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Cetuximab (Erbitux, IMC-C225) is a monoclonal antibody targeted to
the epidermal growth factor receptor (EGFR). To clarify the mode of
antitumor action of cetuximab, we examined antibody-dependent
cellular cytotoxicity (ADCC) activity against several tumor cell
lines expressing wild-type or mutant EGFR. ADCC activity and
complement-dependent cytolysis activity were analyzed using
the CytoTox 96 assay. ADCC activities correlated with the EGFR
expression value (R = 0.924). ADCC activities were detected against
all tumor cell lines, except K562 cells in a manner dependent on the
cellular EGFR expression level, whereas complement-dependent
cytolysis activity was not detected in any of the cell lines. The ADCC
activity mediated by cetuximab was examined in HEK293 cells
transfected with wild-type EGFR (293W) and a deletional mutant of
EGFR (293D) in comparison with the mock transfectant (293M).
ADCC activity was detected in 293W and 293D cells, in a cetuximab
dose-dependent manner, but notin 293M cells (<10%). These results
indicate that ADCC-dependent antitumor activity results from the
degree of affinity of cetuximab for the extracellular domain of
EGFR, independent of EGFR mutation status. These results suggest
ADCC activity to be one of the modes of therapeutic action of
cetuximab and to depend on EGFR expression on the tumor cell
surface. (Cancer Sci 2007; 98: 1275-1280)

The epidermal growth factor receptor (EGFR) is a member of
the ErbB family of receptors that is abnormally activated
in many malignancies. EGFR is frequently overexpressed or
abnormally activated in tumors. EGFR overexpression correlates
with a worse outcome.!'? Early studies with anti-EGFR
monoclonal antibodies (mAb) were shown to inhibit the growth
of cancer cells bearing EGFR.®

Cetuximab (IMC-225, Erbitux) is a recombinant, human—murine
chimeric mAb that is produced in mammalian (murine myeloma)
cell culture and targeted specifically to EGFR. Cetuximab is
composed of a murine Fv (EGFR-binding) lesion and a human
IgG1 heavy and x light chain Fc (constant) region. In vitro studies
have shown that cetuximab competes with endogenous ligands
to bind with the external domain of EGFR. Cetuximab binds to
EGFR with 10-fold higher affinity than endogenous ligands
(0.1-0.2 nM cetuximab vs 1 nM epidermal growth factor [EGF)
or transforming growth factor (TGF)-a, respectively).®” Cetuximab
has shown promising preclinical and clinical activity in a variety
of tumor types.®

The anti-tumor strategy is to direct mAb to the ligand-binding
extracellular domain and to prevent ligand binding and ligand-
dependent receptor inhibition. The use of humanized murine-human
chimeric mAb of the IgG1 subtype is now well established for
the treatment of human cancers. Treatment of advanced breast
cancer with human epidermal growth factor receptor type 2
(HER-2)-specific trastuzumab (Herceptin) and of follicular

doi: 10.1111/j.1349-7006.2007.00510.x
© 2007 Japanese Cancer Association

non-Hodgkin B-cell lymphoma with CD20-specific rituximab
(Mabthera, Rituxan) has been shown to increase overall survival.
Human IgG1 is thought to eliminate tumor cells via complement-
dependent cytolysis (CDC) and antibody-dependent cellular
cytotoxicity (ADCC), depending on the target, and also by
direct pro-apoptotic signaling or growth factor receptor antago-
nism. Clynes efal. suggested that ADCC is a major invivo
mechanism of IgG1 action.®® Recently, several mAb, including
trastuzumab, which act predominantly via ADCC and CDC
have been approved for the treatment of cancer patients. These
include chimeric IgG1 mAb rituximab binding to the B-cell
differentiation antigen CD20 for the treatment of B-cell lympho-
mas,” humanized IgGl mAb trastuzumab targeting HER-2
overexpressed in a subgroup of breast cancers,® and humanized
IgG1 alemtuzumab (Campath) targeting the differentiation
antigen CD52 for the treatment of B-cell chronic lymphocytic
leukemia.®

We hypothesized that ADCC is a possible mode of action of
cetuximab against EGFR-expressing tumors. The present study
was designed to clarify the role of cetuximab in ADCC and CDC
activity, and to evaluate the relationship between EGFR expression
status and cetuximab-mediated ADCC and CDC activity. .

Methods

Cell lines and cultures. A human leukemia cell line (K562), a
non-small cell lung cancer (NSCLC) cell line (A549) and a human
embryonic kidney cell line (HEK293) were obtained from the
American Type Culture Collection (Manassas, VA, USA). Human
NSCLC cell lines A431, PC-9 and PC-14 were obtained from
Tokyo Medical University (Tokyo, Japan). Human NSCLC cell
lines Ma-1 and 11_18 were obtained from the National Cancer
Center Research Institute (Tokyo, Japan). PC-9 and Ma-1 are
known to contain E746_A750del, and 11_18 is known to contain
L858R in tyrosine kinase domains of EGFR. The other cell lines
are known to have wild-type EGFR. K562, HEK293, A431, PC-
9, PC-14, Ma-1 and 11_18 cells were cultured in RPMI-1640
(Sigma, St Louis, MO, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibico BRL, Grand Island,
NY, USA). A549 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) with 10%
heat-inactivated FBS.

Plasmid construction and transfection. Construction of the mock
expression plasmid vector (empty vector) and of the wild-type
EGFR and 15-bp deletional EGFR (E746-A750del type deletion)

5To whom correspondence should be addressed. E-mail: knishio@med.kindai.ac.jp
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vectors, both of which possess the same deletion site as that
observed in PC-9 cells, have been described elsewhere.('?
The plasmids were transfected into HEK293 cells and the
transfectants were selected with Zeosin (Sigma). The stable
transfectants (pooled cultures) of the empty vector, wild-type
EGFR and its deletion mutant were designated 293M, 293W
and 293D cells, respectively.

Compound. The mAb anti-EGFR cetuximab (IMC-225, Erbitux)
was kindly provided by Bristol Myers Squibb (New York, NY,
USA).

Analysis of EGFR expression on the cell surface. Cell surface ex-
pression of EGFR in tumor cell lines was quantified using a
flow cytometric system (BD LSR; Becton-Dickinson, San Jose,
CA, USA). The binding of cetuximab to tumor cell lines was
titrated using FACS analysis. Cetuximab and another anti-EGFR
mADb (R-1, sc-101; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) were used as the primary antibodies. Then, 1 x 10® tumor
cells were incubated with 1 ug/mL cetuximab in 1% bovine
serum albumin in phosphate-buffered saline (PBS) for 30 min at
room temperature. After the first reactions, the cell surface was
stained with 10 pug/mL fluorescein-conjugated antihuman IgG
(Vector, Burlingame, CA, USA) for 45 min at room temperature
in the dark. After the second reactions, the tumor cells were
resuspended in 1 mL PBS. For analysis using the anti-EGFR mAb,
1 ug EGFR mAb per 1 X 10° tumor cells was used as the primary
antibody. The secondary antibody was 10 pug/mL fluorescein-
conjugated antimouse IgG (Vector). A minimum of 2 X 10* cells
were analyzed by flow cytometry. Control experiments were
carried out in the absence of primary antibodies. Data were
analyzed with CellQuest software and the modifying program
(Beckton Dickinson, CA, USA). The magnitude of surface
expression of these proteins was indicated by the mean fluore-
scence intensity (MFI) of positively stained cells. The expression
values were calculated as follows:

Expression value = (MFI of positively stained cells)/
(MFI of control cells).

The correlation between the expression of R-1-combined EGFR
and that of cetuximab-combined EGFR were calculated using
simple regression analysis.

Cytotoxicity assays. ADCC and CDC were examined using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega,
Madison, WI). For quantification of ADCC activity, peripheral
blood mononuclear cells were isolated from healthy volunteers
with Lymphocyte Separation Medium (Cappel, Aurora, OH, USA)
and used as effector cells. The target cells were suspended in
RPMI medium without FBS and plated in a 96-well U-bottom
microtiter plate at 5 x 10° cells/well. Cetuximab was added in
triplicate to the individual wells at various concentrations
from 0.001 to 10 pug/mL and effector cells were added at an
effector : target cell ratio of 10:1. For quantification of CDC
activity, human serum from a healthy volunteer was obtained as
a compliment source. To yield a 1:3 final dilution, 50 UL serum
was added. The plates were incubated for 4 h at 37°C, and the
absorbance of the supernatants at 490 nm was recorded to
determine the release of lactate dehydrogenase. The average
of absorbance values for the culture medium background was
subtracted from experimental release (A), target cell spontaneous
release (B), effector cell spontaneous release (C) and target cell
maximum release (D). The specific cytolysis percentage was
calculated using the following formula:

Cytotoxicity (%) = (A - B — C)/(D - B) x 100.

The correlation between the expression of cetuximab-combined
EGFR and ADCC activity was calculated using a simple regression
analysis.

Growth-inhibition assay. We used the 3-(4,5-dimethylthiazol-
2-y)-2,5-diphenyltetrazolium bromide (MTT) assay to evaluate

1276

the cytotoxicity of various drug concentrations. Two hundred
microliters of an exponentially growing cell suspension was
seeded in a 96-well microtiter plate, and cetuximab-containing
solution was added at various concentrations (from 0.001 to
100 pg/mL). Each experiment was carried out in triplicate for
each drug concentration and independently three times.

Growth inhibitory assay for the combination of gefitinib and
cetuximab-mediated ADCC in the PC-9 cell line. We analyzed the
growth inhibitory effect of the combination of gefitinib and
cetuximab-mediated ADCC in the PC-9 cell line using the MTT
assay. Two hundred microliters containing 1000 PC-9 cells, and
various concentrations of gefitinib, were seeded in a 96-well
microtiter plate. Then, 10 uL of cetuximab-containing solutions
of various concentrations (from 0.1 to 10 pg/mL) and 20 000
effector cells were added.

Western blotting. PC-9, PC-14 and A549 cell lines were seeded
in cell culture plates at a density of 6.0 x 10° cells/plate and
allowed to grow overnight in appropriate maintenance cell culture
media for each cell line containing 10% heat-inactivated FBS.
The media were then replaced with RPMI-1640 (Sigma) (PC-9
and PC-14) or DMEM without FBS, with or without cetuximab
(10 and 100 pg/mL}). The cells were incubated for a further 24 h
and stimulated or not stimulated with EGF (100 ng/mL) under
serum starvation conditions. Cells were washed with ice-cold
PBS and scraped immediately after adding 50 uL of M-PER
mammalian protein extraction reagent (Pierce Biotechnology,
Rockford, IL, USA). The protein extracts were separated by
electrophoresis on 7.5% sodium dodecylsulfate—polyacrylamide
gels and transferred to nitrocellulose membranes by electroblotting.
The membranes were probed with a mouse monoclonal antibody
against EGFR (Transduction Laboratory, San Diego, CA, USA),
and phosphor-EGFR (specific for Tyr1068), Akt, phosphor-Akt,
p44/42 MAPK and phosphor-p44/42 MAPK antibodies (Cell
Signaling Technology, Beverly, MA, USA) as primary antibodies,
followed by a horseradish peroxidase-conjugated secondary
antibody. The bands were visualized with an electrochemilumin-
escence reagent (ECL; Amersham, Piscataway, NJ, USA).

Results

Binding properties of cetuximab to tumor cell lines expressing
EGFR. The A431 cells expressed a high level of EGFR on their
surfaces. Cell surface EGFR expression values of the PC-9, PC-14,
A549, Ma-1 and 11_18 cell lines were lower than that of A431.
The MFI for the K562 cells was less than 10 (Table 1). A good

Table 1. Epidermal growth factor receptor (EGFR) expression values
and antibody-dependent cellular cytotoxicity (ADCC) activity

Cell liine EGFR expression EGFR expression ADCC
(R-1) (cetuximab) (%)
A431 286.2 £ 13.7 318.9+98.2 30.7
PC-9 9.7+6.2 20.1+£10.2 20.1
PC-14 17.6£1.5 422+86 26.8
A549 9.1+£1.9 19.1£6.2 24.2
Ma-1 13.8+1.4 275+29 223
11_18 6.1+0.6 126+ 1.1 15.5
K562 1.1+04 28+1.6 7.0
293M 3.7+16 86+3.2 8.2
293w 40.19 6.2 39.73£6.2 16.3
293D 55.21+21.9 53.04 + 8.2 18.9

Expression values and ADCC activity were calculated as described in the
Materials and Methods section. The mean of expression values from
three different experiments and standard deviations are shown. The
values for cetuximab-combined EGFR expression are shown for a
concentration of 1 ug/mt.

doi: 10.1111/].1349-7006.2007.00510.x
© 2007 Japanese Cancer Association
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Fig. 1. Epidermal growth factor receptor (EGFR) expression and cetuximab-mediated antibody-dependent cellular cytotoxicity (ADCC) activity in
the tumor cell lines. (a) Correlation between the expression of cetuximab-combined EGFR and R-1-combined EGFR. The values for cetuximab-
combined EGFR expression are shown for a concentration of 1 pg/mL. The correlation coefficient between the results of these assays was 0.999.
(b) Cetuximab-mediated ADCC activity in tumor cell lines at concentrations ranging from 0.001 to 10 ug/mL was determined using the CytoTox 96
Non-Radioactive Cytotoxicity Assay. (c) Correlation between expression values of cetuximab-combined EGFR and ADCC activity in the seven tumor
cell lines. The values for cetuximab-combined EGFR expression and cetuximab-mediated ADCC activity are shown for a concentration of 1 pg/mL.
The correlation coefficient between the results of these assays was 0.924. (d) Correlation between expression values of cetuximab-combined EGFR
and ADCC activity in transfected HEK293 cell lines. The correlation coefficient between the results of these assays was 0.952.

correlation was observed between the binding of cetuximab and  ADCC activity mediated by cetuximab in 293W and 293D cells
R-1 antibody with a correlation coefficient of 0.999 (P < 0.001;  was dose dependent. In contrast, ADCC activities in 293M cells
Fig. la). were <10% at all concentrations of cetuximab tested (0.001-
ADCC and CDC activities in tumor cell lines. ADCC activities of 10 ug/mL). There was a good correlation between the ADCC
cetuximab were detected in all tumor cell lines except K562  activities and the levels of cetuximab binding to EGFR in the
(Table 1; Fig. 1b). In the K562 cells, % ADCC activities were  cells (R = 0.996, P = 0.055; Fig. 1d). These results indicate that
lower than 10% at all concentrations of cetuximab examined = ADCC depends on the level of cetuximab binding to EGFR, but
(from 0.001 to 10 ug/mL). ADCC activity mediated by cetuximab  not the mutation status of the EGFR tyrosine kinase domains.
was highly correlated with the binding values of cetuximab to Direct growth inhibitory effect of the combination of gefitinib and
cells expressing EGFR (R = 0.924, P =0.003; Fig. 1c). CDC cetuximab-mediated ADCC in the PC-9 cell line. The growth inhibitory
activity was not detected in any of the cell lines in the cetuximab  effect in the PC-9 cell line was shown by effector cells at a
concentration range from 0.001 to 10 pug/mlL. gefitinib exposure exceeding 0.01 phM and was concentration
Direct growth inhibitory effect of cetuximab on tumor cell lines.  dependent (Fig. 3). When cetuximab was added, growth was
Cetuximab showed no growth inhibitory effect in any of the cell  inhibited in a cetuximab concentration-dependent manner. An
lines examined, regardless of EGFR expression levels. Even the  additive growth inhibitory effect was recognized between 0 and
highest concentration of cetuximab (100 pg/mL) did not inhibit ~ 0.01 pM of gefitinib. This additive growth inhibitory effect

growth in any of the cell lines (Fig. 2). could not be evaluated at concentrations between 0.1 and
ADCC activities of cetuximab against the cells transfected with 1.0 LM because of the strong inhibitory effect of gefitinib alone.
wild-type and mutant EGFR. EGFR expression was detected in Effect of cetuximab on phosphorylation of EGFR and its down-

293W and 293D cells, but not in 293M cells (Table 1). The  stream signaling molecules in NSCLC cells. Phosphorylation of EGFR

Kimura et al. ’ Cancer Sci | August 2007 | vol. 98 | no.8 | 1277
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mediated antibody-dependent cellular cytotoxicity (ADCC). The figure
shows dose-dependent growth inhibitory effects of gefitinib with
various concentrations of cetuximab (solid circle, 0 pg/md; solid square,
0.1 ug/mL; open circle, 1.0 pg/mL; solid triangle, 10 ug/mL). Results are
expressed as a percentage of the untreated control value. The data
shown represent the median values of triplicate experiments.

was strongly expressed in PC-9 regardless of EGF treatment, and
the phosphorylation of EGFR continued the strong expression
during cetuximab treatment. Phosphorylation of EGFR was
slightly expressed in PC-14 and A549 without EGF treatment,
but the phosphorylation of EGFR was enhanced by the EGF
treatment. Although the enhancement of phosphorylation was
inhibited dose dependently by cetuximab, the phosphorylation
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was not completely inhibited at the highest concentration
(10 pg/mL} of cetuximab. Phosphorylation of 44/42 MAPK and
Akt was increased in all cell lines compared with the absence
of EGF treatment. Although the increase in phosphorylation
was diminished by adding cetuximab, phosphorylation was not
completely inhibited at the highest concentration (10 ug/mL) of
cetuximab (Fig. 4).

Discussion

Antibody therapies are a major approach in the treatment of
various cancer types. Herein, we focused on the ADCC activity
mediated by cetuximab against human lung cancer cells
expressing wild-type or mutant EGFR. Neither CDC nor direct
growth inhibition mediated by cetuximab was detectable in our
experiments.

Direct growth inhibition, ADCC and CDC mediated by antibodies
are the modes of action of antibody therapies. We previously
demonstrated that ADCC is the major mode of action of trastuzu-
mab in breast cancer cell lines, even when used in combination
with cisplatin."'? Cisplatin did not affect ADCC activity at the
concentration for combined use in vitro. Clinical efficacies of
cetuximab for various types of cancers have been demonstrated
in many clinical studies using combinations with cytotoxic
agents including cisplatin. Thus, ADCC is considered to be an
important factor governing the efficacy of cetuximab.

Mukohara et al. reported that EGFR mutations in NSCLC
cells are not associated with sensitivity to cetuximab in vitro.!?
They focused on the direct growth inhibitory effect of cetuxi-
mab against lung cancer cells. We previously demonstrated that
PC-9 and 293 cells transfected with E746_A750de]l EGFR are

doi: 10.1111/j.1349-7006.2007.00510.x
© 2007 Japanese Cancer Association
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Fig. 4. Effects of cetuximab on phosphorylation of epidermal growth
factor receptor (EGFR), Akt and p44/42 MAPK in non-small cell lung
cancer cell lines. (a) EGFR mutant cell line PC-9 (with the E746_A750del
mutation). (b) EGFR wild-type cell line PC-14. (c) EGFR wild-type
cell line A549. Cells were treated with cetuximab at the indicated
concentrations for 24 h. Immunoblots of cellular protein were analyzed
for phosphorylated and total EGFR, p44/42 MAPK and Akt. The
experiments were repeated at least twice.

hypersensitive to EGFR-tyrosine kinase inhibitors.!'® In con-
trast, we have demonstrated that ADCC activity mediated by
cetuximab is not affected by EGFR mutation status in lung can-
cer cells or in 293 cells transfected with EGFR. Taken together,
these observations indicate that cetuximab exerts its antitumor
effects against human lung cancer cells independently of EGFR
mutation status.

ADCC activity mediated by cetuximab has been demon-
strated against 293 cells transfected with wild-type and mutated
EGFR. Higher ADCC activity against 293D cells compared
with 293W cells was observed with cetuximab exposure
(Fig. 1d; Table 1). However, ADCC was correlated with EGFR
expression levels in these transfectants. The activity appears to
depend on expression levels but not mutation status.

Approximately 30 mutations of EGFR have been reported
in lung cancer.*-'® ADCC activity against PC-9 cells with
E746_A750del in exon 19, one of the common mutations, has
been demonstrated herein. We also examined ADCC activity
against another human lung cancer cell line, 11_18,"" with
L858R in exon 21, which is another common mutation. Our
results showed a strong positive correlation between ADCC
activity and EGFR expression level, and that the impact on
ADCC activity did not depend on the site of EGFR mutations.

Cetuximab is a chimeric antibody against the extracellular
domain of EGFR. Other antitumor anti-EGFR antibodies currently
under investigation clinically include humanized antibodies.!'®
It remains unknown whether humanized and chimeric antibodies
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exert ADCC activity against lung cancer differentially, and this
awaits future investigation.

Some investigators have reported on the predictive factor and
enhancement of ADCC activity mediated by certain mAb other
than cetuximab.*?? Important ADCC-mediating effector cells
that express receptors against the Fc region of IgG include
monocytes and macrophages (FcyYRI, IIa and IIb), granulocytes
(FcgRII) and natural killer cells (FeyRIIL).Y® One group of
researchers demonstrated single nucleotide polymorphisms of
FcyRII in individual patients correlating with rituximab-dependent
ADCC activity and the clinical response to rituximab.”®” Carson
et al. demonstrated that the natural killer cell-mediated ADCC
activity of breast cancer cell lines expressing HER2/neu, in the
presence of trastuzumab, was markedly enhanced following
stimulation with interleukin 2 and proposed the concurrent use
of trastuzumab and interleukin-2 therapy in patients with can-
cers expressing HER2/neu.®" However, from the view point of
mADb but not effector cells, lack of fucosylation of the antibodies
affects ADCC enhancement.” Whether or not these factors
enhance cetuximab-mediated ADCC activity warrants further
examination.

We showed additional growth inhibition by gefitinib and
cetuximab in PC-9 cells. PC-9 cells had a deletional mutation in
exon 19 of EGFR and hyper-responsiveness to gefitinib. We think
that cetuximab-mediated ADCC increased the growth inhibition-
independent response to gefitinib. The ADCC activity could not
be evaluated at higher concentrations of gefitinib (>0.1 uM)
because PC-9 cells were sufficiently inhibited at the higher con-
centrations. Additionally, we showed that some phosphoryla-
tions downstream of EGFR in NSCLC cell lines were mediated
by cetuximab, although cetuximab had no growth inhibitory
effect on the cell lines. We think that cetuximab-combined
EGFR inhibits binding of EGFR and its ligands, such as EGF,
and that phosphorylation downstream of EGFR is inhibited as a
consequence of the addition of cetuximab. We have shown that
phosphorylation of 44/42 MAPK and Akt in NSCLC cell lines
was increased by EGF treatment and decreased by then adding
cetuximab. Phosphorylation of EGFR in PC-14 and A549 cells
was decreased with the addition of cetuximab, as in the 44/42
MAPK and Akt cell lines. Phosphorylation of EGFR in PC-9 cells
was strongly increased without ligands under serum starvation
conditions and was not decreased by cetuximab. Phosphoryla-
tion that was independent of ligand binding to EGFR seem not
to be controlled by cetuximab.

These results conclude that cetuximab has ADCC activity against
tumor cells with EGFR expression, and ADCC activity depends on
the degree of EGFR expression on tumor cell surfaces, additionally
leading us to believe that cetuximab treatment has clinical activity
in EGFR-expressing tumor cells via cetuximab-mediated ADCC.
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Cancer Therapy: Clinical

CYP2C9 and CYP2C19 Polymorphic Forms Are Related to Increased
Indisulam Exposure and Higher Risk of Severe Hematologic Toxicity

Anthe S. Zandvliet, Alwin D.R. Huitema,' William Copalu,® Yasuhide Yamada,* Tomohide Tamura,*
Jos H. Beijnen,"® and Jan H.M. Schellens®®

Abstract

Purpose: The anticancer agent indisulam is metabolized by the cytochrome P450 of enzymes
CYP2C9 and CYP2C19. Polymorphisms of these enzymes may affect the elimination rate of indi-
sulam. Consequently, variant genotypes may be clinically relevant predictors for the risk of devel-
oping severe hematologic toxicity. The purposes of this study were to evaluate the effect of
genetic variants of CYP2C9 and CYP2C19 on the pharmacokinetics of indisulam and on clinical
outcome and to assess the need for pharmacogenetically guided dose adaptation.

Experimental Design: Pharmacogenetic screening of CYP2C polymorphisms was done in 67
patients treated with indisulam. Pharmacokinetic data were analyzed with a population pharma-
cokinetic model, in which drug elimination was described by a linear and a Michaelis-Menten
pathway. The relationships between allelic variants and the élimination pharmacokinetic parame-

~ ters (CL, Vmax, Km) were tested using nonlinear mixed-effects modeling. Polymorphisms causing
. a high risk of dose-limiting neutropenia were identified in a simulation study. '

Results: The Michaelis-Menten elimination rate (V ax) was decreased by 27% (P < 0.0001) for
heterozygous CYP2C9*3 mutants. Heterozygous CYP2C19*2 and CYP2C19*3 mutations
reduced the linear elimination rate (CL) by 38% (P < 0.0001). The risk of severe neutropenia was
significantly increased by these mutations and dose reductions of 50 to 100 mg/m? per mutated
allele may be required to normalize this risk. o

Conclusions: CYP2C9*3, CYP2C19*2, and CYP2C19*3 polymorphisms resulted in a reduced
elimination rate of indisulam. Screening for these CYP2C polymorphisms and subsequent phar-
macogenetically guided dose adaptation may assist in the selection of an optimized initial indi-

sulam dosage.

Indisulam is a sulfonamide anticancer agent that disrupts cell
cycle progression in the G,-S transition (1-3). Indisulam was
well tolerated, but had only moderate single-agent activity in
several phase II studies (3 - 8). The compound is currently being
evaluated as an adjuvant to standard chemotherapy in multiple
phase II clinical studies for the treatment of solid tumors.
Phase I studies showed that reversible neutropenia and
thrombocytopenia were the dose-limiting toxicities of indi-
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sulam (9-14). The pharmacokinetic properties of the com-
pound have been extensively studied (9-16). Drug clearance
decreased with increasing dose, which was indicative for
the saturable elimination of indisulam. A semiphysiologic
population pharmacokinetic-pharmacodynamic model was
developed, which included two parallel pathways for drug
elimination: a saturable pathway with Michaelis-Menten
kinetics and a linear pathway (16, 17). The interindividual
variability of the maximal rate of Michaelis-Menten elimination
(Vmax) was 45%. Differences between patients in hepatic
metabolic capacity account for this variability. The pharmaco-
kinetic-pharmacodynamic model showed a clear relationship
between pharmacokinetics and hematologic toxicity (17).
Patients with impaired metabolic capacity may have a relatively
high risk of severe myelosuppression due to higher drug
exposure.

Results of a clinical mass balance study showed that more
than 98% of indisulam is metabolized before it is excreted into
the urine or feces (18). No data regarding the activity or toxicity
of the metabolites are available. The major metabolite, O-
glucuronide indisulam, is formed by glucuronidation of a
hydroxyl metabolite of indisulam (18, 19). The hydroxyl
metabolite is highly reactive and is immediately conjugated to
form O-glucuronide or O-sulfate indisulam. Therefore, the
formation of this hydroxyl metabolite may be a rate-limiting
process in the metabolism of indisulam.

www.aacrjournals.org



Pharmacogenetic Study of Indisulam

Hydroxylation of indisulam is catalyzed by cytochrome P450
enzymes. The contribution of CYP isoenzymes in CYP-
dependent metabolism of indisulam was studied previously
using human recombinant isozymes. Taking into account the
human liver microsome content of each isozyme (20), it was
estimated that CYP2C9 had the highest contribution in
indisulam metabolism, followed by CYP2C19 (study report,
Eisai Co., Ltd., 2002). Concisely, hydroxylation by CYP2C9 and
CYP2C19 may be rate limiting for the metabolism of
indisulam.

Polymorphisms in the CYP2C genes may affect the rate of
elimination of indisulam. Consequently, treatment outcome
may be altered. Furthermore, variant genotypes may be
clinically relevant predictors for the risk of severe hematologic
toxicity. The purpose of the current study was to evaluate the
effect of allelic variants of CYP2C9 and CYP2C19 on indisulam
pharmacokinetics in cancer patients.

Materials and Methods

Clinical studies. Indisulam pharmacokinetics have been extensively
studied during a phase 1 program that consisted of seven clinical studies
(9-14). Indisulam was administered at various dose levels in 1- or
2-h infusions every 3 weeks (Table 1). Full pharmacokinetic sampling
was done during the first treatment cycle, and hematologic parameters
were monitored twice weekly. In a pharmacogenetic substudy, which
was done in three out of these seven trials, patients were screened for
CYP2C allelic variants. Both Caucasian and Japanese patients were
included in the substudy because mutant allele frequencies of CYP2C9

Table 1. Patient characteristics and dose levels

Caucasian Japanese
Number of patients 46 21
Primary tumor type
Colorectal carcinoma 9 15
Pancreas carcinoma 10 -
Gastrointestinal 3 1
carcinoma
Adenocarcinoma of 7 —
unknown primary site
Sarcoma 4 1
Melanoma 2 -
Lung carcinoma 4 3
Renal cell carcinoma 2 -
Ovarian carcinoma 2 -
Other 3 1

Patient characteristics Median (range) Median (range)

Male/Female 25/21 15/6
Weight (kg) 74 (43-119) 61 (44-79)
Height (cm) 172 (153-193) 165 (149-180)
Body surface 1.88 (1.36-2.23) 1.68(1.39-1.94)
area (m?)

Age 59 (19-81) 57 (35-70)

Dose level (mg/m?)
350 11 (1-h infusion) -
400 - 3 (1-h infusion)
500 14 (1-h infusion) —
600 12 (1-h infusion) 3 (1-h infusion)
700 7 (1-h infusion) 6 (2-h infusion)
800 2 (1-h infusion) 6 (2-h infusion)
900 - 3 (2-h infusion)

www.aacrjournals.org
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were expected to be high in Caucasians and mutant allele frequencdies of
CYP2C19 were expected to be high in Japanese populations.

Pharmacokinetic and genetic data from this substudy were the
primary focus of the present pharmacogenetic analysis. In addition,
pharmacokinetic data from the remaining four clinical trials were used
to precisely determine the pharmacokinetic characteristics of indisulamn.
The study protocols were approved by medical ethics committees of the
centers in which the studies were carried out. Written informed consent
was obtained from each patient.

Bioanalysis. Indisulam plasma concentrations of the Caucasian
patients were measured using a validated high-performance liquid
chromatography (HPLC) method coupled with electrospray ionization
tandem mass spectrometry (21). In the Japanese population, concen-
trations were measured in plasma, plasma ultrafiltrate, and erythro-
cytes. After sample pretreatment, a validated HPLC method with UV
detection was used for quantification of indisulam (14). Both methods
were extensively validated and cross-validated according to Food and
Drug Administration guidelines (22). Considering the successful cross-
validation of the two methods, we did not discriminate between these
methods during data analysis.

Genotyping analysis. Pharmacogenetic screening of the Caucasian
patients was done for the *2, *3,*4, and *6 mutations of CYP2C9 and
for the *2, *3, *4, *5, and *6 polymorphisms of CYP2C19. DNA was
isolated from peripheral lymphocytes using the Nucleon BACC kit
(Amersham Life Science) and Qiagen kits. Fluorescent allele specific
hybridization was used to determine the genotype for CYP2C9*2 and
CYP2C9*3. An amplification refractory mutation system (ARMS) was
applied for CYP2C19*3 and CYP2C9*5. The remaining mutations were
detected by real-time PCR methods. Japanese patients were genotyped
for the *2 and *3 mutations of CYP2C9 and CYP2C19 as described by
Yamada et al. (14).

Population pharinacogenetic data analysis. Pharmacokinetic data of
indisulam were analyzed with a previously developed population
pharmacokinetic model using NONMEM (version V, level 1.1;
Globomax LLC). The analysis was done using the first-order estimation
method in NONMEM after logarithmic data transformation. The
population pharmacokinetic model described the distribution and
elimination of indisulam for various dosage levels and administration
regimens in both Japanese and Caucasian patients (16). The elimina-
tion model comprised two parallel pathways: a linear pathway
{(described by the linear clearance CL) and a saturable Michaelis-
Menten pathway (described by a maximal elimination rate, Va0 and a
Michaelis-Menten constant K,; ref. 16).

In the current study, the elimination model was extended to evaluate
the impact of CYP2C polymorphisms on the pharmacokinetics of
indisulam. The relationships between mutations of the CYP2C9 and
CYP2C19 genes and each of the three elimination pharmacokinetic
parameters (CL, V., and K,,) were verified.

Allelic variants were incorporated in the population model as
covariate relationships according to Eq. A. A pharmacokinetic
parameter P had a typical value of P,op in wild-type patients. The
typical value of heterozygous patients was equal to P, reduced by
8 x 100%. Homozygous mutations were assumed to have twice the
impact of heterozygous mutations, and the corresponding typical value
of P was reduced by 2 X 8 x 100% as compared with wild-type.

P = Pyop % (1 — (8 x heterozygous + 2 x 8 x homozygous)) (A)

Polymorphisms that were observed in the study population at a
frequency >2% were tested for their effect on the linear elimination of
indisulam (CL) and for their impact on the saturable elimination
pathway (V. and/or K,,). Discrimination between models with and
without a pharmacogenetic effect was based on the log-likelihood
ratio test. A P value of 0.001 was considered statistically significant.
This univariate analysis was followed by a multivariate test. After
indusion of the pharmacogenetic relationships that were statistically
significant in the univariate analysis, a backward elimination
procedure was done. Only effects of allelic variants that were
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Table 2. Observed genotype and allele frequencies of the polymorphisms under study

Polymorphism Nucleotide change Effect Caucasian population Japanese population
(cDNA)
Wt Het Hom Allele Wt Het Hom Allele
frequency (%) frequency (%)
CYP2C9*2 Cc430T R144C 35 10 1 13 21 0 0 0
CYP2C9*3 A1075C 1359L 36 9 1 12 19 2 0 4.8
CYP2C9*5 C1080G D360E 45 1 0 1.1 21 0 0 0
CYP2C9*6 818 Del A Frame shift 46 0 0 0 21 0 0 0
CYP2C19*2 G681A Splicing defect 37 9 0 9.8 10 7 4 36
CYP2C19%3 G636A W212X 46 0 0 0 18 3 0 7.1
CYP2C19*4 AlG Initiation codon 45 1 0 1.1 21 0 0 0
CYP2C19*5 C1297T R433W 46 0 0 0 21 0 0 0
CYP2C19*6 G395A R132Q 46 0 0 0 21 0 0 0

Abbreviations: Wt, wild type; Het, heterozygous mutant; Hom, homozygous mutant.

significant in the multivariate analysis (P < 0.001) were included in
the final pharmacokinetic model.

The CYP2C19*2 and CYP2C19*3 mutations were both known to
result in nonfunctional protein (23, 24). Therefore, it would not be
plausible to expect different effects of these mutations on indisulam
metabolism, and consequently, we did not discriminate between these
mutations in the statistical analysis.

Covariate relationships between patient characteristics and pharma-
cokinetic parameters that were previously identified were also included
in the extended pharmacogenetic model (16). Hence, the value of V.
was not only dependent on genotype, but also on the body surface area.
Moreover, the linear clearance was not only dependent on genotype,
but also on race. A multivariate analysis was done to verify whether
genotype could replace race to explain a difference in CL between
Caucasian and Japanese patients.

Assessment of clinical relevance. After establishment of statistically
significant pharmacogenetic relationships, the clinical relevance of the
effects of polymorphisms were assessed in the study population. The
dose-limiting toxicities of indisulam were hematologic side effects such
as neutropenia and thrombocytopenia (13). We evaluated the role of
CYP2C genotypes in the occurrence of grade 4 neutropenia in the
patients who participated in this study. Significant relationships
between CYP2C polymorphisms and observed nadir neutrophil counts
were identified by the Kruskal-Wallis test using SPSS for Windows
(version 11.0.1, SPSS Inc.). .

Simulation study of dose-limiting neutropenia. With increasing
systemic exposure to indisulam, the risk of dose-limiting hematologic
toxicity proved to be increased. A semiphysiologic model of the
hematologic toxicity of indisulam has been developed previously (17).
This pharmacokinetic-pharmacodynamic model described the time
profile of the absolute neutrophil count (ANC) after administration of
indisulam. It was used in the current analysis to estimate the risk of
dose-limiting neutropenia, defined as an ANC of < 0.5 x 10°/L during
at least 1 week. With this model, patients were simulated to receive the
recommended indisulam dosage of 700 mg/m?. For each patient, the
time profile of the ANC was generated, and the occurrence of dose-
limiting neutropenia was assessed. First, a group of wild-type patients
was simulated. Second, heterozygous and homozygous patient groups
were simulated for each polymorphism. Each simulated group
consisted of more than 10,000 patients. The risk of dose-limiting
neutropenia was defined as the proportion of patients who experienced
dose-limiting neutropenia. The relative risk of dose-limiting neutrope-
nia for a variant genotype was the ratio of the proportions in the mutant
and the wild-type patient group. The large number of patients in each
simulated group guaranteed that the relative risk could be precisely
estimated (relative SE <10%).
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Dose adaptation. The simulation study as described above was
repeated with adapted dosages of indisulam to determine the dose
reduction needed to normalize the risk of dose-limiting neutropenia in
patients with high-risk CYP2 mutations. This analysis aimed at the
development of a straightforward method for dose adaptation, which is
feasible for implementation in clinical practice.

Results

Pharmacokinetic samples were obtained from a total of 213
patients. A subpopulation of 21 Japanese and 46 Caucasian
patients from three clinical studies was genotyped for poly-
morphisms in CYP2C9 and CYP2C19 genes. Patient character-
istics and administered doses of this subpopulation are listed
in Table 1. The variant alleles CYP2C9*2, CYP2C9*3,
CYP2C9*5, CYP2C19*2, CYP2C19*3, and CYP2C19*4 were
observed in the study population. Genotype frequencies are
listed in Table 2. Observed allele frequencies in the current
study were consistent with previously reported data in both the
Caucasian and the Japanese subpopulation (25-32).

Effect of genomic variants on indisulam exposure. Drug
exposure was generally increased in patients with CYP2C9
and/or CYP2C19 mutations, which indicates that indisulam
elimination was reduced by some of the CYP2C polymor-
phisms. This is shown in Fig. 1 for all patients who received
500 mg/m? indisulam. Plasma concentration versus time curves
show a clear discrimination between mutants (both CYP2C9
and CYP2C19) and wild types at this dose level (Fig. 1A). The
area under the concentration-versus-time curve (AUC) were
higher for mutants than for wild-type patients (Fig. 1B). Similar
plots of other dose levels showed a marked effect of the
CYP2C19*2 variant. Patients who were heterozygous for this
mutation generally had substantially higher AUC values than
wild-type patients. Exposure was further increased in homozy-
gous CYP2C19*2 mutants (data not shown).

To our knowledge, for the first time, the CYP2C9*5
polymorphism was observed in a Caucasian individual. The
AUC of indisulam in this patient after administration of
600 mg/m? in a 1-h infusion (2,512 mg/L/h) was almost
twice higher than the AUC of three wild-type Caucasian
patients who had received the same dosage (AUC range
1,035-1,458 mg/L/h).
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Fig. 1. Plasma concentrations of wild-type patients (—0—) were generally lower
than concentrations measured in mutants (—@=), 4, plasma concentration time
curves are depicted of all 14 patients who were treated at the 500 mg/m? dose level.
B, AUC values of the same 14 patients. Variant genotypes are listed (genes not
mentioned were wild type).

Population pharmacogenetic data analysis. The CYP2C9*2,
CYP2C9*3, CYP2C19*2, and CYP2C19*3 mutations occurred
at a frequency >2% and were therefore included in the
statistical analysis to evaluate their effect on indisulam
pharmacokinetics. In the univariate analysis, the relationships
between the CYP2C9*3, CYP2C19*2, and CYP2C19*3 muta-
tions and the Michaelis-Menten elimination rate (V.,) were
statistically significant. The CYP2C19*2 and CYP2C19*3 poly-
morphisms also significantly reduced the linear clearance (CL).

The Michaelis-Menten constant (K,) was not significantly
affected by any of the polymorphisms.

Upon multivariate evaluation of the univariately selected
pharmacogenetic effects, the racial difference in CL was not
significantly different from 1 and was therefore excluded from
the model. The CYP2C9*3 allelic variant was shown to
significantly impair the saturable metabolism of indisulam by
a typical 27% reduction of V. in heterozygous mutants (P <
0.0001). The relationships between the CYP2C19 mutations
and V., were not significant in the multivariate analysis and
were excluded during the backward elimination procedure. The
CYP2C19*2 and CYP2C19*3 polymorphisms resulted in
significant reductions of linear elimination of indisulam (P <
0.0001), and the typical value of CL was decreased by 38% in
heterozygous patients. The final model included two pharma-
cogenetic effects: CYP2C9*3 (~Vi.x) and CYP2C19*2/
CYP2C19*3 (~ CL; Table 3).

Clinical relevance of pharmacogenetic effects. Indisulam
clearance was typically reduced in patients with one or more
of the genomic variants CYP2C9*3, CYP2C19*2, and CYP2C19*3.
Consequently, these patients showed a higher exposure to
indisulam. The CYP2C9*3, CYP2C19*2, and CYP2C19*3 poly-
morphisms were thus expected to cause a higher risk of grade 4
neutropenia.

Data on the occurrence of hematologic toxicity were available
for all patients who were included in the pharmacogenetic
substudy. Eight patients had grade 4 neutropenia at cycle 1:
three Japanese and five Caucasian patients (Fig. 2). Two
Japanese patients who received the highest dose level of 900
mg/m? indisulam had grade 4 neutropenia. Both patients had
the CYP2C19*2 mutation; one patient was homozygous and
had a nadir neutrophil count as low as 0.018 x 10%/L, and the
other patient was heterozygous. A third Japanese patient with a
neutrophil count below 0.5 X 10°/L was heterozygous for
CYP2C19*2 and was treated with 800 mg/m? indisulam. Two
Caucasian patients had received 800 mg/m’ indisulam; one
was homozygous for the CYP2C9*3 mutation and had severe
dose-limiting neutropenia during 2 weeks, whereas the other
patient had a wild-type genotype and a neutrophil count below
0.5 x 10°/L at a single occasion. Clinical data are depicted in
Fig. 2. At the higher dose levels, nadir neutrophil counts
decreased with increasing dose level and with an increasing
number of influential mutations. Due to small patient
numbers, significant relationships between CYP2C polymor-
phisms and observed nadir neutrophil counts could not be
shown. For the same reason, relative risks of severe neutropenia

Polymorphism

Table 3. Effect of heterozygous mutations on the pharmacokinetic parameters Vax and CL

t

Effect Effect size (%) 95% CI* (%) P
CYP2C9*2 No significant effect
CYP2C9*3 Reduction of Vmax 27 13-40 <0.0001
CYP2C9*5 Insufficient data
CYP2C19*2 Reduction of CL 38 31-45 <0.0001
CYP2C19%*3
CYP2C19*4 Insufficient data

T The log-likelihood ratio test was used to calculate the P value.

*The 95% confidence interval was established by likelihood profiling.
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