectively amplified
in patients with an MD pattern. One patient with an MD
pattern had a tumor with only approximately one copy per
cell, indicating a hemizygous mutation with a loss of wild-
type allele. No alterations in the gene copy number were
observed in normal lung tissues.

20,0 No. of Patients
CopyNo. WT BH MD Total . o

B : .
g 1538 20 15 1 % .
2 <15 o 0 1 + »
L]
= Total 27 19 20 66
- .
(=%
=3 o
g » Responders .
L(DLJ & Nonresponders

6.0 . —

b = a
3.0 ", - - » n - . =
5 gﬁ@g - -. = - Ll -] ]
o
. 20 80 100
WT BH MD
Propertion of Mutant Alleles (%)

Fig 1. Relation between the epidermal growth factor receptor (EGFR) copy
number and the proportion of mutant allefes. WT, patients with wild-type EGFR;
BH, patients with a balanced heterozygous pattern of EGFR mutations; MD,
patients with a mutant-alels-dominant pattern of EGFR mutations,
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EGFR Mutations, EGFR Copy Number, and
Clinical Outcome

The tumor responses to gefitinib according to the mu-
tational status of EGFR are shown in Table 3. The response
rates of patients with mutant and wild-type EGFR were 82%
and 11%, respectively (P < 1077). Seven patients with
EGFR mutations were nonresponders; three patients had
PD at 0.3 (early death), 2.3, and 2.3 months, and four
patients had SD. Three of the four patients with SD had MR
(TTP, 2.5, 5.2, and 6.9 months), and the other patient
continued to receive gefitinib therapy without progression
for 24.2 months, whereas all SD tumors with wild-type
EGEFR progressed within 5 months without MR. Mean-
while, three patients with wild-type EGFR exhibited PR, and
two of these patients were still receiving gefitinib therapy with-
out progression at 10.9+ and 21.1+ months. The Kaplan-
Meier plots of TTP and OS according to the presence of the
EGFR mutations are shown in Figures 2 and 3, respectively.
Patients with EGFR mutations had a significantly longer TTP
and OS compared with those with wild-type EGFR.

Univariate analyses were performed to assess the cor-

relations among patient characteristics, EGFR mutations,
EGFR copy number, and clinical outcome (Tables 4 and 5).
The response rates were significantly higher in women,
never/former smokers, and patients with BAC features and
were rarginally higher in patients with a papillary-
dominant subtype. The response rates among these sub-
groups were approximately consistent with the rates of
EGFR mutations. An increased EGFR copy number was also
significantly associated with a higher response rate and a
longer TTP,

The results of multivariate analyses among 62 patients
with adenocarcinoma are shown in Table 6. The presence of
EGFR mutations was strongly associated with a higher re-
sponse rate, a longer TTP, and a longer OS. An increased
EGFR copy number was also a significant or marginally
significant predictor of a higher response rate and a longer
TTP. These resulis did not change substantially if any com-
binations of variables were included in the models.

1.0
K ——  Mutant: median TTF, 12,6 months
H w—e Wild-type: median TTR, 1.7 months
¥
- 0891 Hazard ratio: 0.19 (95% CI, 0.10 10 0.24)
i=l T Log-rank P < .0001
] i
z H
& ]
\
£ o6 :
3 i
£ )
3 §
£ c4aq i
T i
3 [
2 .
2 i
o i
02 L
[
b
+ i
0 3 ] 9 12 15 I8 21 24 ar 30
Time to Progression {months)

Fig 2. Kaplan-Meier plot of time to progression {TTP} according to epider-
mel growth factor receptor (EGFR) mutation status.

Among patients with wild-type EGER, TTP was signif-
icantly longer in patients with increased EGFR copy num-
bers (median, 3.0 v 1.4 months; log-rank P = .021), and
both of the two long-term responders had tumors with
moderately increased EGFR copy numbers (3.20 and 3.45/
cell). Among patients with EGFR mutations, TTP and OS
were not significantly different according to the types of
mutations, the presence of additional mutations, the pro-

portion of mutant alleles, or the EGFR copy number (data
not shown).

This study strongly implies that the mutational status of
EGFR is a major determinant of gefitinib sensitivity in pa-
tients with NSCLC. The response rate was 829, the median
TTP was 12.6 months, and the MST was 20.4 months in
gefitinib-treated patients with EGFR-mutant NSCLC.
EGFR mutations might be a good prognostic factor inde-
pendent of treatment, but these remarkable results suggest a

Table 3. EGFR Mutations and Tumor Response to Gefitinib

——M Nonresponders Responders/Total Response
CR PR MR PD Patients Rates (%}
::Mutant” :
DEL
L858R 1317
G719 H
RSN BT
Total 35/66 53

“Including a cliniczl responder without measurable issions.
tIncluding a patient who had no measurable lesions at baseline.

Abbreviations: £GFA, epidermal growth factor receptor; CR, compiste response; PR, partial response; MR, minor response; SD, stable disease without MR:
PD, progressive disease; DEL, deletional mutations in exon 19; G719, G719S, or G719C.
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1.0 Mulant:  MST, 20.4 months
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Fig 3, Kaplan-Meier plot of overall survival according to epidermal growth
factor receptor (EGFA} mutation status. MST, median survival time.

survival benefit from gefitinib therapy in patients with
EGFR mutations. Four of seven nonresponders with EGER
mutations also seemed to experience some clinical benefits
because they had MR or a long 8D (= 6 months). Among
nine patients with SD, MR, or a long SD was observed only
in patients with EGFR mutations. Although the sample size
was too small to draw a firm conclusion, this finding sug-
gests that EGER mutations are also associated with clinical
benefits in SD.

Tahle 4. £GFA Mutations Ameng Patient Subgroups
EGFR Mutations

No. of Patients % P
e BGIB6 L B8
18/26 69

21/40

S lment <ERN PRE
Histologic diagnosis —

Adenocarcinoma 38/52 61
Squamous cell carcinorma 0/3 0
Pleomorphic carcinoma 1 100

BAC features® i 002
Yes 34/47 72
No ms . 27

Abbreviations: £GFR, epidermal growth factor receptor; BAC, brenchi-
oloalveolar carcinoma.

*Oniy patients withk adenocarcinoma (n = 62).

tComgparison between never/former smokers and current smokers.
$Comparison between patients with papillary-deminant adenccarci-
noma and patients with other adenocarcinoma.

834

The EGFR mutations detected in this study weré con-
centrated in three hotspots, deletions around codons 747 to
749,1858R, and G719S (or G719C), similar to the results of
previous reports.®*? Some genetic variations existed among
these mutations, Together with one of the hotspot muta-
tions, additional missense mutations in exons 18 or 20 were
detected in four patients. Among the 39 patients with EGFR
mutations, an MD pattern was observed in 20 patients.
Because the EGFR copy number in their tumor cells in-
creased as the proportion of mutant alleles increased, this
pattern was assumed to be caused not by homozygous mu-
tations but by the selective amplification of the mutant
alleles. Because one patient had a hemizygous mutation
without amplification, the loss of wild-type alleles was also
thought to be responsible for the pattern. The moderately
increased copy number in patients with a BH pattern or
wild-type EGFR can be explained by EGFR amplification
and/or polysomy of chromosome 7.

Among the patients with EGFR mutations, three pa-
tients had PD and eight of the other 36 patients had tumor
regrowth within 6 months. This suggests the presence of
other factors associated with intrinsic or acquired resistanice
to gefitinib. Although any genetic alterations of EGFR-
mutant tumors at the time of primary surgery were not
significantly associated with clinical outcome, that might be
because further alterations occurred after the primary sur-
gery ot after gefitinib administration. Recently, a secondary
mutation (C — T at nucleotide 2369; T790M) in exon 20
was detected in patients with EGFR-mutant NSCLC who
had tumor regrowth during gefitinib therapy after exhibit-
ing an initial response to the agent; this mutation was
thought to be associated with acquired resistance.?®* To
elucidate the determinants and the mechanism of resistance
to gefitinib, genetic analyses of tumor samples obtained
after gefitinib treatment are needed.

In this study, three (119%) of the 27 patients with wild-
type EGER responded to gefitinib. Various explanations for
this result are possible: (1) the mutational analyses of the
responders were false-negative, (2) the EGFR mutations
occurred in their tumors after the primary sutgery, (3} the
recurrent tumors originated from a source other than the
analyzed tumor cells, or (4) other determinants of gefitinib
sensitivity were present.

The results of multivariate analyses suggest that the
EGFR copy number is another independent predictor of
gefitinib sensitivity. Itis noteworthy that an increased EGFR
copy number was observed in two of the three responders
with wild-type EGFR, and was significantly associated with
a longer TTP among patients with wild-type EGFR. Because
patients with EGFR mutations had favorable clinical out-
come regardless of EGFR copy numbers, the impact of
increased copy numbers on EGFR-mutant NSCLC was un-
clear. In the overall population, an increased EGFR copy
number was significantly associated with a higher response
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Table 5. Clinical Outcerne Among Patient Subgroups {univariate analyses)

Response Raie

Time to Progression Cverall Survival

Periormance status 77
c-1
23
-EGFR mutations -
es. ‘ 3

82

ERAT

EGFR copy number .005
=3.0 29 72
< 3.0 37 38

Median Median
No. % P [months) Log-Rank P {months} Log-Rank P
Sex .033 .35 30
Female 26 69 8.2 . 16.5
Male 40 43 33 18.1
‘Smoking history 3 T : §
Néye,rﬁgr' .
.. Curent smokers: i ORI R SR e AT R T
Dominant subtype* ' 070 28 65
Papitlary
Others
| {BAC, fedtures”
5.

0z T T Lo

038 S =

*Only patients with adenocarcinoma (n = 62).

Abbreviation: BAC, bronchiclpalveclar carcinoma; EGFR, epidermal growth facter receptor.

rate and a longer TTP, but not with a longer OS, which
might be because an increased copy number had an unfa-
vorable impact on prognosis, as suggested by another
study.'” In chronic myeloid leukemia, as well as BCR-ABL
mutations that were structurally corresponding to T790M in
EGFR, an increased BCR-ABL gene copy number was reported
as a determinant of resistance to imatinib, a BCR-ABL tyrosine
Kkinase inhibitor.* Therefore, we should consider the possibil-
ity that an increased EGFR copy number is associated with not
only sensitivity but also resistaince to géfitinib.

Among adenocarcinomas, the presence of BAC fea-
tures was significantly associated with gefitinib sensitivity
and EGFR mutations, but the BAC component was rela-
tively small in most of the responders. The dominant sub-
type associated with a higher response rate was not BAC but
papillary; both of the two patients with BwFI had PD, and
all three patients with pure papillary adenocarcinoma with-
out BAC features had PR. The association between patho-
logic features and gefitinib sensitivity or EGFR mutations is
also the subject of further investigation.

Table B. Univatiate and Multivariste Analyses of the Associatieri Between Biomarkers and Clinical Outcome in Patients With Lung Adenccarcinomsa {(n = 62)

" Odds Ratiés for Respense

Hazard Ratios for TTP Hazard Ratios for OS

Univariate Multivariate”

Univeriate Muitivariate™ Univariate Multivariate*

EGFR copy nurnber, = 3.0 v < 3.0 4.0

48
95% CI 141012 0.84 10 25
P o .079

o

0.57 0.42 0.80 0.59
0.3210 1.0 0.21 to 0.84 04210 1.5 0.2610 1.4
050 014 29 22

Abbreviations: TTP, time to progression; OS5, overall survival, EGFR, epidermal growdh factor receptor.

*In the muitivariate analyses, age (continuous variable), sex (women v men), smoking history inever/former smokers v current smekers), dominant subtype
{papillary v others), bronshiclozlveolar carcinoma festures {yes v na), performance status {0 to 1 v 2 to 3), prior chemotherapy [yes v no), EGFR mutations
{yes v no), and EGFR copy number = 3.0 v < 3.0} were included as factors.
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In never/former smokers, both the EGFR mutation
rate and the response rate were significantly higher than
in current smokers. We speculate that EGER mutations
oceur equally throughout the entire population, regard-
less of smoking history, and account for smoking-
unrelated carcinogenesis. Because many other genetic
alterations, like KRAS mutations, occur and induce lung
adenocarcinoma more frequently in smokers, the EGFR
mutation rate seems to bé relatively lower in smokers
with lung adenocarcinoma.

The response rate of 53% and the EGFR mutation rate
of 59% observed in this study were higher than previously
reported rates. These results can partially be attributed to
the fact that the physicians tended to select patients with
characteristics known to be predictive for gefitinib sensitiv-
ity: women, never-smokers, and patients with adenocarci-
noma. Consequently, this cohort was not necessarily
representative of unselected NSCLC populations in japan.
However, other recent studies have also shown relatively
high frequencies (32% to 55%) of EGFR mutations in Jap-
anese or East Asian patients with lung adenocarcinoma who
underwent surgical resection,”***? The reason why such
somatic mutations occur selectively in Fast Asian people
remains unknown. Environmental or genetic factors com-
mon among East Asian populations should be investigated
to answer this question.

Recently, no significant survival benefit of gefitinib was
reportedly observed in the initial analysis of the IRESSA
Survival Evaluation in Lung Cancer (ISEL) trial, a phase III
trial comparing gefitinib monotherapy to a placebo as a
second- or third-line treatment for patients with advanced
NSCLC.* Because subgroup analyses of the trial suggested
survival benefits in never smokers or Asian patients, the
selection of patients is thought to be crucial when consider-
ing gefitinib treatment. Because the present study showed
that the EGFR mutation status is a major determinant of
gefitinib sensitivity, mutational analyses in patients with
advanced NSCLC should be considered before deciding on
a course of treatment.

In this study, we performed LCM and direct sequenc-
ing using methanol-fixed surgical specimens to obtain
high-quality data. If we had analyzed only bulk tumor sam-
ples without LCM, nine of the 39 patients with EGER mu-

tations would have been misjudged as having wild-type
EGER. Thus such procedures with LCM are presently rec-
ommended for the detection of EGFR mutations. However,
obtajning appropriate tumor samples is often difficult in
patients with advanced NSCLC, and performing LCM and
direct sequencing in all patients is not practical. Thus more
practical methods for detecting the major EGFR mutations
using small tumor samples contaminated with normal tis-
sue should be developed and validated.

Other than BGFR mutations, some candidate predic-
tive biomarkers have been studied. The EGFR copy number
is the leading candidate, and it can also be detected by FISH.
Practicality and accuracy should be assessed comparing
FISH and quantitative real-time PCR. The impact of ERBB2
mutations on clinical outcome remains to be investigated
because we could not detect any mutations in ERBBZ in the
present study. Protein expression analyses by IFC are easier
to perform than the genetic analyses, but their significance
is still controversial. Further studies are required to evaluate
the predictive values of these biomarkers and to determine
whether they are independent predictors of gefitinib sensi-
tivity or surrogate markers of EGFR mutations.

In conclusion, this study indicates that EGFR muta-
tions and increased copy numbers predict better clinical
outcome in patients with NSCLC treated with gefitinib.
Further research and clinical trials are needed to incorpo-
rate these markers into clinical practice appropriately.
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Phase 1 Clinical Trials in Oncology

TO THE EDIToR: Horstmann et al, (March 3 issue)?
assume that a tumor response is of benefit to sub-
jects in phase 1 oncology trials. This assumption is
notvalid. A complete or partial tumor responseina
phase 1 trial is a surrogate end point, which for most
agents has not been linked to 2 clinically meaning-
ful outcome, such as improved survival 2

Informing subjects that they have a 10.6 percent
chance of a mumor response is potentially mislead-
ing unless accompanied by an explicit discussion
of clinical end points and whether any connection
exists between a2 tumor response and clinical end
points.3 This discussion should include an expla-
nation that a temor response is not a cure or a life
extender,

Kurzrock and Benjamin's editorial* serves only
to increase the misrepresentation of phase 1 re-
search.5 It is important to know that phase 1 re-
search is essential for the development of future
treatments. But it is simply misleading to treat an
improvement in the rate of tumor response as an
increase in the likelihood of direct clinical benefit
to subjects.

Barbra B. Rothschild, M.D.
Nancy M.P. King, J.D.

University of North Carolina at Chapel Hiil
Chapel Hill, NC 27599
rothschild@unc.edu

1, Horstmann E, McCabe MS, Grochow L, etal, Risks and benefits
of phase 1 oncology trials, 1991 through 2002, N Engl] Med 2005;
352:895-904.

2. Fleming TR, DeMets DL. Survogate end points in clinical trizls:
are we being misied? Ann Intern Med 1996;125:605-13.

3. King NMP, Henderson GE, Churchill LR, etal, Consent forms
and the therapentc misconception: the example of gene transfer re-
search. IRB 2005;27(1):1-8.

4. Kurzrock R, Benjamin RS. Risks and benefits of phase 1 oncol-
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ception. Soc Philos Policy 2002;19(2):271-94,

10 THE EbiTor: The article by Horstmann et al, and
the accompanying editorial indicate rates of clinical
benefit higher than those reported in previous meta-
analyses. Horng etal.,? in a critique of informed
consentin phase 1 oncology trials, decried the fre-
quentlack of an explicit statement that efficacy was
notto be expected. However, in addition to evidence
presented by Horstmann et al., recent phase 1 trials
with established drugs have often resulted in high
response rates. Among nine trials involving patients
with refractory non-small-cell lung cancer that were
presented at the meeting of the American Society of
Clinical Oncology in May 2002, the reported re-
sponse rate was 41 percent {range, 0 to 57 percent)
in 150 patients, with one drug-related death record-
ed. Prior estimates of the risks and benefits of phase
1 oncology trials need updating, and insistence on
not conveying therapeutic intent in the informed-
consent process in all instances is misplaced.

Franco M. Muggia, M.D.

New York University Cancer Institute
New York, NY 10016
muggif0l ®med.ryu.edu
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To THE Epitor: In their review of 460 phase 1 oncol-
ogy trials sponsored by the Cancer Therapy Evalua-
tion Program between 1991 and 2002, Horstmann
etal. report that the overall toxicity-related death rate
was 0.49 percent, which suggests that these txials
are relatively safe, considering that virmally all par-
ticipants have a deadly disease and have exhausted
the conventional treatments.?

We analyzed the datz from 363 trials of invest-
gational new drugs, involving 12,395 adults with
solid tmmors, tharwere published between 1976 and

N ENGL ) MED 35223 WWW,NEJM.ORG JUNE G, 2003
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1993.2 A total of 117 toxicity-related deaths (0.94
percent) and 33 early deaths from unknown causes
(0.27 percent) were noted. In addition, 36 trals were
excluded from the anzalysis because further clinical
development of the drug was not recommended.
We found that toxicity-related death oceurred in 26
of 1039 patients in these trials (2.5 percent), Thus,
the rate of death due to toxic events varies among
phase 1 encology wials and may be higher than
suspected.

Ikuo Sekine, M.D., Ph.D.
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National Cancer Center Hospital
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T0 THE EpiTor: Kurzrock and Benjamin argue that
clinical benefit is an objective of phase 1 cancer tri-
als, citing my article as an instance of an opposing
“misconception.™ The misconcepton is theirs, as
is evident in authoritative definitions.2:3 Moreover,
in failing to distinguish between what phase 1 trials
are specifically designed to measure {dose-toxicity
profiles) and what is incidental to the design (e.g.,
the possibility of benefit), Kurzrock and Benjamin
ignore the way in which the strictures of protoco]
constrain the goals of medicine. This misunder-
standing, known as the “therapeutic misconcep-
tion,"* reinforces the fiction that clinical research
is an extension of clinical care, rather than a funda-
mentally distinet and sometimes contrary enter-
prise. Patients in early cohorts in these trials who
receive, by design, what Kurzrock and Benjamin call
“subtherapeutic” doses are not involved in a trial
that aims to maximize their clinical benefit. Failure
to see this as a conflict between the objectives of
science and those of personal care is the reason
the therapeutic misconception has been called “the
most importzant threat to the validity of informed
consent to research,”s

Matthew ). Miller, M.D., M.P.H.
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THE aUTHORS REPLY: The letters from Drs. Roth-
schild and King and from Dr, Muggia demonstrate
the complexity of understanding “benefits” in the
context of phase 1 oncology trials. As Drs. Roth-
schild and King suggest, tumor response, the most
contmon measure of the effect of agents used for
the treatment of cancer, is indeed a surrogate mark-
er. Although tumor response does not necessarily
correlate with clinical benefit, it is predictive of po-
tential benefit, and there is evidence that tumor re-
sponse is associated with symptom relief, improved
quality of life, and increased survival, 4

We agree that information provided to potential
pardcipants in phase 1 trials should be comprehen-
sive, contextual, and clear about the uncertzin or in-
consistent refationship of possible tumor respons-
es to clinically meaningful benefit.

Furthermore, it should be made clear that al-
though some participants in phase 1 trials may ben-
efit clinically, these trials are designed to evaluate
safety, not therapeutic effect. There is a difference
between the possibility of benefit from an interven-
tionin atrial and the intent of the researchers when
designing the trial. In this regard, we disagree with
Dr. Muggia and maintain that consent forms should
not describe the purpose or intent of phase 1 trials
as therapeutic. Nonetheless, we recognize that al-
though institutiona) review boards, bioethicists, and
others might emphasize the intention ofa txial, pro-
spective patients may be more interested in possible
benefits than in whether or not the trial is intended
to be therapeutic. Our data demonstrate that some-
times there is therapeutic benefit, regardless of the
intention of the research.

The statement by Drs. Sekine and Tamura that
“the rate of death due to toxic events varies among
phase 1 oncology trials” is consistentwith the find-
ings of our study. FThe data they cite emphasize two
important realities that should be considered with
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regard to response OI toxicity rates in phase I trials:
first, different subsets of data have strikingly differ-
ent benefit and toxicity rates, and second, response
and toxicity rates based on published data may be
biased. Their data support the view that the details
of a trial mawer in interpreting the data on response
and toxicity. Simply labeling a trial phase 1 is not
sufficiently informative about risks and benefits;
more specific details about the trial and the inter-
vention are necessary.

Elizabeth Horstmann, B.A.
Ezekiel |. Emanuel, M.D., Ph.D.
Christine Grady, R.N., Ph.D.

National institutes of Health
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THE EBITORIALISTS REPLY: Rothschild and King’s al-
legation that it is “misleading to treat an improve-
mentin the rate of tumor response as an increase in
the likelihood of direct clinical benefit to subjects”
is at variance with our clinical experience and the
oncology literature. Decades ago, Freireich et al.2
established that improvement in survival in leuke-
miz could be atiributed directly to the duration of a
response. A response to chemotherapy in random-
ized trials improved the quality of life despite sig-
nificant side effects.? Differences in benefit between
patientts with and those without a response may be
obscured, however, by an inadequate definition of
aresponse. For example, patients with gastrointes-
tinal stromal tumors whowere treated with imatinib
mesylate and who had stable disease according to
the criteria of the Response Evaluation Criteria in
Solid Tumors group derived a benefit that was in-
distinguishable from the benefit in those with a par-
tia} response.? Logic dictates that patients with good
performance status and intact organ function —the

eligibility criteria for most phase 1 studies — will
not die of their cancer unless it progresses.

The perception that, in phase 1 studies, drugs
are administered to patients solely to reveal drug
toxicity is incorrect, since the objectives of phase 1
tiials specifically include describing the response.
Oncologists refer patients for phase 1 studies be-
cause they determine that participation in those
studies offers their patients, whose disease has pro-
gressed after recognized therapies, their bestchance
of benefit. Thus, the primary concern of treating
physicians and patients is efficacy. Miller’s conten-
tion that the scientific restrictions of the protocols
interfere with patient care is pardalily valid. For in-
stance, some patients who might benefit are ex-
cluded frorn phase 1 wrials by the eligibility criveria.
Low initial doses and small dose increases, result-
ing from excessive caution about patient safety, can
detract from benefit to patients. Nonetheless, as
Horstmann etal. have demonstrated, phase 1 stud-
ies resulted In stable disease or better in up to 44.7
percent of patients, including those treated at the
lower doses.

Increased time before the progression of cancer
benefits patients unless the therapy has serious tox-
ic effects. The worse “toxicity” is most often that
due to progressive disease. We agree with Muggia,
who demonstrates that recent phase 1 trials have
higher response raies than previously reported and
have extraordinarily low death rates. Although par-
tcipants in any study should be informed that pa-
dents who have a response to therapy may not al-
ways benefit, it is misleading to tell patents that
there is no clinical benefit from a response and that
phase 1 trials have no therapeutic aim.
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Robert S. Benjamin, M.D.

University of Texas M.D. Anderson Cancer Center
Houston, TX 77030
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Randomized Pharmacokinetic and Pharmacodynamic
Study of Docetaxel: Dosing Based on Body-Surface Area
Compared With Individualized Dosing Based on
Cytochrome P450 Activity Estimated Using a Urinary
Metabolite of Exogenous Cortisol
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Purpose
Docetaxel is metabolized by cytochrome P450 (CYP3A4) enzyme, and the area under the

concentration-time curve (AUC} is correlated with neutropenia. We devetoped a novet method for
estimating the interpatient variability of CYP3A4 activity by the urinary metabolite of exogenous
cortisa! (B-beta-hydroxycortisol [B-8-OHF]). This study was designed to assess whether the
application of our method to individualized dosing coutd decrease pharmacokinetic (PK) and
pharmacodynamic {PD) variability compared with body-surface area [BSA) —based dosing.

Patients and Methods
Fifty-nine patients with advanced nan—smatlcell lung cancer were randomiy assigned to either

the BSA-based arm or individualized arm. In the BSA-based arm, 60 mg/m? of docetaxel was
administered. In the individualized arm, individualized doses of docetaxel were calculated from the
estimated clearance lestimated clearance = 31.177 + [7.655 X 107 X total 6-#-0OHF} — {4.02 x
alpha-1 acid glycoprotein] — [0.172 x AST] — [0.125 X age)) and the target AUC of 2.66 mg/L - h.

Results

In the individualized arm, individualized doses of docetaxel ranged from 37.4 to 76.4 mg/m?
(mean, 68.1 mg/m?). The mean AUC and standard deviation (SD} were 2.71 (range, 2.02 to
3.40 mg/L - h) and 0.40 mg/L - hin the BSA-based arm, and 2,64 {range, 2.15103.07 mg/L - h)
and 0.22 mg/L - hin the individuzalized arm, respectively. The SD of the AUC was significantly
smaller in the individualized arm than in the BSA-based arm (P < .01). The percentage
decrease in absolute neutrophil count (ANC) averaged 87.1% (range, 59.0 t0 97.7%: SD. 8.7)
in the BSA-based arm, and 87.4% (range, 78.0 to 97.2%; SD, 6.1} in the individualized arm,
suggesting that the interpatient variability in percent decrease in ANC was slightly smalfer in
the individualized arm.

Conclusien
The individualized dosing method based on the total amount of urinary 6-8-OHF after cortisol
administration can decrease PK variability of docetaxel,
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The doses of these cytotoxic drugs are usu-
ally calculated on the basis of body-surface
area (BSA). Although several physiologic
functions are proportional to BSA, systemic
exposure to a drug is only partially related to

Many cytotoxic drugs have narrow thera-
peutic windows despite having a large inter-
patient pharmacokinetic (PK) variability.
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this parameter.' Consequently, a large interpatient PK
variability is seen when doses are based on BSA. This large
interpatient PK variability can result in undertreatment
with inappropriate therapeutic effects in some patients, or
in overtreatment with unacceptable severe toxicities in oth-
ers. Understanding interpatient PK variability is important
for optimizing anticancer treaiments. Factors that affect PK
variability include drug absorption, metabolism, and excre-
tion. Among these factors, drug metabolism is regarded as a
major factor causing PK variability. Unfortunately, how-
ever, no simple and practical method for estimating the
interpatient variability of drug metabolism is available. If
drug metabolism in each patient could be predicted, indi-
vidualized dosing could be performed to optimize drug
exposure while minimizing unaccepiable toxicity.

Docetaxel ts a cytotoxic agent that promotes microtu-
bule assembly and inhibits depolymerization to free tubu-
lin, resulting in the blockage of the M phase of the cell
cycle.* Docetaxel has shown promising activity against sev-
eral malignancies, including non—small-cell lung cancer,
and is metabolized by hepatic CYP3A4 enzyme.”1*

Human CYPP3A4 is a major cytochrome P450 enzyme
that is present abundantly in human liver microsomes and is
involved in the metabolism of a large number of drugs, includ-
ing anticancer drugs.'®'® This enzyme exhibits a remarkable
interpatient variation in activity as high as 20-fold, which ac-
counts for the large interpatient differences in the disposition
of drugs that are metabolized by this enzyme.'®** Several
noninvasive in vivo probes for estimating the interpatient vari-
ability of CYP3A4 activity have been reported and include the
erythromycin breath test, the urinary dapsone recovery test,
measurement of midazolam clearance (CL), and measure-
ment of the ratio of endogenous urinary 6-beta-hydroxycortisol
(6-B-OHF) to free-cortisol (FC).”* The erythromycin
breath test and the measurement of midazolam CLare the best
validated, and both have been shown to predict docetaxel CL
in patients.”®?* However, neither probe has been used in a
prospective study to validate the correlations cbserved, or to
test their utility in guiding individualized dosing.

We developed a novel method for estimating the inter-
patient variability of CYP3A4 activity by urinary metabolite
of exogenous cortisol. The total amount of 24-hour urinary
6-B-OHF after cortisol administration (total 6-8-OHF) is
significantly correlated with docetaxel CL, which is metab-
olized by the CYP3A4 enzyme. We also illusirate the possi-
bility that individualized dosing to optimize drug exposure
and decrease interpatient P variability could be performed
using this method.*

We conducted a prospective, randomized PK and
pharmacodynamic (PD) study of docetaxel comparing
BSA-based dosing and individualized dosing based on the
interpatient variability of CYP3A4 activity, as estirmated by a
urinary metabolite of exogenous cortisol. The objective of
this study was to assess whether the application of our
method to individuatized dosing could decrease PK and PD
variability of docetaxel compared with BSA-based dosing.
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Patient Selection

Patients with histologically or cytologically documented ad-
vanced or metastatic non~small-cell lung cancer were eligible for
this study. Other eligibility criteria included the following: age
= 20 years; Eastern Cooperative Oncology Group performance
status of 0, 1, or 2; 4 weels of rest since any previous anticancer
therapy; and adequate bone marrow (absolute neutrophii count
[ANC] = 2,000/uL and platelet count = 100,000/uL), renal (se-
rum creatinine level = 1.5 mgfdL), and hepatic {serum total
bilirubin level = 1.5 mg/dL, AST level = 150 U/L, and ALT level
= 150 U/L) function. Written informed consent was obtained
from all patients before enroliment onto the study.

The exclusion criteria included the feltowing: pregnancy or
factation; concomitant radiotherapy for primary or metastatic
sites; concomitant chemotherapy with any other anticancer
agents; treatment with steroids or any other drugs known to
induce or inhibit CYP3A4 enzyme'”; serious pre-existing medical
conditions, such as uncontrolled infections, severe heart disease,
diabetes, or pleural or pericardial effusions requiring drainage;
and a known history of hypersensitivity to polysorbate 80. This
study was approved by the institutional review board of the Na-
tional Cancer Center.

Pretreatment and Follow-Up Evaluation

On enrollment onto the study, a history and physical exam-
ination were performed, and a complete differential blood cell
count (including WBC count, ANC, hemoglobin, and platelets),
and a clinical chemistry analysis {including serum total protein,
albumin [ALB], bilirubin, creatinine, AST, ALT, gamma-
glutamyitransferase, allaline phosphatase [ALP ], and alpha-1 acid
glycoprotein [AAG]) were performed. Blood cell counts and a
chemistry analysis except for AAG were performed at least twice a
week throughout the study. Tumor measurements were performed
every two cycles, and antitumor response was assessed by WHO
standard response criteria. Toxicity was evaluated according to the
National Cancer Institute Common Toxicity Criteria {version 2.0).

Study Design

This study was designed to assess whether the application of
our method to individualized dosing could decrease PK and PD
variability compared with BSA-based dosing. The primary end
point was PK variability and the secondary end point was PD
vartability (ie, toxicity). [n our previous study involving 29 pa-
tients who received 60 mg/m” of docetaxel, the area under the
concentration-time curve {AUC) was calculated to be 2,66 £ 0.91
(mean * standard deviation {8D}) mg/L - 1h,*® We assumed that
the variability of AUC, represented by the SD, could be reduced by
50% in the individualized arm compared with that in the BSA-
based arm, and that AUC would be normaily distributed. The
required sample size was 25 patients per arm to detect this differ-
ence with a two-sided F test at @ = .05 and a power of 0.914.

Patients were randomly assigned to either the BSA-based arm
or individualized arm (Fig 1). In the BSA-based arm, each patient
received a dose of 60 mg/m? of docetaxel. In the individualized
arm, individualized doses of docetaxel were calculated from the
estimated docetaxel CL after cortisol administration and the target
AUC (described in the Docetaxel Administration section).

Cortisol Administration and Urine Collection
In the individualized arm, 300 mg of hydrocortisone {Banyu
Pharmaceuticals Co, Tokyo, Japan) was dijuted in 100 mL 0f 0.9%
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saline and administered intravenously for 30 minutes at 9 am on
day 1 in all patients to estimate the interpatient variability of
CYP3A4 activity. After cortisol administration, the urine was col-
lected for 24 hours, The total volume of the 24-hour collection was
recorded, and a 5-mL aliquot was analyzed immediately.

Docetaxel Administration

Docetaxel (Taxotere; Aventis Pharm Ltd, Tokyo, Japan) was
obtained commercially as a concentrated sterile soiution contain-
ing 80 mg of the drug in 2 mL of polysorbate 80. in the BSA-based
arm, a dose of 60 mg/m? of docetaxel was diluted in 250 mL of 5%
glucose or 0.9% saline and administered by 1-hour intravenous
infusion at 9 am to ail patients.

W, Je0.0Te

In the individualized arm, individualized dose of docetaxel
was calculated from the estimated CL and the target AUC of 2.66
mg/L - h using the following equations:

Estimated CL (L/h/m?)y = 31.177 + {7.655 X 107*
X total-6-B-OHF |ug/d]) — (4.02 X AAG [g/L]) — (0.172
X AST [U/L]) — (0.125 X age [years])™
Individualized dose of docetaxel {mg/m?)
= estimated docetaxel CL (L/h/m?)
X target AUC (2.66 mg/L - h)
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At least 2 days after cortisol administration, individualized doses
of docetaxel were diluted in 250 mL of 5% glucose or 0.9% saline
and administered by I-hour intravenous infusion at 9 am to each
patient, The doses of docetaxet in subsequent cycles of treatment
were unchanged, and no prophylactic premedication to protect
against docetaxel-related hypersensitivity reactions was adminis-
teved in either of the treatment arms.

PK Study

Bivod samples for PK studies were obtained from all of the
patients during the initial treatment cycle. An indwelling cannula
was inserted in the arm opposite that used for the drug infusion,
and blood samples were collected into heparinized tubes, Blood
samples were collected before the infusion; 30 minutes after the
start of the infusion; at the end of the infusion; and 15, 30, and 60
minutes and 3, 3, 9, and 24 hours after the end of the infusion. All
blood samples were centrifuged immediately at 4,008 rpm for 10
minutes, afier which the plasma was removed and the samples
were placed in polypropylene tubes, labeled, and stored at —20°C
or colder until analysis.

PK parameters were estimated by the nonlinear least squares
regression analysis method (WinNonlin, Version 1.5; Bellkey Sci-
ence Inc, Chiba, Japan) with a weighting factor of 1 per year.
Individual plasma concentration-time data were fitted to two- and
three-compartment PIC models using a zero-order infusion input
and first-order elimination. The model was chosen on the hasis of
Akaike's information criteria.*' The peak plasma concentration
(Cnae) was generated directly from the experimental data. AUC
was extrapolated to infinity and determined based on the best-
fitted curve; this measurement was then used to calculate the
absolute CL (L/h), defined as the ratio of the delivered dosage (in
milligrams) and AUC.

To assess PD effect of docetaxel, the percentage decrease in
ANC was calculated according to the following formula: % de-
crease in ANC = (pretreatment ANC — nadir ANC)/{pretreat-
ment ANC) X H0.

Measurements

The concentration of urinary 6-8-OHF was measured by
reversed phase high-performance liquid chromatography with
UV absorbance detection according to previously published
methods, ™%

Docetaxel concentrations in plasma were also measured by
solid-phase extraction and reversed phase high-performance lig-
uid chromatography with UV detection according to the previ-
ously published method.*"* The detection limit corresponded to
a concentration of 10 ng/mL.

Statistical Analysis

Fisher's exact test or x° test was used to compare categoric
data, and Student’s £ test was used for continuous variables. The
strength of the relationship between the estimated docetaxel CL
and the observed docetaxel CL was assessed by least squares linear
regression analysis. The interpatient variability of AUC for each
arm was evaluated by determining the SD and was compared by ¥
test. Biases, or the mean AUC value in each arm minus the target
AUC (2.66 mg/L - h), were also compared between the arms by
Student's ¢ test.

A two-sided P value of = .05 or less was considered to
indicate statistical significance. All statistical analyses were per-
formed using SAS software version 8,02 (SAS Institute, Cary, NC).
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Patient Characteristics

Between October 1999 and May 2001, 59 patients were
enrolled onto the study and randomly assigned to either
the BSA-based arm (n = 30) or the individualized arm
(n = 29). All 59 patients were assessable for PK and PD
analyses. The pretreatment characteristics of the 59 patients
are listed in Table 1. The baseline characteristics were well
balanced between the arms except for three laboratory pa-
rameters: ALB, AAG, and ALP. These three parameters were
not included in the eligibility criteria. The majority of pa-
tients (95%) had a performance status of 0 or 1. Twenty
{67%) and 16 (55%) patients had been treated with
platinum-based chemotherapy in the BSA-based arm and
individualized arm, respectively. Only two patients in the
individualized arm had liver metastasis, and most of the
patients had good hepatic functions.

Individualized Dosing of Docetaxel

in the individualized arm, the total amount of 24-hour
urinary 6-3-OHF after cortisol administration (total 6-8-
OHF) was 9,179.6 = 3,057.7 ug/d (mean + SD), which was
similar to the result of our previous study.’ The estimated
docetaxel CL was 21.9 = 3.5 L/h/m? (mean = SD), and
individualized dose of docetaxel ranged from 37.4 to 76.4
mg/m? (mean, 58.1 mg/m? Fig 1).

PK

Docetaxel PK data were obtained from all 59 patients
during the first cycle of therapy, and PK paranteters are
listed in Table 2. Drug levels declined rapidly after infusion
and could be determined to a maximum of 25 hours. The
concentration of docetaxel in plasma was fitted to a biexpo-
nential equation, which was consistent with previous
reports.”***7* The mean alpha and beta half-lives were 9.2
minutes and 5.0 hours in the BSA-based arm and 9.2 min-
utes and 7.4 hours in the individualized arm, respectively.

In the BSA-based arm, docetaxel CL was 22.6 = 3.4
L/h/m? {mean = SD), and AUC averaged 2.71 mg/L - h
(range, 2.02 to 3.40 mg/L - h). In the individualized arm,
docetaxel CL was 22.1 = 3.4 L/h/m?, and AUC averaged
2.64 mg/L - h(range, 2.151t03.07 mg/L - h). The least squares
linear regression analysis showed that the observed do-
cetaxel CL was well estimated in the individualized arm
(r* = 0.821; Fig 2).

The SDs of AUC in the BSA-based arm and in the
individualized arm were (1.40 and 0.22, respectively, and the
ratio of SD in the individualized arm to that in the BSA-
based arm was 0.538 (95% CI, 0.369 to 0.782). The biases
from the target AUC in the BSA-based arm and in the
individualized arm were 0.047 (95% CI, —0.104 to 0.198)
and —0.019 (95% CI, —0.102 to 0.064), respectively, with
no significant difference. The interpatient variability of
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Table 1. Patient Characteristics
BSA-Based Individuaiized
Arm Arm
No. of No. of
Characteristic Patients % Patients % P
Ensolled 30 29
Eligible 30 100 29 100
Age, years ‘ 62
Median 61 62
Range 52-73 45-73
Sex
Male 25 B3 19 66 .14
Female 5 i7 10 34
ECOG PS
0 7 23 1 3 .08
1 22 73 26 0
2 1 3 2 7
Prior treatment
None 4 13 4 14 8%
Surgery 11 37 9 3t 65
Radictherapy 13 43 10 34 49
Chernotherapy 21 70 18 62 .52
Platinum-based regimens 20 67 16 55 .37
Site of disease
Lung 23 77 28 87 10
Liver 0 0 2 7 .24
Pleura B 27 12 41 .23
Bone 7 23 <) 31 7
Extratheracic lymph nodes 0 33 0 34 93
Laboratory parameters
ALB, g/l 02
Median 38 35
Range 26-45 24-44
AAG, gl 04
Median 1.00 1.25
Range 0.28-2.15 0.64-2.54
AST, U/L 57
Median 21 22
Range 10-40 - 7-41
ALT, YL .88
Median 18 18
Range 6-54 4-45
ALP, UL .03
Median 249 324
Range 128-540 185-986
Ahbreviations: ECOG, Eastern Cooperative Cncology Group; PS, perfor-
mance status, ALB, serum albumin; AAG, alpha-1-acid giycopretein; ALP,
serum alkaline phosphatase.

AUC was significantly smaller in the individualized arm
than in the BSA-based arm (P < .01; Fig 3).

PD

In both arms, neutropenia was the predominant toxic-
ity related to docetaxel treatment, and 28 of 30 (93%)
patients in the BSA-based arm and 25 of 29 (86%) patients
in the individualized arm had grade 3 or 4 neutropenia.

WIWWLJCO.0TY

Tabla 2. Docetaxel PK Parameters
BSA-Based Arm Individualized Arm
Parameters In=30) {n = 29)
Conar g/l 0.38-2.70 0.992.41
412 &lpha®, minutes 92+33 92%27
4,z beta”, hours 50%48 74 =117
CL* L/n 376+63 34871
CL* L/h/m? 22634 22t =34
AUC
Mean mgfi - h 27 2.64
Range mg/L - h 2.02.2.40 2.15-3.07
Median 2.65 2.66
sD 0.40 0.22
Abbreviations: PK, pharmacokinetic; BSA, body-surface area; CL, clear-
ance; AUC, area under concentration-time curve; SD, standard deviation.
‘Data represent mean = SD.

Nonhematologic toxicities, such as gastrointestinal and he-
patic toxicities {ie, hyperbilirubinemia, aminotransferase
elevations), were mild in both arms.

PD effects shown as the percentage decrease in ANC are
listed in Table 3. The percentage decrease in ANC for the
BSA-based arm and individualized arm were 87.1% (range,
59.0 to 97.7%; SD, 8.7} and 87.5% {range, 78.0 to 97.2%;
SD, 6.1), respectively, suggesting that the interpatient vari-
ability in the percentage decrease in ANC was slightly
smaller in the individualized arm than in the BSA-based
arm (Fig 4). The response rates between the two arms were
similar; five of 30 (16.7%) and four of 29 (13.8%) patients
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Fig 2. Correlation between the estimated and observed docetaxel clear-
ance (CL| in the individualized arm {n = 29}. (—) Lineer regression line
(r? = D.B21); - - - =) 95% Cls for individual estimates.
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Fig 3. Comparison of area under the concentration-time curve (AUC)
variability between the arms (P < .01; F test). BSA, body-surface area.

achieved a partial response in the BSA-based arm and indi-
vidualized arm, respectively.

In oncology practice, the prescribed dose of most anticancer
drugs is currently calculated from BSA of individual pa-
tients to reduce the interpatient variability of drug expo-
sure. However, PK parameters, such as CL of many
anticancer drugs, are not related to BSA.>*""2 Although PK
parameters of docetaxel are correlated with BSA, individu-
alized dosing based on individual metabolic capacities
could further decrease the interpatient variability.**
CYP3Ad4 plays an important role in the metabolism of
many drugs, including anticancer agents such as docetaxel,
paclitaxel, vinorelbine, and gefitinib. This enzyme exhibits a
large interpatient variability in metabolic activity, account-
ing for the large interpatient PK and PD variability. We have
developed a novel method of estimating the interpatient
vartability of CYP3A4 activity by urinary metabolite of ex-
ogenous cortisol. That is, the total amount of 24-hour uri-
nary 6-B-OHF after cortisol administration was highly
correlated with docetaxel CL. We conducted a prospective

Tahle 3. Percentage Decrease in ANC

BSA-Based Arm  Individualized Arm

Parameters n = 30} n =29
Percentage decrease in ANC, %
Mean 87.% 874
Range 59.0-97.7 78.0-87.2
Median 89.7 B8.4
sD 8.7 8.1

5D, standard deviation,

Abbreviations: ANC, absolute neutrophil count; BSA, body-surface area;
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randomized PK and PD study of docetaxel to evaluate
whether the application of our method to individualized
dosing could decrease PK and PD variability compared with
BSA-based dosing.

The study by Hirth et al™ showed a good correlation
between the result of the erythromycin breath test and
docetaxel CL, and the study by Goh et al*® showed a good
correlation between the midazolam CL and docetaxel CL.
In our study, we prospectively validated the correlation
between docetaxel CL and our previously published
method using the total amount of urinary 6-3-OHF after
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cortisol administration in the individualized arm. As shown
in Fig 2, the observed docetaxel CL was well estimated, and
the equation for the estimation of docetaxel CL developed
in our previous study was found to be reliable and repro-
ducible. The target AUCn the individualized arm was set at
2.66 mg/L - h. This value was the mean value from our
previous study, in which 29 patients were treated with 60
mg/m? of docetaxel. Individualized doses of docetaxel ranged
from 37.4 to 76.4 mg/m® and were lower than expected.

The SD of AUC in the individualized arm was about
46.2% smailer than that in the BSA-based arm, a significant
difference; this result seems to indicate that the application
of our method to individualized dosing can reduce the
interpatient PK variability. Assuming that the variability of
AUC could be decreased 46.2% by individualized dosing
applying our method, overtreatment could be avoided in
14.5% of BSA-dosed patients by using individualized dos-
ing (Fig 5, area A}, and undertreatment could be avoided in
another 14.5% of these patients (Fig 5, area B). We consid-
ered that neutropenia could be decreased with patients in
area A by individualized dosing. However, it is unknown
whether the therapeutic effect of docetaxel could be im-
proved in the patients in area B by individualized dosing
because no significant positive correlation has been found
between docetaxel AUC and antitumor response in patients
with non—small-cell lung cancer.** In this study, seven of 30

é AUC distribution by individualized dosing
/ S AUC disteibution by BSA-based dosing

Number of patients

AUC distribution
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P e ]
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Fig 5. Simulated comparison of area under the concentration-time curve
{AUC) distribution between body-surface area (BSA) ~based dosing and
individualized dosing when the variability of AUC is decreased 46.2% by
individualized dosing applied using our methed.
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(23.3%} and two of 30 {6.79%) patients in the BSA-based arm
were included in area A and B, respectively (Figs 3 and 5),

As shown in Figure 4, the percentage decrease in ANC
was well correlated with AUC in both arms, which was
similar to previous reports.*”*? It was also indicated that the
interpatient variability in the percentage decrease in ANC
was slightly smaller in the individualized arm than in the
BSA-based arm; however, this difference was not signifi-
cant. The response rates between the two arms were similar.
Although the interpatient PK variability could be decreased
by individualized dosing in accordance with our method,
the interpatient PD variability such as toxicity and the anti-
tumor response could not be decreased. Several reasons
could be considered.

With regard to toxicity, the pretreatrnent characteris-
tics of the patients in this study were highly variable. More
than half of the patients in each arm had previously received
platinum-based chemotherapy, and more than 30% had
received radiotherapy. The laboratory parameters (ie, ALB,
AAG, and ALP) were not balanced across the arms, al-
though they were not included in the eligibility criteria
(Table 1). These variable pretreatment characteristics and
unbalanced laboratory parameters may have influenced the
frequency and severity of the hematologic toxicity as well as
the pharmacokinetic profiles. The antitumor cffect may
have been influenced by the intrinsic sensitivity of tumors,
the variable pretreatment characteristics, and the imbalance
in laboratory parameters. Non—small-cell lung cancer is a
chemotherapy-resistant tumor. The response rate for do-
cetaxel ranges from 18% to 38%,” and no significant posi-
tive correlation between docetaxel AUC and antitumor
responsc has been found. We considered it quite difficult to
control the interpatient PD variability by controlling the
interpatient PK variability alone. Although we did not ob-
serve any outliers in either arm, such as the two outliers with
severe toxicity observed in the study by Hirth et al,2® our
method may be more useful for identifying such outliers, If
we had not excluded patients with more abnormal liver
function or a history of liver disease by the strict eligibility
criteria, the results with the two dosing regimens may have
been more different, and the interpatient PD variability,
such as the percentage decrease in ANC, may have been
smaller in the individualized arm than in the BSA-based
arm. Furthermore, the primary end point of this study was
PX variability, evaluated by the SD of AUC in both arms,
and the sample size was significantly underpowered to eval-
uate whether the application of cur method to individual-
ized dosing could decrease PD variability compared with
BSA-based dosing.

For the genotypes of CYP3A4, several genetic poly-
morphisms have been reported (http://www.imm.ki.se/
CYPalleles/); however, a clear relationship between
genetic polymorphisms and the enzyme activity of
CYP3A4 has not been reported. Our phenotype-based
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