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Abstract
Background—This study was to explore whether the efficacy of the EGFR tyrosine kinase
inhibitor ZD1839 (Z, Iressa, gefitinib) plus chemotherapeutic agents docetaxel (D) and cisplatin
(P) may benefit from sequencing of the combination.

Methods—Three head and neck cancer cell lines were used to study the effect of various
combinations of and relative sequencing of D, P, and Z in cell growth inhibition. A population
pharmacokinetic stimulation study was conducted on Z in silico, and used to together with the
growth inhibition data to derive principles for future in vivo use of this drug combination.

Results—The inhibitory effects of Z on combinations of D and P were sequence dependent.
Treatment simultaneously with DPZ or with DP followed by Z (DP→Z) showed synergistic
effects in all three cell lines. However, sequencing with Z followed by DP (Z→DP), gave an
antagonistic effect, suggesting that D and P should be administered when the effect of Z is low.
The induction of apoptosis was also sequence dependent. The in silico pharmacokinetic study
suggested the feasibility of deriving a 5 day on 2 day off regimen for Z, in which D and P
administration commences when levels of Z are low, allowing levels of Z to accumulate
sufficiently during the remainder of the cycle.

Conclusion—These data suggests that it is feasible to design clinical trials with these settings to
maximize the efficacy of this combined drug regimen.
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INTRODUCTION
It was estimated that 45,660 patients would be diagnosed with head and neck cancer
(SCCHN) and more than 11,210 patients would succumb to this disease in 20071. The
expected 5 year overall survival rate of individuals diagnosed with locally advanced
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SCCHN is still poor. The standard of care includes radiation therapy with concurrent
cisplatin, which may be combined with a taxane derivative such as docetaxel2. Cisplatin is
believed to mediate cell death secondary to DNA cross-linking3, while docetaxel is believed
to act by promoting tubulin assembly in microtubules and inhibiting depolymerization in
proliferating cells, producing G2M arrest and p53-independent apoptosis.

Other approaches that suggest improved response rates and survival benefits include
induction chemotherapy using docetaxel, cisplatin and 5-fluorouracil, followed by
chemoradiation4, 5. Phase III trials are ongoing to assess induction chemotherapy followed
by chemoradiation versus chemoradiation alone. Although these aggressive treatment
regimens are efficacious and potentially curative, they are accompanied by toxicities that
may severely impair the quality of life in a substantial proportion of patients6–8. One
approach to minimize toxicity without compromising efficacy includes the incorporation of
targeted agents to cytotoxic chemotherapy. Since over 80% of SCCHN cells express high
levels of epidermal growth factor receptor (EGFR)9, it may be beneficial to include EGFR
tyrosine kinase inhibitors (TKIs) in the treatment regimen, as was demonstrated in a clinical
trial that combined the EGFR-directed monoclonal antibody cetuximab with radiation
therapy10.

While modern TKIs have only modest activity as monotherapy agents11–13, they are well
tolerated, making them suitable for patients with impaired performance status. An early
clinical trial that combined ZD1839 (gefitinib) with 5-fluorouracil and hydroxyurea
concomitantly with twice daily radiation has been shown to be feasible, effective and
tolerable14. Furthermore, data from two phase II trials have shown promising results for the
combination of a TKI with docetaxel and cisplatin in SCCHN15, 16.

Although phase II trials in non small cell lung cancer (NSCLC) demonstrated promising
results, large phase III trials produced negative results, suggesting that the combination of
TKIs with chemotherapy may be detrimental when used without a clearer mechanistic
basis 17, 18. Therefore, this in vitro study was conducted using SCCHN cell lines (Tu177,
Tu212, and SqCC/Y1), to assess the cell cycle effects of the TKI ZD1839 (gefitinib), and to
address mechanistically whether the potentiation and/or inhibition of cancer cell death by a
TKI during chemotherapy may be adversely related to the sequence and timing of drug
application.

The effect of drug concentration on cell growth is best studied in vitro, while drug exposure
(pharmacokinetics) can only be characterized in vivo. Although preclinical tumor growth
models may be conducted in animals, it is often difficult to duplicate pharmacokinetic
human pharamacokinetic profiles precisely in an animal model. Population pharmacokinetic
modeling is used to derive mean parameter estimates and their variability across a treated
population, and may be used to establish relationships between drug exposure and the
relevant pharmacodynamic parameters. Simulation with these models may also be used to
simulate ranges in drug concentration versus time as a function of dose regimen, in order
facilitate the selection of dosing schedules19. In this study, parameters from a previous
pharmacokinetic study on ZD18392, were used to simulate expected ranges of plasma
concentrations versus time in humans, at the dose regimens of interest. Simulated plasma
concentrations were then used together with the dose-response relationships developed in
vitro, to help rationalize the observed successful and failing clinical trial regimens.
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MATERIALS AND METHODS
Reagents

Docetaxel and ZD1839 were obtained from Aventis Pharmaceuticals Inc. (Bridgewater, NJ)
and AstraZeneca Pharmaceuticals (Cheshire, England), respectively. Cisplatin was
purchased from Sigma-Aldrich (St. Louis, MO). All three drugs were dissolved in sterile
dimethyl sulfoxide (DMSO; Sigma-Aldrich) and stored at –20°C. Stock solutions were
diluted in culture media to the final concentration immediately prior to use. In all cases, final
concentrations of DMSO were less than 0.1% in the cell culture media.

Cell lines
The Tu177 cell line was established from a human laryngeal squamous cell carcinoma.
Tu212 was established from a primary hypopharyngeal tumor. SqCC/Y1 was established
from a patient’s SCC of the oral cavity. These cell lines were obtained from Dr. Gary L.
Clayman (University of Texas M. D. Anderson Cancer Center, Houston, TX), Dr. Peter G.
Sacks (New York University College of Dentistry, New York, NY), and Dr. Shi-Yong Sun
(Emory University Winship Cancer Institute, Atlanta, GA), respectively. Cells were cultured
in DMEM: Ham’s F-12 (1:1) supplemented with 10% heat-inactivated fetal bovine serum
and antibiotics (streptomycin, penicillin G and amphotericin B) and maintained in a 37°, 5%
CO2, humidified incubator.

Cell growth assay
SCCHN cell lines were seeded at a density of 3 × 103 cells/well into 96-well plates in
triplicate and incubated at 37 °C and 5% humidity for 24 hours prior to drug treatment to
allow attachment. Drugs were added to cell cultures as single agents at the following
concentrations: docetaxel, 0.08 −20 nM; cisplatin, 0.2 – 50 µM; ZD1839, 0.1 – 30 µM, or in
combination. The cells were then incubated for a further 72 hours. The concentration ratio of
the drugs in the combination treatments was determined based on the IC50 of each drug
(D:P:Z = 1:2500:1500). For sequential drug treatments, docetaxel and cisplatin were
considered a group. In these cell lines one cell cycle is completed in approximately 24 hours
of which about one third to one half is spent in G1 phase. To ensure that most of cells are
accumulated in G1 arrest after addition of ZD1839, we chose 12 hours as the duration period
for these experiments. To assess the effect of sequencing of ZD1839, this agent was added
either concomitantly with, 12 hours prior or 12 hours after DP. Cell growth inhibition was
measured by determining cell density using a sulforhodamine B assay. The percent of
inhibition was calculated as the cell density ratio of drug-treated/untreated cells. All
experiments were performed in triplicate. Multliple drug effect analysis was performed
using the CalcuSyn software from Biosoft (Cambridge, UK), which calculates a
combination index (C.I) using the approach of Chou and Talalay20. In this approach,
synergy is defined as a C.I. < 1.0, antagonism as a C.I. > 1.0, and additivity as C.I. values
not significantly different from 1.020.

Annexin V assay to assess apoptosis
The effects of single and combination drugs on apoptosis were analyzed in Tu177, Tu212
and SqCC/Y1 cells using flow cytometry. Exponentially growing cells (2.5 × 105) were
seeded in 60 mm2 dishes. After seeding for 24 hours, they were treated with single, double,
or triple drug combinations using the same concentrations as the growth inhibition assay
(above). The second drug combination (DP or Z) was added 12 hours after the first
treatment for sequential drug treatment. Control cultures were exposed to DMSO only
(0.1%). Both adherent and floating cells were collected and analyzed with Annexin V assay
after 72 hours of treatment, according to manufacturer’s protocol (BD PharMingen, Franklin
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Lakes, NJ). Briefly, pelleted cells were washed with PBS and resuspended in Annexin
binding buffer (BD PharMingen). Cells were then incubated with Annexin V-phycoerythrin
(Annexin V-PE; BD PharMingen) and 7-amino-actinomycin (7-AAD; BD PharMingen) for
15 minutes at room temperature. The stained cells were then analyzed using a fluorescence-
activated cell sorting (FACS) Caliber bench-top flow cytometer (Becton Dickinson, Franklin
Lakes, NJ). Cells with no drug treatment (DMSO only) were used as a control. The
experiments were repeated independently at least three times, and the average apoptosis rate
was calculated and graphed using FlowJo software (Tree Star, Inc. Ashland, OR).

Cell cycle analysis
Cells were trypsinized, pelleted, washed twice with PBS and fixed in ice-cold 70% ethanol
24 hours after treatment with the various drug concentrations. Fixed cells were treated with
100 units/ml RNase and their DNA was fluorescently labeled with 0.05 mg/ml propidium
iodide. Their morphological and cell cycle parameters were then measured by flow
cytometry using the FACSCalibur System (BD Biosciences, Franklin Lakes, NJ). Data were
analyzed using FlowJo 4.3.1 software (Tree Star, Ashland, OR). Analysis of cell cycle was
performed by investigating the FL2-A profile of the cells identified to be in cycle.
Experiments were repeated in triplicate and statistical differences were assessed based on a
two-tailed t test.

Immunoblotting analysis
Immunoblotting was used to elucidate the underlying mechanism of enhanced growth
inhibition and apoptosis in Tu212 cells. Cells were seeded at a density of 6 × 105 cells in
100 mm2 dishes for 24 hours before drug treatment. The cells were lysed with sample buffer
after 72 hours of incubation with the single, double, or triple drug combinations. Protein
samples (75 µg) from each experiment were separated on 8–15% SDS-polyacrylamide gels
and transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat
dry fat milk in TBST and incubated with various primary antibodies including poly (ADP-
ribose) polymerase (PARP), caspase-9, AKT, p-AKT, ERK, and p-ERK (anti-rabbit: Cell
Signaling, Beverly, MA), caspase-8 (anti-mouse: Cell Signaling), EGFR and p-EGFR (anti-
rabbit: Santa Crutz, Santa Cruz, CA), caspase-3 (anti-mouse: Imgenex, San Diego, CA) and
with horseradish peroxidase (HRP)-conjugated secondary antibodies (Promega, Madison,
WI). The binding signal was visualized using an enhanced chemiluminescense kit (ECL,
Amersham, Buckinghamshire, UK).

Statistical analysis
Effects of the combined treatments on growth inhibition was analyzed statistically using a 1
sample two-tailed student t-test. Bonferroni correction to maintain the family wide error rate
at 0.05 was carried since multiple hypotheses were carried for each experiment.

Pharmacokinetic simulation for ZD1839 (Z, Iressa, gefitinib)
The oral dose population pharmacokinetics of ZD1839 were previously described in a study
conducted in 27 individuals with advanced cancer, using a model that included a rate
limiting dissolution process with subsequent first order oral absorption into the central
plasma compartment and two compartment disposition21. Parameters from the covariate free
version of the model were used to simulate non-protein bound plasma concentrations of
ZD1869 versus time profiles in 2,000 individuals taking oral daily doses of 250 or 500 mg
of ZD1839, for 5 days followed by a 2 day washout period, using Trial Simulator (ver. 2.1.2,
Pharsight Corp., Mountain View, CA, 2001). The 25th, median and 75th quantile (P25,
median, P75) plasma concentrations versus time profiles were then compared with the IC50
versus the wild-type and mutant EGF receptor (0.1 µ M = 44.7 ng/mL and 0.015 µ M = 6.7
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ng/mL, respectively), during and after the 7 day period (Figure 6). The unbound fraction of
ZD1839 in plasma was assumed equal to 0.035221.

RESULTS
Treatment with docetaxel, cisplatin and ZD1839. The growth of the SCCHN cell lines
Tu177, Tu212, and SqCC/Y1 were inhibited by docetaxel and ZD1839 in a dose-dependent
manner with IC50s around 1 nM and 10 µM, respectively22. Their responses to cisplatin was
also dose-dependent with an IC50 around 1.5 µM. Dual combinations comprising any pair of
the agents docetaxel, cisplatin and ZD1839 inhibited the growth of the SCCHN cell lines,
with the most substantial inhibition of cell growth resulting from the combination of
docetaxel and ZD1839 (DZ) (52–58%), while docetaxel plus cisplatin (DP) and cisplatin
plus ZD1839 (PZ) produced growth inhibition rates of 47–53% and 38–51% of control,
respectively (Figure 1A–1C). The triple combination of docetaxel, cisplatin and ZD1839
(DPZ) induced 65–74% growth inhibition in each cell line and was significantly different
from each single drug (Tu212 p <0.004-0.009; Tu177 p <0.0006-0.011; SqCC/Y1 p
<0.032-0.068).

Combination indices calculated according to the method of Chou and Talalay 19

demonstrated some synergy of DP in Tu212 and Tu177 cells. However, this combination
had additive effects in SqCC/Y1 cells (Table 1). Dual combinations of ZD1839 with
cisplatin or docetaxel resulted in additive or synergy effects in all three cell lines, and
synergy in Tu212, Tu177 and SqCC/Y1 cells with average C.I. of 0.43, 0.63 and 0.48,
respectively. Treatment with the triple drug combination DPZ resulted in even lower C.I. in
Tu212, Tu177 and SqCC/Y1 cells: 0.37 (p=0.023), 0.52 (p=0.066) and 0.48 (p=0.117) at
multiple effect levels (IC25~IC75) respectively, suggesting a greater degree of synergy
(Table 1).

Assessment of apoptosis in SCCHN cells
Annexin V flow cytometric analysis of Tu212, Tu177 and SqCC/Y1 cells was utilized to
determine whether growth inhibition was related to increased apoptosis (Figure 2A–2C).
The triple drug combination DPZ showed enhanced apoptotic rates relative to those of the
single agents. Lysates of cells treated with the different drug combinations were analyzed by
immunoblotting to determine whether apoptosis occurred via the extrinsic or the intrinsic
apoptosis pathway23 (Figure 2D). The pathways of apoptotic cell death have been sub-
divided into induction and execution phases24. The induction phase is initiated by
mechanisms that involve either cell surface (extrinsic) signaling and subsequent signal
transduction mechanisms, or activation of intracellular (intrinsic) signaling that results in the
release of mitochondrial components. Caspase-8 and -9 are categorized as initiator caspases,
which activate downstream caspases such as caspase-325. Some induction of PARP and
caspase cleavage was observed when cells were treated with D and P as single agents.
However, cells treated with ZD1839 alone did not demonstrate induction of either pathway.
Cells treated with the dual combinations DP, DZ or DP all demonstrated activation of PARP
and some caspase-3, -8 and -9 cleavage. DP had the least effect on caspase and PARP
activation, corresponding to its lesser effects on growth inhibition. The triple combination
DPZ showed the highest level of PARP, caspase-3 and -8 cleavage. However, caspase-9
cleavage was not increased relative to that seen with DP. These data suggest that apoptosis
in cells treated with docetaxel and cisplatin with or without ZD1839 is mediated by both the
death receptor and the intrinsic apoptotic pathways.
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Effect of ZD1839 on EGFR-mediated signaling pathways
ZD1839 blocked activation of EGFR and phosphorylation of the downstream effector
kinases ERK and AKT. Treatment of Tu212 cells with cisplatin or docetaxel did not alter
the phosphorylation of either of these proteins. However, the addition of ZD1839 to either or
both of these drugs resulted in decreased phosphorylation of EGFR, ERK and AKT in a
similar manner to treatment with ZD1839 as a single agent (Figure 3).

Sequence-dependent growth inhibitory effects of ZD1839
The growth inhibitory effects of TKIs in combination with cytotoxic drugs may depend on
the sequence of drug addition to cells. Therefore, we tested whether the synergistic
interaction observed for the triple combination of ZD1839 with DP was sensitive to the
sequence of addition of ZD1839 to the cells. Administration of DP followed 12 hours later
by Z gave synergistic effects similar to that of simultaneous DPZ treatment in all three cell
lines (Table 1). However, Z followed by the DP combination (Z→DP) gave an antagonistic
effect in Tu177 and SqCC/Y1 cells (C.I. = 1.1 and 1.3, respectively), and a less synergistic
effect (C.I= 0.8) in Tu212 cells. Concomitant treatment with all three drugs (DPZ) or
treatment with the DP→Z sequence produced high apoptotic response rates in SCCHN
cells, as measured using an annexin V flow cytometric assay (Figure 4A–C). However,
when Z was administered prior to DP (Z→DP) a substantial decrease in apoptosis was
observed. Furthermore, the antagonistic effect of the DP combination observed in SqCC/Y1
cells (40.7% apoptosis) was further reduced to 25.5% with the Z→DP regimen (Figure 4A–
C). These results were supported by immunoblotting experiments performed on Tu212 cell
lysates for apoptotic markers (Figure 4D), in which DPZ and DP→Z demonstrated the
highest levels of activation of PARP, caspase-3, -8 and -9. These data lend support for the
inhibition of both the extrinsic and intrinsic apoptotic pathways in cells treated with prior
ZD1839.

Sequential treatment causes different effects on cell cycle
The three agents used in this study could produce cell cycle arrest at different phases in the
cycle. Therefore, cell cycle analysis was performed on SqCC/Y1 cells treated with different
drug combinations for 24 hours (Figure 4E). G2M arrest was observed with docetaxel and
cisplatin, even at concentrations of 0.7 nM for docetaxel and 1.6 µM for cisplatin. However,
cells treated with ZD1839 alone underwent G1 arrest. Cells treated with either DPZ or DP→
Z demonstrated a decreased population of cells in the G1 phase and an increased population
in the G2M phase. However, cells receiving Z prior to the other agents failed to accumulate
in G2M phase, but were arrested in the G1 phase after 24 hours of incubation.

Pharmacokinetic simulation of ZD1839
Plasma concentrations (non-protein bound) of simulated individuals taking oral daily doses
of 250 or 500 mg of ZD1839 (n = 2,000 per cohort) over a 28 day period, were in agreement
with observed values in the study from which the population pharmacokinetic parameters
were derived (data not shown) 20. Additional simulations were then performed at the 250
and 500 mg doses for 5 days followed by a 2 day washout period. The P25, median and P50
concentrations were then plotted versus time (Figure 5). Neither dose produced
concentrations higher than the IC50 of wild-type EGFR (0.08 µM = 44.7 ng/mL ) for a
clinically relevant period of time, while both produced concentrations greater than the IC50
of mutant EGFR, with maximal concentrations of at least 2-fold greater than the IC50 from
day 2 to 5. After a 2 day washout period (day 7) predicted plasma concentrations in more
than 90% of individuals in the 250 mg cohort and about 25% of individuals in the 500 mg
group declined to concentrations below the IC50 of mutant EGFR (0.015 µ M = 6.7 ng/mL).
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DISCUSSION
Docetaxel and cisplatin are both efficacious in the treatment of SCCHN. However, disease-
free survival continues to be rare in advanced SCCHN and new treatment strategies are
needed. The in vitro data from this study suggest that the combination of the EGFR tyrosine
kinase inhibitor ZD1839 with cisplatin and docetaxel produces synergistic growth inhibition,
which is mediated by an increased rate of apoptosis. Furthermore, synergism was highly
dependent upon the correct sequencing of the exposure of cells to ZD1839 relative to the
other cytotoxic agents. Our studies suggest that when ZD1839 is administered first, it arrests
carcinoma cells in G0/G1 phase, making them less sensitive to cell killing by drugs that
exert their cytotoxic effects primarily during the G2M phase of the cell cycle. This study
may provide a new paradigm of considering optimal drug sequencing when planning clinical
trials that involve biologic agents and conventional cytotoxic chemotherapy.

Apoptosis was previously considered a mechanism of taxane-related cytotoxicity24.
However, recent evidence suggests that the precise mechanisms of taxane-mediated cell
death are dose- and cell line-specific, and that individual cells may die via a variety of
apoptotic and mitotic cell death pathways24–29. Proteolytic cleavage of poly (ADP-ribose)
polymerase (PARP) is an early biochemical event during apoptosis and a hallmark of
caspase activation. All drug combinations in this study produced PARP cleavage, with DPZ
demonstrating the highest levels of cleaved PARP. The intrinsic pathway may be a more
prominent mechanism underlying our findings, since caspase-9 cleavage was observed in all
cell samples treated with the various drug combinations. However, the extrinsic pathway
was a major contributor to the enhanced apoptosis observed in cells treated with the triple
drug combination DPZ, as evidenced by enhanced caspase-3 and -8 cleavage. The pathway
of taxane-induced apoptosis is cell line-specific and may be mediated by either the intrinisic
or extrinsic pathway with varying caspase cleavage patterns30, 31. Docetaxel induces
caspase-3, -8 and -9 activation in a human oral squamous carcinoma cell line, which is
consistent with our observations32. The single agents did not induce caspase activation
noticeably at low doses. However, synergistic effects were observed with the triple
combination DPZ, suggesting a role for both extrinsic and intrinsic apoptosis pathways.

Treatment of SCCHN with EGFR TKIs has gained wide acceptance in recent years33–35, in
part, since their favorable toxicity profile makes them an attractive choice in patients who
are elderly or have significant comorbidities. The two commercially available EGFR TKIs
in the U.S., ZD1839 (gefitinib) and erlotinib, have demonstrated modest response rates in
SCCHN when assessed with conventional RECIST criteria. However, substantial disease
control rates including stable disease have been achieved in 34 to 53% of patients with
metastatic or recurrent SCCHN11–13. Conventional cytotoxic chemotherapy of SCCHN with
docetaxel and cisplatin results in response rates of about 30% to 40% in recurrent disease.
There has been much debate concerning the possible activation of pro-survival pathways by
cytotoxic drugs that could be responsible for chemoresistance and poor response rates.
Upregulation of activated AKT has been shown to correlate with worse prognosis in
different cancers36–38. While docetaxel and cisplatin as single agents lead to activation of
EGFR-mediated pro-survival pathways, as evidenced by elevated levels of p-EGFR, p-ERK
and p-AKT, the combination of both drugs has an even more profound effect. Activation of
EGFR-mediated pro-survival pathways can be suppressed by the addition of ZD1839. In this
study, ZD1839 downregulated AKT and ERK activation, even when combined with
docetaxel and cisplatin which strongly induce these pathways. This suggests that survival in
Tu212 cells treated with cisplatin and docetaxel is dependent on these two survival
pathways, which are successfully abrogated by the addition of ZD1839.
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While combinations of EGFR TKIs with cytotoxic chemotherapy have shown promising
results in phase II trials in non small cell lung cancer, the results of phase III trials were
disappointing17, 39, 40. The detailed mechanisms of these negative results need to be
explored. In the preclinical setting, animals were given TKIs for only five days a week.
However, patients took TKIs continuously for seven days a week11, 12, 41. Taxanes exert
their antitumor effects by stabilizing microtubules during mitosis, which results in disruption
of mitosis. However, when tumor cells are pretreated with cytostatic agents like TKIs, their
entry into the mitotic phase of the cell cycle is delayed. Therefore, cytostatic agents like
TKIs may protect tumor cells from taxane-mediated killing. Our data demonstrated that
when ZD1839 is administered before cisplatin and docetaxel, the cell cycle was arrested in
G0/G1 with a concomitant reduction in apoptosis42. We hypothesize that this G0/G1 arrest
prevents cisplatin and docetaxel from exerting their apoptotic effects, since only cells in the
G2M phase of the cell cycle are susceptible to these agents. Since SCCHN cells were
compromised when cisplatin and docetaxel were administered following pre-treatment with
ZD1839, future clinical trials may consider the administration of ZD1839 intermittently,
while administering the cytotoxic agents (D and P) at intervals when plasma concentrations
of ZD1839 are low. These observations are consistent with a study in lung cancer cell lines
by Mahaffey et al. who also illustrated that the sequence of docetaxel followed by another
EGFR-TKI erlotinib resulted in enhanced apoptosis compared with single agent docetaxel43.
In addition, we performed an in silico dosing study of Z using mean and variance parameter
estimates from a previously published population pharmacokinetic model to derive dosing
principles for future in vivo use.

A feasibility dosing study of ZD1839 was performed in silico, to assess whether a regimen
could be developed that maintains adequate plasma concentrations during periods when D
and P are not administered, while yielding minimal effect levels of ZD1839 during the
intervals when D and P are administered. Plasma concentration versus time curves were
simulated for large cohorts taking ZD1839 at 250 or 500 mg daily (n = 2,000 per group) for
5 days, and no ZD1839 on days 6 and 7 (analogous to a Monday to Friday daily dose
regimen, with no dose administered on Saturday and Sunday). Both regimens were predicted
to produce plasma concentrations higher than the IC50 of mutant EGFR (IC50 = 0.08 µM)
(Fig. 5)21, 44 for most of the 5 day regimen. Therefore, EGFR-TK should be adequately
inhibited during that period. Based on the inter-individual variation in pharmacokinetics,
relatively mild toxicity, and the poor vascular perfusion of certain tumors, Li, et al,
suggested that the 500 mg daily regimen would be preferable21. However, these in vitro data
suggest that certain chemotherapy agents such as D and P should be administered when
concentrations of ZD1839 are low, to allow the targeted cancer cells to enter the G2M phase
of the cell cycle, where maximal cell kill is expected. Therefore, the pharmacokinetic
simulations suggest that it may be preferable to initiate chemotherapy with D and P on day
one and then ZD1839 at a dose of 250 mg/day for 5 days followed by a 2 day absence of the
drug, allowing cells to cycle to a more sensitive phase for killing by the D and P
chemotherapy. This regimen could then be repeated for the remaining cycles of
chemotherapy, to maintain sufficiently high plasma concentrations of ZD1839 while
allowing the drug to decline to levels below the IC50 of mutant EGFR during the 2-day
washout period in the vast majority of (> 90% versus 25% for the 500 mg dose regimen).
However, the higher (500 mg) dose regimen of ZD1839 could be considered for
maintenance once the D and P component of the therapy has been completed. However, the
pharmacodynamic studies reported in this study were performed using dissociated cells
grown in culture and lacks the heterogeneity in oxygen, pH and nutrients that occurs in solid
tumors, due to varying distances of cells from the nearest blood vessels, and from the
relatively disorganized vasculatures observed in solid tumors45. The in vitro study also did
not consider the possibility of shielding of sub-populations of cells by the tumor
interstitium46. However, the primary mechanism of action of gefitinib is to inhibit growth of
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cells that express the EGF receptor. Therefore, it was not surprising that the phase specific
cytotoxic chemotherapy agents (docetaxel and cisplatin), examined in this study were most
effective against EGFR positive cells when gefitinib levels were low. Thus, assuming that
gefitinib and these cytotoxic agents reach adequate concentrations in the tumors, it would
seem rational to sequence the administration of the cytotoxic agents when cell growth is not
inhibited by high levels of gefitinib.

A phase II clinical trial combining docetaxel, cisplatin and ZD1839 (gefitinib) was presented
at ASCO in 2005, which demonstrated a remarkable 66.7% disease control rate and 50%
overall response rate 16. However, two thirds of the enrolled patients had newly diagnosed
metastatic SCCHN, and only one third had recurrent SCCHN which carries significantly
lower response rates. The primary tumor location in almost half of the patients was the oral
cavity, which makes it difficult to compare these results with other trials in which most
patients had primary oropharyngeal lesions. Our data suggest that holding the dose of TKI
two days prior to cytotoxic chemotherapy could increase response rates by avoiding cell
cycle arrest in the G0/G1 phase immediately prior to giving cisplatin and/or docetaxel. The
combination of TKIs with conventional cytotoxic chemotherapy is promising. However,
these combinations will only show maximum efficacy if clinical trials are designed that
consider the importance of correct sequencing of the various modalities. A better
understanding of the molecular mechanisms underlying the effects of chemotherapy should
enable us to design improved clinical trials with targeted and conventional chemotherapy
agents.
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Figure 1. Growth inhibition assays for three SCCHN cell lines
Cells of each cell line were seeded at a density of 3 X 103/well in a 96 well plate. After 24
hr, cells were treated with single or combination drugs (D, 0.7 nM; P, 1.6 µM; Z, 1 µM) for
72 hrs. Cells without treatment were used as a control.
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Figure 2. Effect of the treatments on apoptosis
Cells of each cell line were seeded at a density of 2.5 X 105/well in a 6 cm dish. After 24 hr,
cells were treated with single or combination drugs (D, 0.7 nM; P, 1.6 (M; Z, 1 (M) for 72
hrs. Untreated cells were used as a control. A-C. Average of apoptotic rate in each cell line
(A. Tu177; B, Tu212: C, SqCC/Y1). D. Immunoblotting for apoptosis-related markers in the
Tu212 cell line. The DPZ combination shows more cleavage of PARP and caspases than
other single or double drug treatments (black arrows, pre-cleaved; white arrows, cleaved
bands).
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Figure 3. Immunoblotting for EGFR-related signaling pathway proteins in the Tu212 cell line
Z and any of its combinations efficiently inhibit the EGFR-mediated signaling pathways
involving ERK and AKT.
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Figure 4. Effect of sequential treatment on apoptosis and cell cycle
A–C. Apoptotic rates in Tu212, Tu177, and SqCC/Y1 cells upon sequential treatment. Z→
DP consistently shows a lower apoptotic rate than the DP combination. D. Immunoblotting
for apoptosis-related markers in sequentially treated Tu212 cell line. Z→DP shows less
cleavage of PARP and caspases than DP, DPZ or DP→Z drug treatments (black arrows,
pre-cleaved; white arrows, cleaved bands). E. Representative graph of SqCC/Y1 cells
treated for 24 hours with DP, Z, DPZ, DP→ Z, or Z→DP. DP treatment induced S and G2/
M arrest while Z induced G0/G1 arrest. The cell cycle distributions by DP, DPZ and DP→Z
were similar. When Z was given first, there was an increase in G1 arrest (gray line: the
control).
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Figure 5.
Simulated mean plasma concentrations of ZD1839 (P25, median and P75) in individuals (n =
2,000), receiving 250 or 500 mg daily for 5 days following 2 days off drug. Shown also is
the IC50 concentration of ZD1839 versus wt and mutant EGFR (0.1 µM, corresponding to
44.7 ng/ml, versus 0.015µM, corresponding to 6.7 ng/ml, respectively).
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