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Fig 8 Experimental design and drawing PBL samples
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Fig.9 a Custom Atlas™ Array (cDNA filter-array)

A set of 775 genes was chosen for predicting chemosensitivity analysis
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Establishment of a human non-small cell lung cancer cell line resistant to
gefitinib

Fumiaki Koizumi'~, Tatsu Shimoyama'®, Fumiko Taguchi', Nagahiro Saijo® and Kazuto Nishio'**
1311:811 Lab, Narmnal Cancer Center Hosparal Tokvo, Japan
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1:1vcsnearne Treatrment Division, National Cancer Center Institute EAST, Kashiwa, Japan
lemmcoloqy Division, National Cancer Center Research Institute, Tokyo, Japan

The epidermal growth factor receptor {EGFR) tyrosine-kinase mullicenter rials (IDEALY and 2) yield an overall RR of 11.8-
inhibitor gefitinib (Iressa™, ZD1839) has shown promising activity  18.4% and overall disease control rate of 42.2-54.4% (gefitinib 250
preclinically and eclinically. Because comparalive investigations mg/day} in patients with advanced non-small cell lung cancer
of drug-resistant sublines with their parental cells are useful {NSCLC) who had undergo at least 2 previous treatments with che-

approaches to identifying the mechanism of gefitinib resistance and Tt ST
select factors that determine sensitivity to gefitinib, we established a motherapy. INTACT 1 and 2 (‘Iressa’ NSCLC Trials Assessing

homan non-small cell leng carcinoma subline (PC-9/ZD) that is Combination Therapy) have demonstrated that gefitinib docs not
resistant to gefitinib, PC-9/ZD cells are ~180-fold more resistant to  provide improvement in survival when added to standard first line
gefitinib than their parental PC-9 cells and PC-9/ZD cells do not platmum based chemotherapy vs. chemotherapy alone in advanced
exhibit cross-resistance to conventional anticancer agents or other  NSCLC.'®" Two small retrospective studies reported recently that
tyrosine kinase inhibitors, except AG-1478, a specific inhibitor of  activating mutation of EGFR correlate with scnsitivity and clinical
EGFR. PC-9/ZD cells also display significant resistance to gefitinib response to geﬁnmb and erlotinib, 1820 Although information of

in a tumor-bearing animal model. To elucidate the mechanism of  EGFR mutation ma
) y enable to identify the subgroup of patients
e et s amomrabe A fottion With NSCLC who will respond to gefitinib and erlotini, it would

mutation was identified within the kinase domain of EGFR in both  De expected that acquired resistance would develop in such patients
PC-9 and PC-9/ZD. but no difference in the sequence of EGFR  alter treatment. The problem of acquired resistance to gefitinib
¢DNA was detected in either cell line. Incrensed EGFR/HER2 (and  might be growing, but there has been no preclinical research about
EGFR/HER3) heterodimer formations were demonstrated in PC-9/:- the-mechanism of developing resistance to gefitinib. We established
ZD cells by chemical eross-linking and immunoprecxpltahun ‘analy-  resistant’subline using PC-9 that is highly sensitive to gefitinib.

“Establishment of drug-resistant sublines and comparative inves-

sis in cells unexposed to gefitinib. Exposure to gefitinib' increased
heterodimer formation in PC-9 cells, but not in PC-9/ZD cells. Gefi gations with their parental cells (o identify their molecular, bio-
‘Jloglcal and blochcmlca] propertics arc uscful approaches to

tinib inhibits EGFR autophusphorylatwn ina duse-dependent man-
ner in PC-Y cetls but not in PC-9/ZD cells. A m'u'ked Mifference fn ;.
e[uc:clanng_ e .,mechamqm of the drug’s action. Our study
1des::nbes e esmbhshment of a gefitinib-resistant cell line and its

inhibition of site-specific phosphorylatmn of EGFRywas observed-at
Tyrl068 compared to other tyrosine residues (Tyr845,:992 and

1045). To elucidate the downstream signaling in the PC9/ZD cellu- 1 gharacteriiiion at the cellular and subcellular levels, The PC-9f
tar machinery, complex formation between EGFR and itsiadaptor: - ZD celt line is thé first human NSCLC celt line resistant to gefiti-
proteins Grb2, SOS, and She was examined. A marked reduétion in s'niby. ever reported. PC-9 is a lung adenocarcinoma cell line that is

the Grb2-EGFR complex and absence of SOS-EGFR: were highly Sensitive to pefitinib at its TCsy-value of 0.039 M, but the

ﬂ::f,“s‘gcs' {:l gg:glzgjcﬁgﬁbgﬁ“:&&"&t}: zom?:gﬁiigg;z: .,PC 9/ZD sublme, which has a level of EGFR expression compara-

“ble to that of PE-9 cells, is specifically resistant to gefitinib. Thus,
of phosphorylated AKT was increased in PC-9 cells:and inhibited v g
bv% 02 l:;.M écﬁtlmb But the inhibition was not significant in PC- C-9 and PC-9/ZD cells will prov:de useful information about lhf«
ZD cells, These resulis suggest that alterations of adaptor-protem 51
mediated signal teansduction frem EGFR to AKT is a possible;. $urrogat¢'markcrs for predicting chemosensitivity to gefitinib.
mechanism of the resistance to gefitinib in PC-9/ZD cells. These
phenotypes Including EGF] R—SQS’complex and | Hete¥bdimer forma- g‘m“‘“‘? ) g
tion of HER family members afe’pote ‘t;nl gjomiﬁ* rgifﬂdm - Bl ial ar Ei}
ing resistance to gefitinib. i ri s?&};‘(f{"@j’” |
© 2005 Wiley-Liss, Ine. ot ,',.. w‘%—iﬁ iy §sina ce & 8
Gel'umb(N (%—chloro 4 fluorophenyl)-7-methoxy-6-{3-(mor-
. . pholin-4-yl)propoxy] quinazolin-4-amine) was supplied by Astra-
Key words: resistance; gefitinib; EGFR; Grb2; SOS; non-small cell  7on000  Pharmacenticals (Cheshire, UK). AG-1478, AG-825,
lung cancer K252a, staurosporin, genistein, RG-14620 and Lavendustin A
were purchased from Funakoshi Co, Ltd (Tokyo, Japan).
Chemotherapy has played a central role in the treatment of  NSCLC cell line PC-9 (derived from a patient with adenocarci-
patients with inoperable NSCLC for over 30 years, although its  noma untreated previously) was provtdcd by Prof. Hayata of
efficacy seems to be of very limited value. 12 Human solid tumors, Tokyo Medical Umversny {Tokyo, Japan).*! PC-9 and PC-9/ZD
including lung cancer, glioblastoma, breast cancer, prostate can-  cells were cultured in RPMI-1640 medivm (Sigma, St Louis,
cer, gasm‘c cancer, ovarian cancer, cervical cancer and head and  MO) supplemented with 10% FBS (GIBCO-BRL, Grand Island,
neck cancer, express epidermal growth factor receptor (EGFR) NY), penicillin and streptomycin (100 U/ml and 100 pg/ml,
frequently, and clevated EGFR levels are related to disease pro-  respectively; GIBCO-BRL) in a humidified atmosphere of 5%
gression, survival, stage and response to therapy. Gl it therapies  CO; at 37°C. Gefitinib-resistant PC-9/ZD cells were selected from
directed at blocking EGFR {unction are attractive.
Interest in target-based therapy has been urowm" ever since the  —— o
clinical efficacy of STI-571 was first dcmomumcd 11-14 and small *Cyrrespondence 17 Shien-Lab, Medical Oncology Department,
molecules and monoclonal antibodies that block activation of the ﬁﬂ:ﬂ“i}\:‘iﬂcﬁ g‘;‘;‘c’{ﬁg?;%"g';:ﬂ‘kﬁuﬁ% C':r'-:g}k;;-n'{gk)’:z 104-0045,
apdn. Fax -2 - . E-madll Knis 2ilN - VeS8 NEC, 2O
EGFR and EzbB2 have been developed over the past few decades. 1)Recei\«red I July 2004; Accepted after revisiou? 21 Dccemhegr 38()4
The leading bmdll molecule EGFR tyrosine-kinase inhibitor, geﬁ- DO 10.1002/ijc.20985

tinib (I['LS“ + 21839}, has shown excellent antifumor activity in Published online 00 Month 2005 in Wiley InterScience (www.inlericience.
a series of Phase [ and I sudies,'*!® and Phase Il international  wiley.com).
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a subculture that had acquired resistance to gefitinib vsing the fol-  dinjum thiocyanate procedure (ISOGEN, Nippon Gene, Tokyo,
lowing procedure. Cultured PC-9 cells were exposed to 2.5 pg/ml  Japan). An Atlas Pure Total RNA Labeling System was used 10
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) for 24 hr and then  isolate RNA and label probes. The materials provided with the kit
washed and cultured in medium containing .2 pM gefitinib for  were used, and the manufacturer’s instructions were followed for
7 days. After exposure to gefitinib, they were washed and cultured  all steps, Briefly, streptavidin-coated magnetic beads and biotiny-
in drug-frce medium for 14 days, When variable cells had  lated oligo(dT) were used to isolate po[y A RNA from 50 pg of
increased, they were secded in medium containing 0.3-0.5 uM of  total RNA and the RNA cbtained was converted into *P-labeled
gefilinib on 96-well cultured plates for subcloning. After 21-28  first-strand ¢DNA with MMLV reverse transcriptase. The
days, the colonies were harvested and 4 single clone was obtained.  **P-labeled cDNA fraction was purified on NucleoSpin columns
The subcloned cells exhibited an 182-fold increase in resistance to and was added to the membranc on which fragments of 777 genes
the growth-inhibitory effect of gefitinib as determined by MTT  were spotred. Hybridization was allowed to proceed overnight at
assay, and the resistant phenotype has been slable for ar least 68°C. After washing, the radiolabeled spots were visualized and

6 months under drug-free conditions. quantified by BAS-20001I and Array Gauge 1.1 (Fuji Film Co,,
Ltd., Tokyo, Japan). The data were adjusted for the total density
In vitro growrh-inhibition assay level of each membrane.

The growth-inhibitory effects of cisplatin, carboplatin, adriamy- L . )
cin, irimotccan, gemcitabine, vindesine, paclitaxel, genistein, Quantitative Real-Time RT-PCR Analysis
K252a, staurosporin, AG-825, AG-1478, Tyrophostin 51, RG- Total RNAs extracted from PC-9 cells and PC-9/ZD cells (! x
14620, Lavendustin A and gefilinib in PC-9 and PC-9/ZD cells  10% cells each) were incubated with DNase I (Invitrogen} for 30
were examined by using a 3-(4,5- dlmethy]lhnzol 2-yl)- 2,5-diphe-  min. First-strand cDNA synthesis was carried out on 1 pg of RNA
nyltetrazolium bromide (MTT) assay.”™ A 180 pl volume of an  in 10 pl of a reaction mixture with 50 pmol of Random hexamers
exponemml]y growing cell suspension (6 x 10° cells/ml) was  and 50 U of M-MLV RTase, Oligonucleotide primers for human
seeded into a4 96-well microtiter plate, and 20 pl of various concen- EGFR were obtained from: Takara (HA003051, Takara Bio Co.,
trations of cach drug was added, After incubation for 72 hr at 37°C,  Tokyo, Japan). For PCR calibration, we generated a calibrator
20 yl of MTT solution (53 mg/ml in PBS) was added to each well, dilution series for EGFR ¢DNA in pUSEamp vector (Upstate,
and the plates were incubated for an addilional 4 hr at 37°C. Aller  Charlottesville, VA) ranging from 10°~10% copies/1 ul. A total of
centrifuging the plates at 200g for 5 min, the medium was aspirated 2 pl of reverse transcripiase products was used for PCR amplifica-
from cach well and 180 pl of DMSO was added to each well to dis-  tion using Smart Cycler system (Takara) according 1o manufac-
solve the formazan. Optical density was measured at 562 and 630, ., 's instructions. Absolute copy numbers were calculated back
nm with a Delta Soft ELISA analysis program interlaced- with’ he" mlual cell numbers, which were set into the RNA extrac-
Bio-Tek Microplate Reader (EL-340, Bio-Metallics, Pnnceton DD tion, As a “iesult we obtained copies/celliratio representing the
Each experiment was carried out in 6 replicate wells Jor each'drug " dverage EGFR_RNA amount per cell.
concentration and carried out m(lepcndcm]y 3or4 lmles The ICsqa- o
value was defined as the concentration needed for & 50% reduction
in the absorbance calculated bascd on the survivalcurvés. Perce
survwal was calculated as: (mean absorbance of 6 lephcme wells

sed in EBC buffer {50 mM Tm-l-ICI pH 8.0, 120 mM NaC]
. Norﬁder. P-40 100 mM NaF, 200 mM Na orthovanadate,

0 fig/ml edch of leupeptin, aprotinin, pepstatin A and phe-
” ylmet!;ylsulphqqyl fluoride). The lysate was cleared by centrifu-

:j:gatlon at 15, 000 r.pm. for 10 min, and the protein concentration

wells)/{mean absorbance of 6 replicate dru;;,-frec;ak wells ;
absorbance of 6 replicate background wells) x 1()0u

| ed 1 Rockford, IL) “The membrane was probed with antibody awdmst
Kingdom Coordinating Committce on Cancer Resealch, Guide=™ EGFR (LOOS Santa Cruz, Santa Cruz, CA), HER2/neu (c-18;
lines for the welfare of animals in experimental nedplasias.Santas Cruz) HER3 (c-17; Santa Cruz), HER4 (c-18; Santa Cruz),
(2nd ed.). Female BALB/c nude mice, 6- weeks-old were pur- PI3K BD) Gib2 (81; BD), SOS1/2 (D-21; Santa Cruz), She
chased from Japan Charles River Co. Lid (Brsuy; J_ AIL, (30, B San Jose, CA), PTEN, (9552; Cell Signaling, Beverly,
mice were maintained in our4a o‘ratmy upd : pathiogen- v MA), BKTN9ITE: lgGe]l Slgnailngfi~phospho-EGFR specific for
free conditions. fn vive expenmems &zere schizduled iZJ gvaluﬁtc ) Tyr 845 “Tyr 9@2 !._ ;_md yr 1068 (2231, 2235, 2237,
the effect of oral administFation™of” gcﬁumb’ &n pre-exlstmg -+ 2234; t’cll SigAiling phosp AKT (Serd73) (9271; Cell Signal-
tumors. Ten days before administration, § x 10% PC-0 or PC-9/ZD  ing), phospho-Erk (9I06 Cell Signaling), and phospho-Tyr (PY-
cells were injected subcutaneously (s.¢.) into the back of the mice,  20; BD) as the first antibody, and then with by horseradish-peroxi-
and gefitinib (12.5, 25 or 50 mg/kg, p.o.) was administered to the  dase-conjugated secondary antibody, The bands were visualized
mice on Days 1-21, Tumor diamcter was measured with calipars by enhanced chemiluminescence (ECL Western Blotting Detec-
on Days 1, 4, 8, 11, 14, 19 and 22 10 evaluate the effect of treat-  tion Klt Amersham, Piscataway, NJI). For Immunopreclpltahon
menl, and wmor volume was determined by using the following 5 x 10° cells were washed, lysed in EBC buffer, and centriluged,
equation: tumor volume = ab®/2 (mm®) {where @ is the longest and the supermarants obtained {1,500 Hg) were incubated at 4°C
diameter of the tumor and b is the shortest diameter). Day “‘x**  with the anti-EGFR (1005), -HER2 (c-18), and -HER3 (c-17) Ab
denotes the day on which the effect of the drugs was estimated,  ovemight. The immunocomplexes were absorbed onto protein
and Day **1"* denotes the first day of treatment, All mice were  A/G-Sepharose beads, washed 5 times with lysate bulfer, denatured,
sacrificed on Day 22, after measuring their tumors. We considered  and subjected to electrophoresis on a 7.5% polyacrylamide gel.
absence of a tumor mass on Day 22 to indicate a cure. Differences

in tumor sizes between the lreatment groups and control Rr0Up 8L Apglysis of the genes of the HER families by divect sequencing
Day 22 were unalyzed by the unpaired #test. A p-value of <0.05 Total RNAs were extracted from PC-9 and PC-9/ZD cells with

was considered statistically significant. ISOGEN (Nippon Gene) according to manufacturer’s instructions.
. First-strand cDNA was synthesized from 2 pg of total RNA by

¢DNA expression array using 400 U of SuperSeript 1T {Invitrogen, Carlsbad, CA). Afier
The gene expression profile of PC-9/ZD was assessed with an  reverse tanscription with oligo {dT) primer (Invitrogen) or ran-
Atlas Nylon ¢DNA Expression Array (BD Bioscience Clontech,  dom primer (Invitrogen), the first-strand ¢DNA was amplified by
Palo Alto, CA). Total RNA was extracted by a single-step guani- PCR by using specific primers for EGFR, HER2 and HER3. The
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CANCER CELL LINE RESISTANT TOQ GEFITINIB 3
reaction mixture (50 pl} contained 1.25 U AmpliTaq DNA poly- 160 N \u‘
merase {Applied Biosystem, Foster City, CA}), and amplification __ e |
was carried out by 30 cycles of denaturation (95°C, 30 sec), B 20 \ ":\‘ | Lo N
annealing (53-59°C, 30 sec), and extension (72°C, 30 sec) with a E 80 > By
GeneAmp PCR System 9600 (Applied Biosystem). After amplifi- 8 \
cation, 5 ul of the RT-PCR products was subjected to electropho- s 70 \
retic analysis on a 2% agarose gel with ethidium bromide. DNA o gy
sequencing of the PCR products was carried oul by the dideoxy <
chain termination method using the ABI PRISM 310 Genetic Ana- '§ 50 \\
Iyzer (Applied Biosystemy). 2 a0 d N_.
& N
Chemical cross-linking '§ 3¢ hm\-,

Chemical cross-linking in intact cells was carried outr as 20 [l
described previously.”® In brief, after 6 hr exposure 1o 0.2 uM ™,
gefitinib, cells were washed with PBS and incubated for 25 min at 10 N
4°C in PBS containing 1.5 mM of the nonpermeable cross-linker 0 -
bis (sullosuccinimidyl) substrate (Pierce, Rockford, I1.). The reac- 0.01 01 1 10
tion was terminated by adding 250 mM glycine for 5 min while gefitinib (pM)
rocking. Cclls were washed in EBC buffer and 20 pg of protein
was resolved by 5-10% gradient SDS-PAGE, and then immuno-
blot analyzed for EGFR, HER2, HER3 and P-Tyr. PC-9 PC-912D

ICg, valus (k) 0.039£0.002 7.1+0.08
Results Doubling time {hr) 20.3 21.0

Sensitivity of PC-81ZD cells to evtotoxic agems and tyrosine kin-
ase inhibitors

No significant difference between PC-9 and PC-9/ZD cells was
observed in in virro cell growth (doubling time of 20.3 hrand 21.4
hr, respectively) and microscopic morphology. Figure | shows the .
growth-inhibitory effect of gefitinib on the parent PC-9; céll Tine

and its resistant subline, PC-9/ZD. The ICsy-value of; gcﬁnmb AR

PC-9 cells was 0.039 pM, as compared to 7.1 ].IM in PC-9/ZD

cells (182-[old resistance), PC-9/ZD cells exhlbltecl no cross-

resistance to other conventional anticancer agentyy itieltding’
platin, carboplatin, adriamycin, vindesine, pachtaxel i i
can, We afso examined the growth-inhibitory eff’ect of i} R
tyrosine kinase inhibitors AG-1478, RG-14620 a.nd Lavenduqun

and other tyrosine kinase inhibitors in PC-9 and;PC- 9/ZD' ells
PC-9/ZD cells show cross-resistance to AGI478,j)ul not to,
the tyrosine kinase inhibitors {Tables I, II). Tt is lxke]y that
ZD would also be resistant to EGFR-targeted qumazohne deuv
tives including gefitinib and erlotinib.”

PC-9/ZD cells show significant resistance to gefitinib in an™» .
in vivo made!

To ascertain whether the resmgance f PC- V?D occurs inyiyo,
we investigated the g,rowth-l Lnbnory%effe% 1o af geﬁtlm 4 ’P =0
cells and PC-9/ZD ccells in a}\*enen:ﬂl;}s n} dileL.; hgng s
no significant difference in the size"of the“of PC-5* anl PCG7ZD
cell tumor masses in nude mice before the start of pefitinib injec-
tion. Figure 2 shows the growth-inhibition curve of PC-9 (Fig. 24)
and PC-9/ZD (Fig. 2b) cells in vive during the observation period.
The PC-9 tumor masses decreased markedly in volume at all doses
of gefitinib. In the 50 mg/kg/day p.o. group, the PC-9 masses were
eradicated in all mice and did not rcgrow within the observation
period. Growth of the PC-%/ZD masses, on the other hand, was
inhibited by gefitinib administration in a dose-dependent manner,
but significant tumor reduction was observed only in the 25 and
50 mg/kg/day groups, and the PC-9/ZD masses were not eradicated
even 1n 50 mg/kp/day group. These results clearly demonstrate the
significant in vive resistance of PC-9/ZD cells to gefitinib.

Expression of HER family members and relared molecules in
PC-9 and PC-9IZD cells ]

We examined the gene expression and protein levels of HER
family members and related molecules by cDNA expression array
(followed by confirmation using RT-PCR, data not shown) and
immunoblotting. The ratios of the protein expression levels of PC~
9 cells 1o PC-9/ZD cells aimost paralleled the expression levels of

Fiourr 1 - Growth-inhibitory effect of gefitinib on PC-9 and PC-9/
ZD cells determined by MTT assay. The cells were exposed to the
concentrations of gefitinib indicated for 72 hr. The gmwth—mhlbmon
curves of PC-9 (M) and PC-9/ZD (®) are shown. Doubling time was
determ;ncd by MTT assay.

"n

TABLE [ ~CHEMOSENSITIVITY TO OTHER ANTICANCER DRUGS

1Cyy, vatues (pM)!

RR? 1.6
PC-9 PC-9/ZD
1.9+07 31x15 2.0
25+ 21 49 + 23 1.3
016 0,13 0.20 + 0.15 22
1510 32x1 1.5
Emgusxdc 45+ 15 66+ [.3 L5
Gemcitabine |} 1B+ 15 27 % 1.5 0.7
Yindesine 0.0046 + 0.0004  0.0032 £ 0.0009 1.2
Paclitaxel 4 O 0041 £ 0.0011  0.0048 = 0.0004 1.6

- the méan £ SD of >3 independent experiments.—

their gcpes‘(Flg 3
% slightljtfhigherin PG&&ZDkquISr(FJg 3a,b), whereas the HER3

'as assesmd by MTT assay in PC-% and PC-9/ZD cells, Values are
*Relative resistance
value (leg of resistant cclls,’Iqu of parcjml cells),

h

5
sThebashl lg‘gctpf EGFR was comparable or

and AKT levels were lower in resistant cells,

We carried out quantitative RT-PCR to measure the copy num-
bers of EGFR. Estimated transcript levels of EGFR were 786.3
and 712.1 copies/cell for PC-9 cells and PC-9/ZD cells, respec-
tively (Fig. 3d). Relative ratio of EGFR expression levels in PC-9
cells and PC-9/ZD cells is 1.104. Microarray analysis using Code-
Link Bioarray (Amersham Bio, Piscataway, NI} confirmed equiv-
alent gene expression of EGFR with ratio of 1.002 between PC-9
and PC-9/ZD cells (data not shown).

Expression of PIJK, Grb2, SOS, and She, the adaptor proteins of
EGFR, and PTEN was almost the same in PC-9 and PC-9/ZD cells,
and no change in the protein levels was observed after exposure to
gefitinib (data not shown). The relative densitometric units of each
protein are shown in Figure 3¢, These results suggest that the dif-
ference in protein levels of EGFR, HER2, and related proteins can
not explain the high resistance of PC-9/ZD cells lo gefitinib,

Sequence of HER family member in PC-91ZD cells

Several reports suggest that the resistance to receptor tyrosine
kinase inhibitor STI-571 is partially due to mutations in the
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TABLE Il = CHEMOSENSITIVITY TO PROTEIN KINASE INHIBITORS'
Inbibio Turgat ICse values (M) RR
PC-9 PC-9/Z1>
AG-1478 EGFR 0.052 = 0.02 60038 117
RG-14520 EGFR 13x1.0 1325 1.0
Lavendustin A EGFR 20£46 2726 L3
Genistein TK 18 £ 1.5 2715 L3
K252a PKC 047 = 0.17 0.63 = 0.04 1.3
Staurosporin PKC 0.0036 = 0,0019 0.004 = 0.0014 1.1
AG-825 HER?2 =50 >50

! Assessed by MTT assay in PC-9 and PC-9/ZD cells, Values are the mean =

SD of >3 independent

experiments.— Relative resistance value (ICsy of resistant cells/ICsq of parentat cells).
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Ficure 2 — Growth-inhibitory effect of gefitinib on PC-9 and PC-9/ZD cells Xenotransplanted info nude mice. Ten days before gefitinib
administration, 5 x 10° PC-9 (4) or PC-9/ZD (5} cells were injected s.c. into the back of mice. The mice were divided into 4 groups (¢, control
group: M, 12.5 mg/Kg group: A, 25 mg/Kg group; x, 50 mg/Kg group). Gefitinib was administered p.e, to the umor-inoculated mice on Days

1-21. Each group consisted of 6 mice. The statistica

ATP-binding site of the Ber-Abl, the target of thedmg. 2" We
analyzed the sequences of the cDNAs of EGFR, HER2, and HER3
but found no differences in their sequences between PGC-9 and B
9/ZD cells. We did detect a deleted position of EGFR in:both cell
lines that results in deletion of 5 amino acids (Glu722, Léli723:w:
Arg724, Glu725, and Ala726) }Eﬂg 4). Our findings indicate that
the deletion does not directly (?ont%‘-butTS%o tﬁ gg{ 13 resis

! %E&?@
5

R i
Inhibitory effect of gefitinib .?ﬁ wm@homskggl,%y!gigo Yof Ef G}Z{?}gg‘, ¢

PC-9ZD cells

Phosphorylation of EGFR is necessary for EGFR-mediated
intracellular signaling. Although the EGFR phosphorylation levels
of tumors were thoughs to be correlated with sensitivity to gefiti-
nib, the basal level of phosphorytated EGFR in PC-9 and PC-9/
ZD cells is almost the same. Getitinib inhibited EGFR autophos-
phorylation in a dose-dependent manner and completely inhibited
its phosphorylation at 0.2-2 pM in PC-9 cells (Fig. 5a), but irs
inhibitory effect on autophesphorylation of EGFR in PC-9/Z13
cells was less than in PC-9 cells (Fig, 5a). Because each phosphot-
ylalion site of EGFR has a different role in the activation of down-
stream signaling molecules, we examined the inhibitory effect of
gefitiaib on site-specific phosphorylation of EGFR. Phosphoryla-
tion of several different EGFR tyrosine residues (Tyr845, Tyr992
and Tyr1068) was dose-dependently inhibited by gefitinib in PC-9
cells, whereas no clear inhibitory cffects of gefitinib on phosphor-
ylation at Tyr 845 and Tyri068 residues in PC-9/ZD cells was
observed (Fig. 5b,¢,¢). The most marked dilference of in inhibi-
tion between the cells was observed at Tyr1068 (Fig. Se). Tyr}045
showed resistance to inhibition of autophosphorylation by gefiti-
nib in both PC-9 and PC-9/ZD cells (Fig. 54).

1 analysis was carticd

1 tion betveeni:E

out by using the unpaired ¢-test.

1 i

the Tyr, 1068 is a direct binding site for the Grb2/SH2 domain, and
‘its"Phosphorylation is related to the complex formation of EGER-
ndaptogjmgjns and their signaling, J%q examined complex forma-

veehEGER amlythe adaptorypioteins GRB2, SOS, She, and
'PI3K byifimunopreti i;@ﬁo?}"f TheileVel of expression of these pro-

o i e e DL alGll LG .. . p

teins i{f2PC-9 apgd PEOZD bellshiels similar (Fig. 3a). A smaller
amount of EGFR-GRB2 complex was observed in PC-9/ZD cells
and no EGFR-SOS complex was detecled at all (Fig. 6).
The amount of HER?2- or HER3-GRB?2 complex in PC-9 and PC-9/
2D cells was similar, and no decreases in complex formation were
observed alter exposure to gefitinib. A decreased amount of HER?-
SO8 complex and inability to detect HER3-S0S complex were also
observed in PC-9/ZD cells. HER2-PI3K comiplex increased in PC-
9/ZD. There are no significant differences in complex formation
between SHC and EGFR, HERZ2, or HER3 between PC-9 and
PC-9/ZD cells, These results suggest that Grb2-SOS-mediated
signaling may be inactivated in PC-9/ZD cells,

Heterodimerization of HER family member in PC-9IZD cells
Dimerization of members of the HER family is essentiat for

. activation of their catalytic activity and their signaling. We exam-

ined the effect of gefitinib on the dimerization of HER family
mentbers by immunoblotting, immunoprecipitation and chemical
cross-linking analysis (Figs. 3a, 5a, 7a). The expression levels of
EGFR and HER2 were similar and the HER3 level was lower in
PC-9/£D cells by immunoblotting (Fig. 34). A chemical cross-
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Fiure 3 — Expresssion of HER family members and related molecules in PC-9 (P) and PC-9/ZD (R) cells, (a) Western blot analysis; a 20 pg
sample of total cell lysates was separated by SDS-PAGE, transferred to a PYDF membrane, and incubated with a specific anti-human antibody
as the first antibody and then with horseradish peroxidase-conjugated secondary antibody, The ratios of the levels of expression of proteins and
genes in PC-Y cells to the levels in PC-9/ZD cells are shown, () cDNA expression array; Poly A RNA was converted into *2p_labeled first-
strand ¢DNA with MMLYV reverse transcriptase, The FP-labeled ¢DNA fraction was hybridized to the membrane on which fragments of 777
genes were spotted, The close-up view shows EGFR mRNA expression. (c) Each band was quantified by a densitometry and with NIH image
software. The levels of protcin expression are shown in a graph, (d) Absolute amounts of EGFR transcripts of PC-9 cells and PC-9/ZD cells
measured by real-time quantitative RT-PCR, The values were calculated back to the initial cell numbers for RNA extraction in Material and
Methods.

et

PC-9 and PC-3/ZD cells (Fig. 7a), whereas

Wild type -—-ATCAAGGAATTAAGAGAAGCAACATCT--- incrca%t_’.d@j;pilarly in

I K E L R E A T S8 ¥t mark iction® ofitheterotdimerization of EGFR-HERZ was
720 728 p2 observe nfy g{P Cg%i\lsi(fig;éaﬁ:?These results suggest that a
g7 differgfice in hglerotppidmigedilnetization is a possible determi-
PC-g ATCAAA ACATCT nant factor of gefitinib sensitivity.
PC-B/ZD 1 K T s

Figure 4 - Detection of a deleted position of EGFR. Direet
sequencing of a PC-9 and PC-9/ZD-derived, amplified ¢<DNA [rag-
ment containing the ATP-binding site of EGFR. Top, wild-type
EGFR; botrom, PC-9 and PC-9/ZD.

AKT and MAPK pathways in PC-9ZD cells

Because phosphorylation at Tyr 1068 of EGFR plays an impor-
tant role for transduction of the signal to downstream of MAPK
and AKT pathway,*®*® we examined the difference between PC-9
and PC-9/ZD cells in downstream signaling. The basal tevel of

linking assay showed that in the absence of gefitinib the amount of
high molecular weight complexes ( ~400 kDa) that are recognized
by anti-EGFR antibody (EGFR dimers), including formations of
homodimers and heterodimers (EGFR-EGFR, EGFR-HER2 or
EGFR-HER3), was almost the same in PC-9 and PC-9/ZD cells,
whereas HER2 dimerization detected by anti-HER2 antibody was
remarkably lower in PC-9/ZD cells (Fig. 7a). Increased EGFR/
HER?2 (and EGFR/HER3) heterodimer formation was detected in
PC-9/ZD cells by immunoprecipitation analysis (Fig. 5a). The
proportion of EGFR heterodimer to homodimer is increased sig-
nificantly in PC-9/ZD (Fig. 7h). When exposed to gefirinib at a
concentration of 0.2 uM for 6 hr the amount of dimer-formation

phosphorylated AKT is higher in PC-9 cells than in PC-9/ZD
cells, and although gefitinib inhibited AKT phosphorylation in a
dose-dependent manner (Fig. 94), the inhibitory effect of gefitinib
on phospherylation of AKT in PC-9/ZD cells was significantly
less than in PC-9 cells (Fig. 9a). This difference in the inhibitory
effect of gefitinib on AKT phosphorylation between PC-9 and PC-
9/ZD cells is very similar 10 the difference in effect on EGFR
autophosphorylation. No inhibition of phosphorylation of MAPK
by gefilinib was observed in either cell line (Fig. 95). These resulls
suggest that downregulation of activated AKT is closely correlated
with the ccllular sensitivity to gefitinib, but that inhibition of the
MAPK pathway does not contribute to drug sensitivity.
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Figurr, 5 — Effect of gefitinib on autophosphorylation of EGER. (a) PC-9 and PC-9/ZD cells (5 x 10%) were exposed to 0.02, 0.2 or 2 uM gefi-
tinib for 6 hr. The 1,500 pg of total cell lysate was immunopreeipitated with an anti-EGFR antibody. The immunoprecipitates were subjecied to
gel electrophoresis and Western blotting with anti-phosphotyrosine, anti-HER? and anti-HER3 antibodies. Tyrosine-phosphorylated EGFR was
determined with an anti-phosphotyrosine antibody. Heterodimer formation of EGFR was analyzed with anti-}HIER2 and anti-iER3 antibodies.
The expression levels have been plotted in a graph. (h-¢) PC-9 and PC-%/ZD cells were exposed to 0.02, 0.2 and 2 pM gefitinib for 6 hr. A 20 ug
ol protein of each sample was analyzed by Western blotting by using anti phospho-EGFR (Tyr845, Tyr992, Tyr 1045, Tyr 1068) antibodies.
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FiGURE 6 — Protein interaction
berween EGFR and its adaptor pro-
teins, Cells (P: PC-9, R: PC-9/2D)
were exposed to 0 and 0.2 pM of
gefitinib for 6 hr. The cells were
lysed and immunoprecipitated with
ant-EGFR, anti-HERZ2, and anti-
HER3 antibodics, and the amounts
of the Grb2, SOS1/2, SHC and
PI3K precipitated were monitered
by immunoblotting with their spe-
cific Abs.
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Ficure 7 - Chemical cross-link-
ing of PC-9 and PC-9/ZD cells. ()
After 6 hr exposure to 1.5 mM bis
(sulfosuccinimidyl) subsirate dis-
solved in PBS as indicated in
Materia! and Methods. The cross-

t 4= dimer

i = Monemer

ﬁggﬁgm [

X: EGFR, HER2, or HER3

linking reaction was quenched and 8 'g

the cell lysates were prepared and §

subjected to immunoblot analysis % 4,5

of EGFR, HER2 and HER3, (&) = 4

Ratio of dimmers formed by PC-9 g 3.5

cells o those by PC-9/ZD cells in o 3

the abscnee of gefitinib. The den- E ok

sity of the bands in (a) for EGFR- 2 )

X, HER2-X and [HER3-X were .g 135

quantitied densitometrically. The ©

ratio of EGFR-HER2 was calcu- > 1

lated by the band density obtained = 065 ;
atin = o .

;EllEl;éal.“c 50, X = EGFR, HER2 or &, EGFR-X

Discussion

Interest in resistance Lo target-based therapy (TBT) has been
growing ever since clinical efficacy was first demonsirated."'™"
Although CML patients respond to STI-571 well at first, most
patients eventuzlly relapse in the late stage of the disease. ™2 1t
has been reported that some patients in whom treatment with gefi-
tinib is effective al first, ultimately become 1'ei'raclory.3° Resist-
ance is likely to remain a hurdle that limits the long-term
effectiveness of TBT. PC-9 had a deletion mutation within the
kinase domain of EGFR and is highly sensitive, These characters
are similar to those of NSCLC with clinical responsiveness to gefi-
tinib. Analyzing the mechanism of resistance of PC-9/ZD subline
might be clinically meaningful,

The mechanism of drug resistance is thought to be multifacto-
rial. Because the growth-inhibitory assay in our present study

HER2X HER3-:X EGFR-HER2

showed no cross resistance to 4 variety of cytotoxic agents, the
mechanism of the resistance differs from the mechanisnt of multi-
drug resistance patterns. Although expression of BCRP, one of the
multidrug-resistance-related proteins has been reported to contrib-
ute 1o the resistance to gefitinib,> expression of BCRP mRNA is
observed only in PC-9 cells (data not shown). Although mutations
in the ATP-binding pocket of BCR-ABL gene have been identified
recently in cells from CML gatients who were refractory to STI-
571 treatment or relapse,2> ™ there have been no reports of any
such -mutations for gefitinib resistance, PC-%ZD also became
refractory to gefitinib without secondary mutarion in EGFR
c¢DNA. These suggest the possibility of refractory tumor after
treatment of gefitinib including this kind of phenotype.

There is no significant difference in expression level of EGFR
between PC-9 and PC-9/ZD. Docs the antitumor effect of gefitinib
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Figune 8 ~ Effect of gefitinib on the MAPK and AKT pathway. Cells were placed in medium containing 0, 0.02, 0.2 or 2 pM of gefitinib for
6 hr and harvested in EBC huffer. Total cellular tysates were separated on SDS-PAGE, transferred to a membrane and blotted with (@) anti-phos-

pho-AKT {Serd73) and () anti-phospho-Erk (p44/42) antlbodles

"
require EGFR expression? Naruse er ol sugge:. ‘d that
high senbmvuy of K562/TPA to gefitinib is fie to acquueﬁ
EGFR cxpression. In their study autophosphorylanon Qf EGFR
in K562/TPA cells was inhibited by 0.01 uM geﬁt;mb )
ICsp-value of gefilinib in parental K562 cclls;‘, which 4
express EGFR, was approximately 400-fold hlghcr than th;
the K3562/TPA subline. Furthermore, most ep'ments
responded o gefitinib therapy have EGFR mulation in lung
tumor, 1519
its antitumor effect through an action on EGFR, Ouraprcscm
study showed similar BGFR expression and autophosphorylafié
levels in PC-9 and PC-9/ZD cells, The inhibj Loryg:fiecl ol gefi-
tinib on phosphorylation of EGI',‘R 1Srd1ffegentg;P=,_‘,

show cross-resistance to the §pcq c g‘b R LT
RG-14620 and Lavendustmﬁk dn

shown). Paez er al.'® reported that phosphorylation of EGFR in
gefitinib-resistant cefl fines was inhibited only when gefitinib
was present al high concentration. These findings suggest that
the difference in the inhibitory-effect on EGFR phosphorylation
may determine the efficacy of the drug.

The inhibitory effect of gefitinib on EGFR phosphorylation is
not significant in PC-9/ZD cells despite the absence of differen-
ces in the sequences of EGFR, HER2, and HER3. There are sev-
eral possible explanations for the difference in inhibitory effect.
First, the avidity of gefitinib for the ATP-binding site of EGFR
may be decreased in PC-9/ZD cells due 1o a protein-protein inter-
action, {.e., EGFR and a cortain protein prevent gefitinib from
binding to EGFR. Second, a change in the activity of specific
protein-tyrosine kinase or phosphatase of EGFR in PC-$/ZD
cells, especially after exposure to gefitinib, may result in resist-
ance to inhibition of EGFR phosphorylation. The phosphorylation
level is maintained in exqumtc bﬂlance by the reciprocal activ-
ities of kinase and phosphala\,e 4 and Wa reporled that phos-
phatase plays a role in STIS7l-resistance.™ Third, increased
heterodimer formation by EGFR with other members of the HER

These findings suggest strongly that gefitinib exérts,

& gy

i i 1) nalmg i ?1
LLEsassay, snorididanhibit b2 Becaugd phos aleds

the phosphorylauon of EGER ;f“ the “cellular level (data “not Pt

pression levels are shown in a graph.

e &

ily 1esui"i§ infthe limited inhibition. Heterodimer formation is
reased m PE:9/ZD cells under basal conditions, and no
12258 'h formation was observed after exposure to gefitinib,
ghiimarked heterodimer induction was observed in PC-9
culatlorﬁ in in vitre studies have shown that the ICs-
ifor mhlbmon of the tyrosine kinase activity of EGFR is
023—0 079 p.M' whereas the ICso-value for inhibition of HER2
- 100-fold h:gher We estimale that the inhibitory effect of

“gefitinib depends on the ratio of homodimer formation to hetero-

dimer formiation, and the heterodimer may be one of the routes of

"‘e‘;éape from the action of gefitinib.

msduction by the HER [amily member is mediated by
itheVEA PR na.hsg # pathway and the AKT sig-

ch Fe Jatc cell: proliferation and survival.

Tvm[aq inhibited completely by gefiti-
nib in PC-9 cells, but inhibition of phosphmylared MAPK was not
significant, inhibition of the AKT pathway may be more 1mpomm
to cell sensitivity than inhibition of MAPK. Moasser ef of.”
reporled consistent resulls, showing that downregulation of AKT
aclivity is predominantly seen in tumors that are sensitive to gefiti-
nib. The phosphorylation of AKT and MAPK was not inhibitcd
significantly by gefitinib in PC-9/ZD> cells. This finding might be
aitributable to inactivation of Tyr 1068-Grb2-SOS-mediated sig-
naling,

Based on the results of this comparative stody, EGFR-Grb2-
S0OS complex formation, phosphorylation of Tyr1068, the ratio of
the amount of homodimer formation o heterodimer formation,
and the AKT sipnaling pathway are possible predictive biomarkers
for gefitinib sensitivity. As a different approach, we are now look-
ing for the genes associated with gefitinib resistance in PC-9/ZD
cells compared to PC-9 cells by subtractive cloning,
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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 developed a novel method for
estimating the interpatient variability of CYP3A4 activity by the urinary metabolite of exogenous
cortisol (8-beta-hydroxycortisol [6-8-OHF]). This study was designed to assess whether the
application of our method to individualized dosing could decrease pharmacckinetic (PK} and
pharmacodynamic (PD} variability compared with body-surface area {BSA) —based dosing.

Patients and Methods

Fifty-nine patients with advanced non-small-cell lung cancer were randomly 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, individuatized doses of docetaxel were calculated from the
estimated clearance (estimated clearance = 31,177 + [7.655 X 10™* X total 6-3-OHF] — 14.02 X
alpha-1 acid glycoprotein] — {0.172 X AST] — [0.125 X age]} and the target AUC of 266 mglL - h.

Results

In the individuslized arm, individualized doses of docetaxel ranged from 37.4 t0 76.4 mg/m?
{mean, 58.1 mg/m?). The mean AUC and standard deviation {SD) were 2.71 frange, 2.02 to
3.40 mg/L - h) and 0.40 mg/L. - hin the BSA-based arm, and 2.64 (range, 2.15t0 3.07 mg/t. - h)
and 0.22 mg/L - h in the individualized arm, respectively, The SD of the AUC was significantly
smaller in the individualized arm than in the BSArbased arm (P < .01). The percentage
decrease in absolute neutrophil count {ANC} averaged 87.1% (range, 59.0 10 97.7%; SD, 8.7)
in the BSA-based arm, and 87.4% {rangs, 78.0 ta 97.2%; SD, 6.1} in the individualized arm,
suggesting that the interpatient variability in percent decrease in ANC was slightly smaller in
the individualized arm. '

Conclusion
The individualized dosing methed based on the total amount of urinary 6-p-OHF after cortisol
administration can decrease PK variability of docetaxel.

J Clin Oncol 23:1061-1069. © 2005 by American Society of Clinical Oncology

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 alarge inter-
patient pharmacokinetic (PK) variability.

1061
192

Downloaded from www.jco.org at National Cancer Center on May 6, 2005 .

Copyright © 2005 by the American Society of Clinical Oncology. All rights reserved.



Yamamoto et al

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 treatments. 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 unacceptable toxicity.

Docetaxel is 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.> ">

Human CYP3A4 is 2 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 vive probes for estimating the interpatient vari-
ability of CYP3A4 activity have been reported and include the
erythromycin breath test, the urinary dapsene recovery test,
measuremnent of midazclam clearance (CL), and measure-
ment of the ratio of endogenous urinary 6-beta-hydroxycortisol
(6-B-OHF) to free-cortisol (EC).2# The erythromycin
breath test and the measurement of midazolam CL are 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 observed, 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 6-3-OHF) is
significantly correlated with docetaxel CL, which is metab-
olized by the CYP3A4 enzyme. We also illustrate the possi-
bility that individualized dosing to optimize drug exposure
and decrease interpatient PK 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 estimated bya
urinary metabolite of exogenous cortisol. The objective of
this study was to assess whether the application of our
method to individualized 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
2= 20 years; Eastern Cooperative Oncology Group performance
status of 0, 1, or 2; 4 weeks of rest since any previous anticancer
therapy; and adequate bone marraw (absolute neutrophil count
[ANC] = 2,000/pL and platelet count = 100,000/gL), renal {se-
rum creatinine level = 1.5 mg/dL), 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 following: pregnancy or
lactation; 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-
glutamyltransferase, alkaline phosphatase [ALP], and alpha-1acid
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 PX and PD
variability compared with BSA-based dosing, The primary end
point was PX variability and the secondary end point was PD
variability (ie, toxicity). In 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 [SD]) mg/L - h,*® 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 normally 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 diluted in 100 mL of 0.9%
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l Study registration (n=59) I

y

I Randomization (n=59) |

BSA-based-arm (n=30) ]

| Individualized-arm (n=29) |

I Cortisol administration (n=29) l

Measure nrinary
total 6-beta-QOHF (24hrs) (n=29)

Estimate docetaxel CL (n=29) |

Fig 1. Study flow diagram and adminis-

tered dose of docetaxel. PK, pharmacoki-
netic; AUC, area under the concentration-

Calculate individualized-dose by target AUC
&

Docctaxel administration (n=29)

time curve; CL, clearance; 6-8-OHF,
B-beta-hydroxycortisol.

h 4

Docetaxel administration (n=30)
(60 mg/m?)

3 40 50

Administered dose of docetaxel (mg/m®)

60 70 80

PK sampling (n=30) |

PK sampling (n=29) |

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 solution 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 all patients,

WIW.Jco.org

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?*) = 31.177 + (7.655 X 107*
X total-6-B-OHF [pg/d]) — (4.02 X AAG [g/L]} — (0172
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 1-hour intravenous infusion at  aM to each
patient. The doses of docetaxel in subsequent cycles of treatment
were unchanged, and no prophylactic premedication to protect
against docetaxel-related hypersensitivity reactions was adminis-
tered in either of the treatment arms.

PK Study

Blood 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, 5,9, and 24 hours after the end of the infusion. All
blood samples were centrifuged immediately at 4,000 rpm for 10
minutes, after 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; Beltkey 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 PK models using a zero-order infusion input
and first-order elimination. The model was chosen on the basis of
Akaike’s information criteria.*' The peak plasma concentration
(Cirax) 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 100.

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 **32:3*

Docetaxel concentrations in plasma were also measured by
solid-phase extraction and reversed phase high-performance liq-
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 F
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/b/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 parameters 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.’®*338 The mean alpha and beta half-lives were 9.2
minutes and 3.0 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, docetaxe! CL was 22.6 = 34
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 Lifh/m?, and AUC averaged
2.64 mg/L-h (range, 2.15 to 3.07 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 0.40 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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Tahble 1. Patient Characteristics

BSA-Based individualized
Arm Arm
No. of No, of
Characteristic Patients % Patients % P

Male 25 83 19 66 .14

Prior treatment

None 4 13 4 14 99
Surgery 1 37 <] 31 65
Radiotherapy i3 43 10 34 49
Chemotherapy 21 70 18 62 B2

Platinurm-based regimens 20 67 16 55 .37

; racic ly
Laboratery parameters

ALB, g/l .02
Median 38 35
Range 2645 2444

AAG, g/L .04
Median 1.00 1.25
Range 0.282.15 0.64-2.54

AST, UL 87
Median gl 22
Range 10-40 7-41

ALT, UL .88
Median 18 18
Range 654 445

ALP, UL .03
Median 249 324
Range 129540 185-986

Abbreviations: ECOG, Eastern Cooperative Oncology Group; PS, perfor-
mance status, ALB, serum atournin; AAG, alpha-1-acid glycoprotein; 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.

www,jeo.org

Table 2. Docetaxel PK Pararmeters

BSA-Based Arm Individualized Arrm
Parameters n =30 {n = 29)
o HAALETE 038270, TRAGZAY I
ty2 8lpha®, minutes 92+33 92+27

4 pu

tz betd™ Hour

50
37663

22634 :
Mean mg/L - h 271 s 64
Range mg/L - h 202340 215307
Median 2.65 266
5D 0.40 022

Abbreviations: PK, pharmacckinetic; 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 decreasein ANCare
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 {16.79) and four of 29 {13.8%) patients

6o
b0
=
3
§ 401
2]
3 i
S
3 ¥
2 .
o
20
5 (n =29, r*=0.821)
15 20 80 & 40 45 50 B5
Estimated docetaxel CL (L/hr)

Fig 2. Correlation between the estimated and observed docetaxel clear-
ance (CL} in the individualized arm {n = 29, (—} Linear regression line
{r2 = 0.821); I~ ——-) 95% Cls for individual estimates.
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