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ABSTRACT
Purpose: VX-710 (biricodar, Incel) restores drug sensitivity to P-glycoprotein (MDR1) and multidrug resistanceassociated protein (MRP1)-expressing cells. This Phase II
study evaluated the safety/tolerability, pharmacokinetics,
and efficacy of VX-710 plus paclitaxel in women with locally
advanced or metastatic breast cancer who were refractory
to prior paclitaxel therapy.
Experimental Design: Eligible patients had paclitaxelrefractory disease defined as progressive disease after a
minimum of two cycles of paclitaxel (weekly or 3-week
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schedule) or relapsed/progressive disease within 6 months of
prior paclitaxel therapy. Patients received 80 mg/m2 paclitaxel over 3 h starting 4 h after initiation of a 24-h continuous i.v. infusion of 120 mg/m2/h VX-710. Cycles were repeated every 3 weeks.
Results: Thirty-seven patients received study treatment
and 35 were evaluable for response. VX-710 ⴙ paclitaxel
therapy was generally well tolerated. Myelosuppression was
the principal toxicity, with a median nadir ANC cycle 1 of
0.76 ⴛ 109 cells/liter and a 40% overall incidence of Grade
4 neutropenia. Nonhematological side effects (asthenia, paresthesia, headache, myalgia, nausea, and diarrhea) were
generally mild to moderate and reversible. Paclitaxel AUC
(16.8 ⴞ 5.0 g ⴛ h/ml) and clearance (5.1 ⴞ 1.3 liters/h/m2)
during the first treatment cycle were comparable with
standard 175 mg/m2 paclitaxel administered in a 3-h schedule. Four patients achieved partial responses (three of the
four had progressive disease on prior paclitaxel) with a
mean response duration of 5.5 months.
Conclusions: The 11.4% (4 of 35) objective response
rate observed in this study suggests that VX-710 can resensitize a subgroup of paclitaxel-refractory patients to paclitaxel. The safety and pharmacokinetics of the VX-710/pacitaxel regimen support further evaluation in breast cancer
patients with initial paclitaxel therapy to prevent emergence
of the MDR phenotype in recurrent disease.

INTRODUCTION
Patients with locally advanced or metastatic breast cancer
generally achieve objective responses and substantial palliation
after treatment with the currently available chemotherapies. An
anthracycline-based regimen or paclitaxel is presently the most
common regimen for patients with advanced disease, although
treatment with docetaxel, combination or sequential treatment
with an anthracycline and a taxane, or therapy with paclitaxel
and recombinant humanized anti-HER2 monoclonal antibody
are currently alternative treatment approaches (1, 2).
The activity of paclitaxel in advanced breast cancer is well
documented. Depending on the paclitaxel dose, infusion schedule, and patient demographics (e.g., chemotherapy-naı̈ve, previously treated, or anthracycline-resistant), response rates range
from 23 to 56% (3–10). Similarly, median times to disease
progression and survival range from 4 to 9 months, and 9.5 to 21
months, respectively (3–10). Despite the activity of paclitaxel
observed in these and other studies, responses are often of short
duration, and relapsed patients frequently develop acquired drug
resistance, resulting in diminished sensitivity to subsequent
treatments. Furthermore, a significant percentage of patients
(⬎40%) are intrinsically resistant to paclitaxel therapy.
There are several potential mechanisms for intrinsic or
acquired resistance to paclitaxel (11). Paclitaxel, a diterpine
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natural product, acts by binding to the ␤-subunit of polymerized
tubulin (12, 13), promoting assembly of microtubules and inhibiting their depolymerization, which is necessary for mitosis.
The ultimate cytotoxic effect of paclitaxel results from the
induction of apoptosis (14, 15). MDR4 associated with expression of the MDR1 gene encoding P-gp is one potential mechanism for intrinsic or acquired drug resistance. P-gp is an ATPdependent drug efflux pump that transports paclitaxel,
docetaxel, doxorubicin, and other natural product cytotoxic
agents from cells that express P-gp (16). Tumor cell resistance
to paclitaxel may also result from several mechanisms, including insufficient cellular accumulation, mutations in the ␤-tubulin binding site, altered ␤-tubulin isotype expression, or defective apoptotic signaling (17).
Many studies have evaluated expression of MDR1 mRNA
or P-gp in breast cancer specimens collected from patients at
diagnosis or at relapse after chemotherapy. Trock et al. (18)
recently conducted a meta-analysis of 31 studies that evaluated
tumor specimens from breast cancer patients. Results showed
that 41% of breast tumors expressed MDR1 mRNA or P-gp, but
with significant heterogeneity across the individual studies, attributable largely to analytical methodology. In the same report,
data from nine studies that included patients treated with cytotoxic agents associated with the MDR phenotype showed a
significant increase in the proportion of patients with tumors
expressing P-gp subsequent to chemotherapy. Furthermore, patients with P-gp expressing tumors were 3-fold less likely to
achieve an objective response after treatment compared with
patients whose tumors did not express P-gp. Another study of
359 specimens detected P-gp expression in only 11% of untreated patients compared with 30% of treated patients, and the
extent of P-gp expression correlated with in vitro resistance to
doxorubicin and paclitaxel in functional assays (19).
Several investigations have used the radiopharmaceutical
agent 99mTc-sestamibi (which is a substrate for P-gp transport;
Ref. 20) in imaging studies with breast cancer patients to identify a relationship between 99mTc-sestamibi accumulation and
retention in tumor tissue with expression of P-gp and response
to chemotherapy. Three studies reported increased retention of
99m
Tc-sestamibi in breast tumor lesions that expressed low
levels of P-gp compared with a higher 99mTc-sestamibi washout
rate and reduced retention in lesions expressing high levels of
P-gp (21–23). Carmiello et al. (24) recently reported similar
results in locally advanced breast cancer patients. Rapid tumor
99m
Tc-sestamibi washout was observed in 15 of 17 (88%)
patients who failed to respond to neoadjuvant epirubicin chemotherapy compared with a poor treatment response in only 8 of
22 (36%) patients with prolonged tumor retention of 99mTcsestamibi. In conclusion, studies that used mRNA detection or
immunohistochemistry methods, ex vivo functional assays, or in
vivo tumor imaging all show a strong association between
therapy with MDR drugs like doxorubicin and paclitaxel, intrinsic or acquired expression of P-gp, reduced tumor cell drug
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The abbreviations used are: MDR, multidrug resistance; P-gp, Pglycoprotein; ANC, absolute neutrophil count.

retention, and a poor treatment response in breast cancer patients.
VX-710 (biricodar, Incel) is a novel compound that binds
directly to P-gp, blocking its efflux activity (25). VX-710 concentrations of 0.5–2.5 M are sufficient to fully restore sensitivity of P-gp-expressing cells to the cytotoxic action of paclitaxel and other cytotoxic drugs associated with the MDR
phenotype (25, 26). Results of a Phase I study with VX-710
administered as a single agent and in combination with paclitaxel indicated that VX-710 is well tolerated, with VX-710
steady-state concentrations of ⬃4.5 g/ml (⬃7.5 M) sustained
at the 120 mg/m2/h dose level chosen for Phase II evaluation
(27). VX-710 did reduce paclitaxel clearance, such that a paclitaxel dose of 80 mg/m2 resulted in exposure comparable with a
standard regimen of 175 mg/m2 paclitaxel administered as a 3-h
schedule. Myelosuppression was the principal toxicity with the
120 mg/m2/h VX-710 ⫹ 80 mg/m2 paclitaxel dose combination
(27).
We initiated a multicenter, open-label, Phase II study to
evaluate VX-710 plus paclitaxel in patients with locally advanced or metastatic breast cancer refractory to paclitaxel. The
objectives of the study were to (a) evaluate the safety and
tolerability of the VX-710 ⫹ paclitaxel therapy in this patient
population, (b) further characterize the pharmacokinetics of
paclitaxel in combination with VX-710, and (c) determine the
efficacy of VX-710 ⫹ paclitaxel in patients with advanced
breast cancer refractory to paclitaxel therapy.

PATIENTS AND METHODS
Patient Population. Patients eligible for this study were
at least 18 years of age with histologically confirmed, locally
advanced, or metastatic carcinoma of the breast unsuitable for
definitive surgical resection. Paclitaxel-refractory disease was
defined as progressive disease after a minimum of two doses of
paclitaxel given weekly or every 3 weeks, or relapse within 6
months of prior paclitaxel therapy; no more than three prior
chemotherapy regimens; bidimensionally measurable lesions (ⱖ
1 lesion ⱖ 1 cm ⫻ 1 cm); and an Eastern Cooperative Oncology
Group performance status of ⱕ2. Patients had adequate bone
marrow and major organ function, defined as an absolute granulocyte count (ANC) of ⱖ1500 cells/l and a platelet count of
ⱖ100,000 cells/l; serum creatinine within normal limits; bilirubin within normal limits; and aspartate aminotransferase or
alanine aminotransferase ⱕ 1.5 times the upper limit of normal,
or ⱕ 2.5 times the upper limit of normal for patients with
documented liver metastasis. Patients with brain metastases had
to have clinically controlled neurological symptoms. Pregnant
or breast-feeding women or women with childbearing potential
who were unwilling or unable to use effective contraception
were ineligible. Additional exclusion criteria included prior
bone marrow transplantation or radiation to ⬎33% of the
marrow-containing bone; concurrent serious infections; any unstable or serious concurrent medical condition; a history of prior
malignant neoplasms (except patients who have received adequate treatment for basal cell, squamous cell skin cancer, or any
in situ carcinoma) unless disease-free for ⱖ5 years; or a known
hypersensitivity to paclitaxel, Cremophor, or any component of
VX-710. Patients using any investigational drug or device in the
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28 days before study entry were also excluded. Patients were
ineligible if taking any of the following drugs at the time of
enrollment: anastrozole, cimetidine, ethynyl estradiol, megestol
acetate, phenytoin (Dilantin), quinidine, tacrolimus, toremifine
citrate, tamoxifen, astemizol, cyclosporine, ketoconazole, phenobarbital, quercetin, rifampin, terfenadine, and troleandomycin. Informed consent was obtained according to local Institutional Review Board requirements.
Study Design. This was an open-label, single-arm, multicenter study with a two-stage design. Because the response of
paclitaxel-refractory patients to rechallenge with paclitaxel was
assumed to be near zero, a response rate of 15% was considered
to be clinically meaningful in this refractory patient population.
Stage 1 and Stage 2 sample sizes were determined based on the
95% confidence interval for the estimated response rate (p) ⫾
1.96 times its SE, the square root of (p[1 minus p]/n). Thus, if
no objective responses were observed among the first 19 patients in Stage 1 of the study, it could be concluded that the
rejection error was 5% for a response rate of 15% (28). If at least
one response were to be observed among the first 19 patients,
then Stage 2 would enroll up to 58 additional patients. Enrollment in the study was stopped at 38 patients based on accrual
and the number of responses observed.
VX-710 was administered by continuous i.v. infusion for
24 h at a dose of 120 mg/m2/h. Paclitaxel (80 mg/m2 i.v.) was
administered over a 3-h period starting 4 h after beginning the
VX-710 infusion. All patients received 20 mg of dexamethasone
i.v., 50 mg of diphenhydramine i.v., and 50 mg of ranitidine i.v.
starting 30 min before initiation of the paclitaxel infusion. The
regimen was repeated every 21 days until evidence of disease
progression, intolerable adverse events, or withdrawal of patient
consent.
VX-710 was provided by Vertex Pharmaceuticals in vials
containing 3 g of VX-710 as a dicitrate salt in 6 ml of sterile
water for injection (500 mg/ml VX-710, which is 300 mg base
equivalent). At the time of use, the concentrated drug solution
was mixed aseptically with 0.9% normal saline or dextrose 5%
in water for administration with a 250-ml polyvinyl chloride
infusion set.
Pretreatment and Follow-up Evaluations. Patient history, physical examination, assessment of baseline symptoms,
an EKG, and routine laboratory studies, including a pregnancy
test for women of childbearing potential, were required within 2
weeks before study registration. Baseline tumor measurements
were obtained (computerized tomography, X-ray, or physical
measurement) within 4 weeks before study entry. Complete
blood counts were performed weekly after study drug administration. A physical examination including performance status,
weight, temperature, blood pressure, and pulse was conducted
before each subsequent course of therapy and at the end of
treatment. A complete blood count, platelet count, and clinical
chemistries (to include at least total protein, creatinine, aspartate
aminotransferase or alanine aminotransferase, total bilirubin,
alkaline phosphatase, and electrolytes) were performed within 3
working days before beginning each course of therapy. Tumor
measurements (computerized tomography, X-ray, or physical
measurement) were obtained after every 2 courses for six
courses and after every three courses thereafter.

Pharmacokinetic Sampling and Assays. A limited
blood sampling schedule was used during cycle 1 for a population pharmacokinetics analysis to assess the disposition of
paclitaxel. Plasma samples were drawn from all patients within
30 min of completing the paclitaxel infusion, and at 1–2 h, 4 –7
h, 13–15 h, and 17–33 h after the end of the paclitaxel infusion.
Plasma samples were stored at ⫺70°C before analysis.
For the determination of paclitaxel concentrations, 2-ml
plasma samples were subjected to a double liquid-liquid
extraction procedure with 8 ml of methyl-t-butyl ether. The
dry residue was reconstituted in 1 ml of 40% aqueous acetonitrile and extracted once again through a 500-mg C18
Waters Sep-Pak (Waters Corp., Milford, MA) solid phase
extraction cartridge, and the sample was eluted with 5 ml of
acetonitrile and then evaporated to dryness under nitrogen at
ambient temperature. The dry residue was reconstituted in
200 l of mobile phase for high-performance liquid chromatography analysis. An isocratic reverse-phase separation on a
Phenomenex (Torrance, CA) I B-sil C8 column with UV
detection at 227 nm was used to quantitate paclitaxel concentrations. The mobile phase for paclitaxel analysis consisted of 50% acetate buffer (pH 5.0), 35% acetonitrile, and
15% methanol. This assay has a detection limit of 4.5 ng/ml,
a quantitation limit of 15 ng/ml, linearity between 5 and 2000
ng/ml, precision of 7.6 –16.2% RDS, and an accuracy ⬎ 85%.
Population Pharmacokinetic Analysis. Pharmacokinetic analysis was performed using the NONMEM (Version V)
software package (NONMEM Project Group, University of
California, San Francisco, CA) for nonlinear mixed effect modeling of the data. A log-linear plot of the raw data revealed that
a two-or three-compartment pharmacokinetic model would be
required to best fit the data. Thus, for the basic model, a
two-compartment model was used with interindividual variability () on all four basic parameters, [volumes of the central (V1)
and peripheral compartments (V2), total clearance (CL), and
distributional clearance (Q)]. A combination of an additive and
a proportional error model was used to model residual variability. The infinitesimal value of the variance (2) associated with the  on V1 indicated that this parameter could be
eliminated. The final model included a power model for
weight on clearance.
Response Criteria and End Points. The primary end
point of the study was tumor response, with response duration
and performance status as secondary end points. Patients were
considered evaluable for response assessment if they received at
least two doses of therapy and completed the first reevaluation
or if disease progression (e.g., brain metastasis) was documented at any time point before the first reevaluation. The
following standard criteria were used to classify tumor response.
A complete response (CR) was defined as the total disappearance of all measurable and evaluable evidence of cancer confirmed by 2 measurements at least 4 weeks apart; a partial
response (PR) was defined as a reduction of at least 50% in the
sum of the products of bidimensionally measurable lesions from
2 measurements at least 4 weeks apart; progressive disease (PD)
was defined as an increase of more than 25% in the sum of the
products of the bidimensional measurements and/or the appearance of new lesions; stable disease (SD) was classified as a
response that did not meet criteria for a tumor response or
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Table 1 Patient demographic and disease characteristics
Number of patients
Median age (range)
ECOG performance status
0
1
2
Prior adjuvant chemotherapy (n)
Hormonal therapy
Paclitaxel as 1st-line
chemotherapy for metastatic
disease
Paclitaxel as 2nd- or 3rd-line
chemotherapy for metastatic
disease
Previous best response to most
recent paclitaxel
Complete response (CR)
Partial response (PR)
Stable disease (SD)
Progressive disease (PD)

38
49 (28–68)
10
25
3
24
12
21
17

1
4
11
22

progression. Response duration was calculated from the time
objective response criteria were first met until the date of
documented progression.

RESULTS
Patients. A total of 38 patients were enrolled in this
study. Patient demographics, prior treatment history, and disease
characteristics are summarized in Table 1. Thirty seven patients
had metastatic disease. Twenty-four patients had received adjuvant chemotherapy and 21 patients received paclitaxel as their
first therapy for advanced disease, whereas 17 patients received
paclitaxel as second- or third-line therapy. Twenty-two of the
patients demonstrated primary resistance to paclitaxel (e.g., had
progressive disease while receiving paclitaxel). Eleven patients
had stable disease as the best response to their prior paclitaxel
therapy; only 5 of the 38 patients achieved a partial (n ⫽ 4) or
complete response (n ⫽ 1) to prior paclitaxel therapy, but had
progressive or relapsed disease within 6 months. A total of 132
cycles of VX-710 ⫹ paclitaxel therapy were administered to
patients in this study, with a range of 1–18 cycles and an average
of 3.5 cycles/patient.
Safety and Tolerability. Thirty-seven patients are assessable for safety (one patient assigned a study number withdrew consent before administration of study treatment). The
combination of 120 mg/m2/h VX-710 with 80 mg/m2 paclitaxel
was generally well tolerated in this patient population. Myelosuppression was the primary treatment toxicity. Cycle 1 WBC
and ANC are summarized in Table 2. WBC and ANC nadirs
generally occurred between 10 and 14 days after treatment
(median WBC and ANC values of 2.1–2.8 and 0.76 – 0.79 ⫻ 103
cells/mm3, respectively), and counts returned to baseline values
by week 3 (Table 2). Grade 4 neutropenia was observed in 27
(73%) patients and in 40% (52 of 132) of treatment cycles.
Overall, there was no evidence of prolonged or cumulative
myelosuppression.
Eleven patients received prophylactic colony-stimulating
factor starting in cycle 2 or subsequent cycles and 2 patients had
paclitaxel reduced to 70 mg/m2 because of neutropenia experi-

enced in cycle 1. Ten patients (27%) experienced 11 episodes of
febrile neutropenia (8% overall incidence). All episodes resolved without complications. Although there was no consistent
effect of the VX-710/paclitaxel regimen on RBCs or hemoglobin, 12 patients experienced anemia (Grade 2 for 9 patients and
Grade 3 for 3 patients) and 5 patients required transfusions with
packed RBCs. The VX-710/paclitaxel regimen had only a mild
effect on platelet counts.
Nonhematological toxicities were generally mild to
moderate (Grade 1 or 2) in severity and reversible. Asthenia,
nausea, fever, myalgia, paresthesia, and headache were the
most commonly reported adverse effects (Table 3). Eight
episodes of Grade 3 toxicity (asthenia, fever, paresthesia,
nausea) and 1 episode of fever were reported in five patients
(Table 3). VX-710 did not appear to exacerbate peripheral
neuropathy in patients who enrolled with baseline symptoms
of peripheral neuropathy attributable to their prior paclitaxel
therapy.
Pharmacokinetic Analysis. Paclitaxel pharmacokinetics
were determined from blood samples collected from 31 patients
during cycle 1. A plot of the paclitaxel plasma concentrations
for individual patients determined from sparse sampling time
points and a plot of the simulated paclitaxel plasma concentration-time curve based on median pharmacokinetic parameter
estimates is presented in Fig. 1. The mean paclitaxel plasma
concentration peaked at approximately 2500 ng/ml and was
sustained above 50 ng/ml for approximately 38 h. Pharmacokinetics parameter estimates for the paclitaxel area under the
concentration-versus-time curve (AUC), volume of distribution
at steady state (Vss), systemic clearance (CLs), and half-life
(t1/2␤) determined by population pharmacokinetic modeling are
summarized in Table 4. Parameter estimates for breast cancer
patients treated with 80 mg/m2 paclitaxel in combination with
120 mg/m2/h VX-710 are similar to those obtained by intensive
pharmacokinetics sampling in the phase I study (27) and consistent with values in previous studies with 175 mg/m2 paclitaxel (Table 4; Refs. 29 and 31). The principal difference, as
expected, is an approximately 50% reduction in paclitaxel clearance (5.1 ⫾ 1.3 liters/h/m2) compared with single-agent paclitaxel (9.6 –12.6 liters/h/m2; Table 4), because clearance is
estimated from the AUC-dose relationship. Thus, VX-710
plus paclitaxel 80 mg/m2 results in a paclitaxel exposure
comparable with 175 mg/m2 paclitaxel administered in a 3-h
infusion schedule.
Efficacy. Among the 37 patients who received study
treatment, 35 patients were evaluable for response assessment. Two patients were not evaluable for the following
reasons: one patient with a history of chronic obstructive
pulmonary disease developed pneumonia during cycle 1 and
withdrew consent, and independent radiology review could
not identify bidimensional indicator lesions for a second
patient. Four patients achieved confirmed partial responses,
for an objective response rate of 11.4%. Response durations
were 1.5, 3.5, 5.5, and 13 months, with a median response
duration of 5.8 months. Three of the four patients had exhibited progressive disease during their paclitaxel treatment
before this study and then had an objective response to
VX-710 ⫹ paclitaxel therapy. The cycle 1 paclitaxel AUC
values for these four patients (9.9, 13.8, 15.6, and 19.0 g ⫻
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Table 2

Summary of cycle 1 WBC counts and ANCs
Cell counts (⫻103/mm3)

Parameter

Statistic

Baseline

Week 1

Week 2

Week 3

WBC

N
Mean
Median
SD
Range
N
Mean
Median
SD
Range

38
6.48
6.25
2.73
2.5–17.0
36
4.45
4.07
2.58
1.6–15.7

35
2.27
2.1
1.12
0.7–6.6
33
0.87
0.79
0.58
0.1–2.5

34
3.66
2.8
2.42
1.0–10.2
32
1.66
0.76
1.98
0.1–7.1

6
7.38
5.86
4.12
2.2–10.2
6
5.12
3.93
3.04
2.0–9.6

ANC

Table 3 Most frequent nonhematological toxicities by severity
Number (%) of patients (N ⫽ 38)
Adverse event

Total

Grade 1/2

Grade 3

Asthenia
Nausea
Myalgia
Fever
Paresthesia
Headache
Arthralgia
Hypesthesia
Vomiting

25 (68)
17 (46)
15 (40)
15 (40)
14 (38)
14 (38)
8 (22)
8 (22)
7 (19)

23
16
15
14
13
14
8
8
7

2
1
1
1

h/ml) are similar to the median estimate of 16.8 g ⫻ h/ml
determined for the study population. Two additional patients
had durable minor responses, with tumor reductions of 38%
and 45%, respectively. Prior treatment history, site(s) of
disease, and summary of study treatment and response for the
six patients with evidence of antitumor activity are summarized in Table 5.

DISCUSSION
This Phase II study evaluated the safety, pharmacokinetics,
and efficacy of VX-710 combined with paclitaxel in women
with advanced paclitaxel refractory breast cancer. Our results
demonstrate that it is possible to induce objective responses in
strictly defined paclitaxel-refractory patients by addition of the
MDR inhibitor VX-710 to relatively low-dose paclitaxel therapy. Four of 35 evaluable patients (11.4%) achieved objective
responses, and 3 of these 4 patients had experienced disease
progression during their paclitaxel therapy before the start of
VX-710 and paclitaxel treatment in this study.
The pharmacokinetics analysis summarized in Table 4
shows that the 120 mg/m2/h VX-710 ⫹ 80 mg/m2 paclitaxel
regimen provides a paclitaxel exposure (AUC of 16.8 ⫹ 5.0
g ⫻ h/ml; t1/2␤ of 11.6 h) comparable with the standard 175
mg/m2 paclitaxel on a 3-h schedule (29 –31). The pharmacokinetic interaction of VX-710 with paclitaxel did result in an
approximately 50% reduction in paclitaxel clearance, in agreement with phase I study results. However, according to the
simulation in Fig. 1, the paclitaxel plasma concentration was
sustained above 50 nM for approximately 38 h compared with

Fig. 1 Individual patient paclitaxel plasma concentrations from actual
sparse sampling time point measurements (OOO) and a simulated
paclitaxel plasma concentration-time curve (----) determined from median pharmacokinetic parameter estimates.

28 h in the previous Phase I study with the same VX-710 and
paclitaxel dose combination (27). This difference may reflect
the small number of patients (n ⫽ 5) in the Phase I analysis. One
possible explanation for the extended duration above 50 nM may
be an increase in the distribution of paclitaxel in the peripheral
compartment, attributable at least in part to longer retention in
P-gp-expressing tissues. Such a hypothesis is consistent with
restored antitumor activity of paclitaxel in paclitaxel–refractory
patients resulting from VX-710 inhibition of paclitaxel efflux
and its increased retention in tumor tissue.
VX-710 ⫹ paclitaxel combination therapy was generally
safe and well tolerated. Neutropenia was the predominant
treatment toxicity, with a 40% overall incidence of Grade 4
neutropenia. Neutropenia was also the dose-limiting toxicity
observed in the Phase I study with VX-710 and paclitaxel in
a more heavily pretreated population (27). The VX-710 ⫹
paclitaxel regimen did not cause cumulative myelosuppression and had only a mild effect on hemoglobin or platelet
counts. Although patients were treated with an AUC-normalized paclitaxel dose, the incidence of Grade 4 neutropenia
observed with VX-710 is similar to 225–250 mg/m2 paclitaxel over 3 h, or 135–175 mg/m2 paclitaxel over 24 h (5, 8,
32), and higher than the 8 –20% incidence after 3-h 175
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Table 4

Comparison of paclitaxel pharmacokinetic parameters for an 80 mg/m2 dose administered in combination with VX-710 to
pharmacokinetics for single-agent paclitaxel at 175 mg/m2
VX-710 (120 mg/m2/hr) ⫹ paclitaxel

Parameter

Prior Phase I

Phase II

Huizing et al. (31)

Gianni et al. (29)

Paclitaxel dose (mg/m2)
Number of patients
Infusion duration (h)
T1/2 ␤ (h)
CLs (liters/h/m2)
Vss (liters/m2)
AUC (g ⫻ h/ml)

80
5
3
6.8a
5.9 (1.1)c
40.7 (5.6)
14.4 (3.2)

80
34
3
11.6b
5.1 (1.3)
50.7 (13.0)
16.8 (5.0)

175
5
3
14.2
12.6 (2.6)
99.2 (59.6)
14.4 (3.0)

175
3
3
6.5
9.6 (1.5)
NDd
15.8 (2.6)

a

Estimated using noncompartmental methods.
Estimated using nonlinear mixed effects modeling.
All estimates are presented as the mean (⫾STD).
d
ND, not determined.
b
c

Table 5
Patient
No.
08
030
031
038

032
028

Treatment histories of patients responding to VX-710 plus paclitaxel

Prior chemotherapy, no. of cycles, and
best response to prior therapies

Interval before
start of VX-710
therapy

Sites of
disease

No. of cycles of
VX-710 ⫹
paclitaxel

Best
response

Response
duration
(mo)

CAFa
Paclitaxel (175 mg/m2 q
3 wk)
Neoadjuvant AC
Paclitaxel (175 mg/m2 q
3 wk)
Adjuvant 5-FU
Epirubicin ⫹ paclitaxele
AC

2
2

SDb
PD

2 wk

Liver

8

PRc

2.5

4
6

CR
PD

2 mo

Breast, chest wall

4

PRd

1.5

CR
PR
CR

2 wk

Liver

13

PRc

13

4
4

3 mo
3 mo

5

PRc

5

Paclitaxel (175 mg/m2 q
3 wk)
CAF
Paclitaxel ⫹ marimastat
(135 mg/m2 q 3 wk)
Adjuvant AC
Paclitaxel (175 mg/m2 q
3 wk)

2

PD

Paratracheal
Hilar
Subcarinal LN

5
6

SD
SD

2 wk

Liver

11

MR (45%)

6

4
2

CR
PD

⬍1 mo

Breast

6

MR (33%)

4.5

a

A, adriamycin; C, cyclophosphamide; F or 5-FU, 5-fluorouracil.
PD, progressive disease; PR, partial response; SD, stable disease; MR, minor response.
Response status confirmed by independent radiological review.
d
Response duration was calculated from the time objective response criteria were first met until the date of documented progression. Lesions
for Patient 030 were monitored by direct caliper measurements.
e
Patient 031 received a total of 310 mg paclitaxel in combination with epirubicin, but the administration schedule was not identified in the study
record.
b
c

mg/m2 paclitaxel (29, 30, 33–35). The time that paclitaxel
plasma concentrations remain ⬎50 nM is a parameter correlated with neutropenia (31), and the approximate 38-h duration suggested by the simulation (Fig. 1) is one explanation
for the higher incidence of neutropenia observed in this
study. However, preliminary pharmacodynamic modeling
evaluated patient demographics and laboratory parameters,
and the population pharmacokinetics data. Results suggest
that baseline ANCs were the one parameter predictive of
grade 3/4 neutropenia, not the paclitaxel plasma concentration time above 50 nM.5 Alternatively, CD34⫹ hematopoietic

5

E. Ette, personal communication.

precursor cells express P-gp (36, 37), and it is possible that
increased neutropenia during therapy with an MDR inhibitor
may be an expected pharmacodynamic effect attributable to
increased paclitaxel retention by the progenitor cells. Indeed,
more significant neutropenia has been observed in other
studies with MDR inhibitors, even when reduced doses of the
cytotoxic agents were administered to compensate for pharmacokinetic interactions (38, 39).
Mild to moderate asthenia, nausea, myalgia, and paresthesia were the predominant nonhematological adverse events reported by patients, all with an incidence and severity similar to
those of single-agent paclitaxel therapy (40). Mild to moderate
headache appears to be the only nonhematological adverse event
that may be more frequent with VX-710 ⫹ paclitaxel therapy.
Several other studies have evaluated MDR inhibitors in
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advanced breast cancer patients. A placebo-controlled randomized Phase III trial evaluated the addition of quinidine to epirubicin (100 mg/m2) ⫹ prednisolone (25 mg twice a day) in
patients who had not received prior chemotherapy for advanced
disease (41). No difference in response rate or survival was
noted between the two treatment arms. However, the median
quinidine plasma concentration achieved in patients (5.5 M) is
only marginally effective in reversing MDR in vitro. Thus,
inadequate dosing is one likely explanation for the ineffectiveness of quinidine in this trial. In a Phase I crossover study with
the maximum tolerated dose of r-verapamil (225 mg/m2 every
4 h) and 200 mg/m2 paclitaxel, only 2 of 14 patients achieved
minor responses despite a 2-fold increase in the paclitaxel AUC
(42). Two studies have been performed with r-verapamil in
combination with anthracyclines. In one study, patients who
progressed or had stable disease after two cycles of epirubicin
crossed over to combination therapy (120 mg/m2 epirubicin ⫹
300 mg r-verapamil once daily). Although 4 of 23 patients
(17%) achieved objective responses, the patients in this study
were not strictly refractory to their prior anthracycline therapy
(43). In another study that enrolled strictly defined anthracycline-refractory patients, 2 of 20 patients achieved partial responses after addition of r-verapamil (180 mg/m2 once daily) to
either doxorubicin- or epirubicin-based therapy (44). The results
of this study are similar to our results with VX-710 in a strictly
defined paclitaxel-refractory patient population.
In addition to MDR inhibitors, other agents and strategies
to overcome paclitaxel resistance have been evaluated in breast
cancer patients. Weekly vinorelbine ⫹ granulocyte colony-stimulating factor or capecitabine resulted in 20 –25% response rates
in paclitaxel-refractory patients (45, 46). Single-agent therapy
with anti-HER2 monoclonal antibody resulted in a 15% response rate in anthracycline- and taxane-refractory patients (47).
Because paclitaxel activity is schedule dependent, another strategy evaluated the effect of a 96-h paclitaxel infusion in patients
who failed shorter paclitaxel infusion schedules (35). The 96-h
infusion resulted in a 27% response rate, but with increased
myelosuppression and mucosal toxicity. Finally, a study with
docetaxel in paclitaxel-refractory patients resulted in 8 responses among 44 patients (18%; Ref. 48).
The modest activity (10 –27% response rates) observed in
the studies summarized above underscores the complexity of the
potential mechanisms associated with paclitaxel resistance. In
addition to P-gp, other drug transport proteins expressed in
breast cancer are MRP1, LRP, and BCRP (49, 50). VX-710
inhibits MRP1 drug efflux (51), but activity against LRP- and
BCRP-expressing cell lines has not been tested in vitro. However, MRP1 and BCRP expression appears to alter accumulation
and sensitivity to anthracyclines but not paclitaxel, whereas LRP
may be associated with altered nuclear transport of both classes
of compounds (52–54).
Studies with cell lines after single-step selection for paclitaxel resistance suggest that altered tubulin levels and tubulin
mutations may also contribute to the drug resistance phenotype.
Alterations in ␤-tubulin isotype expression have been identified
in paclitaxel-resistant human sarcoma, prostate, ovary, and lung
cancer cell lines, in transfected cell lines that overexpress
EGFRvIII or HER2, and in tumor specimens from paclitaxelrefractory ovarian cancer patients (55–58). Studies with pacli-

taxel-resistant Chinese hamster ovary and human ovarian cancer
cells have identified mutations in a leucine cluster in the ␤1tubulin gene and within the probable tubulin binding site for
paclitaxel (59, 60). Altered expression of ␤-tubulin isotypes or
specific mutations probably result in destabilization of microtubules, diminishing the action of paclitaxel. A recent study used
PCR and DNA sequencing to analyze ␤-tubulin expressed in
normal tissue and tumor biopsy specimens obtained from nonsmall cell lung cancer patients before initial chemotherapy (61).
␤-Tubulin mutations were detected in 16 of 49 patients, and
none of these patients responded to paclitaxel therapy. In contrast, among 33 patients who did not harbor ␤-tubulin mutations,
13 patients achieved objective responses to paclitaxel therapy.
Finally, cellular apoptosis proceeds through a highly complicated program involving multiple components and signaling
pathways (62). Altered expression of p53, bcl-2, bcl-xL,
caspases, and stress- or mitogen-activated kinases (c-Jun NH2terminal kinase/stress-activated protein kinase, MAPKs) have
all been associated with paclitaxel resistance (63– 65).
In the context of a multifactorial basis for paclitaxel resistance, the 11% response rate observed in this study with VX-710
in paclitaxel-refractory patients may reflect the proportion of
breast cancer patients in whom P-gp expression is the major
drug resistance determinant in the refractory setting. The safety
and pharmacokinetics of the VX-710 ⫹ paclitaxel regimen are
now well established. One strategy for further evaluation would
assess the activity of VX-710 ⫹ paclitaxel as initial therapy in
breast cancer patients whose tumors express P-gp to overcome
intrinsic drug resistance. Another strategy would treat patients
whose tumors did not express P-gp to prevent the emergence of
acquired drug-resistant disease. In either approach, VX-710 may
increase the objective response rate to paclitaxel and extend the
progression-free interval, leading to longer survival and improved quality of life for breast cancer patients. We believe the
data from this study support further evaluation of MDR inhibition with VX-710 as a therapeutic strategy to improve clinical
outcome in patients with breast cancer and other solid tumors.

REFERENCES
1. Hortobagyi, G. N. Treatment of breast cancer. N. Engl. J. Med., 339:
974 –984, 1998.
2. Crown, J., and O’Leary, M. The taxanes; an update. Lancet, 355:
1176 –1178, 2000.
3. Holmes, F. A., Walters, R. S., Theriault, R. L., Forman, A. D.,
Newton, L. K., Raber, M. N., Buzdar, A. U., Frye, A. K., and Hortobagyi, G. N. Phase II trial of Taxol, an active drug in the treatment of
metastatic breast cancer. J. Natl. Cancer Inst. (Bethesda), 83: 1797–
1807, 1991.
4. Reichman, B. S., Seidman, A. D., Crown, J. P. A., Heelan, R., Hakes,
T. B., Lebwohl, D. E., Gilewski, T. A., Surbone, A., Currie, V., Hudis,
C. A., Yao, T. J., Klecker, R., Jamis-Dow, C., Collins, J., Quinlivan, S.,
Berkery, R., Toomasi, F., Canetta, R., Fisherman, J., Arbuck, S., and
Norton, L. Paclitaxel and recombinant human granulocyte colony-stimulating factor as initial chemotherapy for metastatic breast cancer.
J. Clin. Oncol., 11: 1943–1951, 1993.
5. Abrams, J. S., Vena, D. A., Baltz, J., Adams, J., Montello, M.,
Christian, M., Onetto, N., Desmond-Hellmann, S., Canetta, R., Friedman, M. A., and Arbuck, S. G. Paclitaxel activity in heavily pretreated
breast cancer; a National Cancer Institute treatment referral center trial.
J. Clin. Oncol., 13: 2056 –2065, 1995.
6. Seidman, A. D., Reichman, B. S., Crown, J. P. A., Yao, T-J., Currie,
V., Hakes, T. B., Hudis, C. A., Gilewski, T. A., Baselga, J., Forsythe, P.,

Clinical Cancer Research 677

Lepore, J., Marks, L., Fain, K., Souhrada, M., Onetto, N., Arbuck, S.,
and Norton, L. Paclitaxel as second and subsequent therapy for metastatic breast cancer: activity independent of prior anthracycline response. J. Clin. Oncol., 13: 1152–1159, 1995.
7. Seidman, A. D., Tiersten, A., Hudis, C., Gollub, M., Barrett, S., Yao,
T-J., Lepore, J., Gilewski, T., Currie, V., Crown, J., Hakes, T., Baselga,
J., Sklarin, N., Moynihan, M. E., Tong, W., Egorin, M., Kearns, C.,
Spriggs, D., and Norton, L. Phase II trial of paclitaxel by 3-hour infusion
as initial and salvage chemotherapy for metastatic breast cancer. J. Clin.
Oncol., 13: 2575–2581, 1995.
8. Nabholtz, J-M., Gelmon, K., Bontenbal, M., Spielmann, M., Catimel,
G., Conte, P., Klaassen, U., Namer, M., Bonneterre, J., Fumoleau, P.,
and Winograd, B. Multicenter, randomized comparative study with two
doses of paclitaxel in patients with metastatic breast cancer. J. Clin.
Oncol., 14: 1858 –1867, 1996.
9. Bishop, J. F., Dewar, J., Toner, G. C., Smith, J., Tattersall, M. H. N.,
Olver, I. N., Ackland, S., Kennedy, I., Goldstein, D., Gurney, H.,
Walpole, E., Levi, J., Stephenson, J., and Capetta, R. Initial paclitaxel
improves outcome compared with CMFP combination chemotherapy as
front-line therapy in untreated metastatic breast cancer. J. Clin. Oncol.,
17: 2355–2364, 1999.
10. Smith, R. E., Brown, A. M., Mamounas, E. P., Anderson, S. J.,
Lembersky, B. C., Atkins, J. H., Shibata, H. R., Baez, L., Defusco, P. A.,
Davila, E., Tipping, S. J., Bearden, J. D., and Thirlwell, M. P. Randomized trial of 3-hour versus 24-hour infusion of high-dose paclitaxel in
patients with metastatic or locally advanced breast cancer: national
surgical adjuvant breast and bowel project protocol B-26. J. Clin.
Oncol., 17: 3403–3411, 1999.
11. Zunino, F., Cassinelli, G., Polizzi, D., and Perego, P. Molecular
mechanisms of resistance to taxanes and therapeutic implications. Drug
Resist. Updat., 2: 351–357, 1999.
12. Jordan, M. A., Toso, R. J., Thrower, D., and Wilson, L. Mechanism
of mitotic block and inhibition of cell proliferation by Taxol at low
concentrations. Proc. Natl. Acad. Sci. USA, 90: 9552–9556, 1993.
13. Combeau, C., Commercon, A., Mioskowski, C., Rousseau, B.,
Aubert, F., and Goeldner, M. Predominant labeling of ␤-over ␣-tubulin
from porcine brain by a photoactivatable taxoid derivative. Biochemistry, 33: 6676 – 6683, 1994.
14. Jordan, M. A., Wendell, K. L., Gardiner, S., Derry, W. B., Copp, H.,
and Wilson, L. Mitotic block induced in HeLa cells by low concentrations of paclitaxel (Taxol) results in abnormal mitotic exit and apoptotic
cell death. Cancer Res., 56: 816 – 825, 1996.
15. McCloskey, D. E., Kaufmann, S. H., Prestigiacomo, L. J., and
Davidson, N. E. Paclitaxel induces programmed cell death in MDAMB-468 human breast cancer cells. Clin. Cancer Res., 2: 847– 854,
1996.
16. Ling, V. Multidrug resistance: molecular mechanisms and clinical
relevance. Cancer Chemother. Pharmacol., 40: S3–S8, 1997.
17. Dumontet, C., and Sikic, B. I. Mechanisms of action of and resistance to antitubulin agents: microtubule dynamics, drug transport, and
cell death. J. Clin. Oncol., 17: 1061–1070, 1999.
18. Trock, B. J., Leonessa, F., and Clarke, R. Multidrug resistance in
breast cancer: a meta-analysis of MDR1/gp170 expression and its possible functional significance. J. Natl. Cancer Inst. (Bethesda), 89: 917–
931, 1997.
19. Mechetner, E., Kyshtoobayeva, A., Zonis, S., Kim, H., Stroup, R.,
Garcia, R., Parker, R. J., and Fruehauf, J. P. Levels of multidrug
resistance (MDR1) p-glycoprotein expression by human breast cancer
correlate with in vitro resistance to Taxol and Doxorubicin. Clin. Cancer
Res., 4: 389 –398, 1998.
20. Piwnica-Worms, D., Chiu, M., Budding, M., Kronauge, J. F.,
Kramer, R. A., and Croop, J. M. Functional imaging of multidrugresistant p-glycoprotein with an organotechnetium complex. Cancer
Res., 53: 977–984, 1993.
21. Del Vecchio, S., Ciarmiello, A., Pace, L., Potena, M. I., Carriero,
M. V., Mainolfi, C., Thomas, R., D’Aiuto, G., Tsuruo, T., and Salvatore,
M. Fractional retention of technetium-99m-sestamibi as an index of

p-glycoprotein expression in untreated breast cancer patients. J. Nucl.
Med., 38: 1348 –1351, 1997.
22. Del Vecchio, S., Ciarmiello, A., Potena, M., Carriero, M. V.,
Mainolfi, C., Botti, G., Thomas, R., Cerra, M., D’Aiuto, G., Tsuruo, T.,
and Salvatore, M. In vivo detection of multidrug-resistant (MDR1)
phenotype by technetium-99m sestamibi-scan in untreated breast cancer
patients. Eur. J. Nucl. Med., 24: 150 –159, 1997.
23. Kostakoglu, L., Elahi, N., Kiratli, P., Ruacan, S., Sayek, I., Baltali,
E., Sungur, A., Hayran, M., and Bekdik, C. F. Clinical validation of the
influence of p-glycoprotein on technetium-99mTc-sestamibi uptake in
malignant tumors. J. Nucl. Med., 38: 1003–1008, 1997.
24. Carmiello, A., Del Vecchio, S., Silvestro, P., Potena, M. I., Carriero, M. V., Thomas, R., Botti, G., D’Auito, G., and Salvatore, M. Tumor
clearance of technetium 99m-sestamibi as a predictor of response to
neoadjuvant chemotherapy for locally advanced breast cancer. J. Clin.
Oncol., 16: 1677–1683, 1998.
25. Germann, U. A., Shlyakhter, D., Mason, V. S., Zelle, R. E., Duffy,
J. P., Galullo, V., Armistead, D. M., Saunders, J. O., Boger, J., and
Harding, M. W. Cellular and biochemical characterization of VX-710 as
a chemosensitizer: reversal of P-glycoprotein-mediated multidrug resistance in vitro. Anticancer Drugs, 8: 125–140, 1997.
26. Yanagisawa, T., Newman, A., Coley, H., Renshaw, J., Pinkerton,
C. R., and Pritchard-Jones, K. VX-710 (VX-710; Incel): an effective
chemosensitizer in neuroblastoma. Br. J. Cancer, 80: 1190 –1196, 1999.
27. Rowinsky, E. K., Smith, L., Wang, Y. M., Chaturvedi, P., Villalona,
M., Campbell, E., Aylesworth, C., Eckhardt, S. G., Hammond, L.,
Kraynak, M., Drengler, R., Stephenson, J., Jr., Harding, M. W., and Von
Hoff, D. D. Phase I and pharmacokinetic study of paclitaxel in combination with VX-710, a novel agent that reverses multidrug resistance
conferred by overexpression of both MDR1 and MRP. J. Clin. Oncol.,
16: 2964 –2976, 1998.
28. Simon, R. M. Design and conduct of clinical trials. In: V. T.
DeVita, Jr., S. Hellman, and S. A. Rosenberg, (eds.), Cancer, Principles,
and Practice of Oncology, 4th ed., pp. 418 – 440. Philadelphia, PA: J. B.
Lippincott, 1993.
29. Gianni, L., Kearns, C. M., Giani, A., Capri, G., Vigano, L.,
Lacatelli, A., Bonadonna, G., and Egorin, M. J. Nonlinear pharmacokinetics and metabolism of paclitaxel and its pharmacokinetic/pharmacodynamic relationships in humans. J. Clin. Oncol., 13: 180 –190, 1995.
30. Gianni, L., Munzone, E., Capri, G., Villani, F., Spreafico, C.,
Tarenzi, E., Fulfaro, F., Caraceni, A., Martini, C., Alberto, L., Valagussa, P., and Bonadonna, G. Paclitaxel in metastatic breast cancer: a
trial of two doses by a 3-hour infusion in patients with disease recurrence after prior therapy with anthracyclines. J. Natl. Cancer Inst.
(Bethesda), 87: 1169 –1175, 1995.
31. Huizing, M. T., Keung, A. C., Rosing, H., van der Kuij, V., ten
Bokkel Huinink, W. W., Mandjes, I. M., Dubbelman, A. C., Pinedo,
H. M., and Beijnen, J. H. Pharmacokinetics of paclitaxel and metabolites
in a randomized comparative study in platinum-pretreated ovarian cancer patients. J. Clin. Oncol., 11: 2127–2135, 1993.
32. Trimble, E. L., Adams, J. D., Vena, D., Hawkins, M. J., Friedman,
M. A., Fisherman, J. S., Christian, M. C., Canetta, R., Onetto, N., Hayn,
R., and Arbuck, S. G. Paclitaxel for platinum-refractory ovarian cancer:
results from the first 1000 patients registered to National Cancer Institute Treatment Referral Center 9103. J. Clin. Oncol., 11: 2405–2410,
1993.
33. Eisenhauer, E. A., ten Bokkel Huinink, W. W., Swenerton, K. D.,
Gianni, L., Myles, J., van der Burg, M. E., Kerr, I., Vermorken, J. B.,
Buser, K., Colombo, N., Bacon, M., Santabarbara, P., Onetto, N.,
Winograd, B., and Canetta, R. European-Canadian randomized trial of
paclitaxel in relapsed ovarian cancer: high-dose versus low-dose and
long versus short infusion. J. Clin. Oncol., 12: 2654 –2666, 1994.
34. Ohtsu, T., Sasaki, Y., Tamura, T., Miyata, Y., Nakanomyo, H.,
Nishiwaki, Y., and Saijo, N. Clinical pharmacokinetics and pharmacodynamics of paclitaxel: a 3-hour infusion versus a 24-hour infusion.
Clin. Cancer Res., 1: 599 – 606, 1995.
35. Seidman, A. D., Hochhauser, D., Gollub, M., Edelman, B., Yao,
T-J., Hudis, C. A., Francis, P., Fennelly, D., Gilewski, T. A., Moynahan,

678 VX-710 in Paclitaxel Refractory Advanced Breast Cancer

M., Currie, V., Baselga, J., Tong, W., O’Donaghue, M., Salvaggio, R.,
Auguste, L., Spriggs, D., and Norton, L. Ninety-six-hour paclitaxel
infusion after progression during short taxane exposure: a phase II
pharmacokinetic study in metastatic breast cancer. J. Clin. Oncol., 14:
1877–1884, 1996.
36. Drach, D., Zhao, S., Drach, J., Mahadevia, R., Gattringer, C.,
Huber, H., and Andreeff, M. Subpopulations of normal peripheral blood
and bone marrow cells express a functional multidrug resistance phenotype. Blood, 80: 2729 –2731, 1992.
37. Chaudhary, P. M., and Roninson, I. B. Expression and activity of
P-glycoprotein, a multidrug efflux pump, in human hematopoietic stem
cells. Cell, 66: 85–94, 1991.
38. Ferry, D. R., Traunecker, H., and Kerr, D. J. Clinical trials of
P-glycoprotein reversal in solid tumours. Eur. J. Cancer, 32A: 1070 –
1081, 1996.
39. Bradshaw, D. M., and Arceci, R. J. Clinical relevance of transmembrane drug efflux is a mechanism of multidrug resistance. J. Clin.
Oncol., 16: 3674 –3690, 1998.
40. Taxol Package Insert, Princeton, NJ: Bristol-Myers Squibb Company, 1996.
41. Wishart, G. C., Bissett, D., Paul, J., Jodrell, D., Harnett, A., Habeshaw, T., Kerr, D. J., Macham, M. A., Soukop, M., Leonard, R. C. F.,
Knepil, J., and Kaye, S. B. Quinidine as a resistance modulator of
epirubicin in advanced breast cancer: mature results of a placebocontrolled randomized trial. J. Clin. Oncol., 12: 1771–1777, 1994.
42. Tolcher, A. W., Cowan, K. H., Solomon, F., Ognibene, F., Goldspiel, B., Chang, R., Noone, M. H., Denicoff, A. M., Barnes, C. S.,
Gossard, M. R., Fetsch, P. A., Berg, S. L., Balis, F. M., Venson, D. J.,
and O’Shaughnessy, J. A. Phase I crossover study of paclitaxel with
r-verapamil in patients with metastatic breast cancer. J. Clin. Oncol., 14:
1173–1184, 1996.
43. Lehnert, M., Mross, K., Schueller, J., Thuerlimann, B., Kroeger, N.,
and Kupper, H. Phase II trial of dexverapamil and epirubicin in patients
with nonresponsive metastatic breast cancer. Br. J. Cancer, 77: 1155–
1163, 1998.
44. Warner, E., Hedley, D., Andrulis, I., Myers, R., Trudeau, M., Warr,
D., Pritchard, K. I., Blackstein, M., Goss, P. E., Franssen, E., Roche, K.,
Knight, S., Webster, S., Fraser, R. A., Oldfield, S., Hill, W., and Kates,
R. Phase II study of dexverapamil plus anthracycline in patients with
metastatic breast cancer who have progressed on the same anthracycline
regimen. Clin. Cancer Res., 4: 1451–1457, 1998.
45. Livingston, R. B., Ellis, G. E., Gralow, J. R., Williams, M. A.,
White, R., McGuirt, C., Adamkiewics, B. B., and Long, C. A. Doseintensive vinorelbine with concurrent granulocyte colony stimulating
factor support in paclitaxel-refractory metastatic breast cancer. J. Clin.
Oncol., 15: 1395–1400, 1997.
46. Blum, J. L., Jones, S. E., Buzdar, A. U., LoRusso, P. M., Kuter, I.,
Vogel, C., Osterwalder, B., Burger, H. U., Brown, C. S., and Griffin, T.
Multicenter phase II study of capecitabine in paclitaxel-refractory metastatic breast cancer. J. Clin. Oncol., 17: 485– 493, 1999.
47. Cobleigh, M. A., Vogel, C. L., Tripathy, D., Robert, N. J., Scholl,
S., Fehrenbacher, L., Wolter, J. M., Paton, V., Shak, S., Lieberman, G.,
and Slamon, D. J. Multinational study of the efficacy and safety of
humanized anti-Her2 monoclonal antibody in women who have Her2overexpressing metastatic breast cancer that has progressed after chemotherapy for metastatic disease. J. Clin. Oncol., 17: 2639 –2648, 1999.
48. Valero, V., Jones, S. E., von Hoff, D. D., Booser, D. J., Mennel,
R. G., Ravdin, P. M., Holmes, F. A., Rahman, Z., Schottstaedt, M. W.,
Erban, J. K., Esparza-Guerra, L., Earhart, R. H., Hortobagyi, G. N., and
Burris, H. A., III. A phase II study of docetaxel in patients with
paclitaxel-resistant metastatic breast cancer. J. Clin. Oncol., 16: 3362–
3368, 1998.
49. Linn, S. C., Pinedo, H. M., van Ark-Otte, J., van der Valk, P.,
Hoekman, K., Honkoop, A. H., Vermorken, J. B., and Giaccone, G.

Expression of drug resistance proteins in breast cancer, in relation to
chemotherapy. Int. J. Cancer, 71: 787–795, 1997.
50. Kanzaki, A., Toi, M., Nakayamma, K., Bando, H., Mutoh, M.,
Uchida, T., Fukumoto, M., and Takebayashi, Y. Expression of multidrug resistance-related transporters in human breast carcinoma. Jpn. J.
Cancer Res., 92: 452– 458, 2001.
51. Germann, U. A., Ford, P. J., Shlyakhter, D., Mason, V. S., and
Harding, M. W. Chemosensitization and drug accumulation effects of
VX-710, verapamil, cyclosporin A, MS-209, and GF120918 in multidrug resistant HL60/ADR cells expressing the multidrug resistanceassociated protein MRP. Anticancer Drugs, 8: 141–155, 1997.
52. Doyle, L. A., Yang, W., Abruzzo, L. V., Krogmann, T., Goa, Y.,
Rishi, A. R., and Ross, D. D. A multidrug resistance transporter from
MCF-7 breast cancer cells. Proc. Natl. Acad. Sci. USA, 95: 15665–
16670, 1998.
53. Cole, S. P., Sparks, K. E., Fraser, K., Loe, D. W., Grant, C. E.,
Wilson, G. M., and Deeley, R. G. Pharmacological characterization of
multidrug resistant MRP-transfected human tumor cells. Cancer Res.,
54: 5902–5910, 1994.
54. Kitazono, M., Sumizawa, T., Takebayashi, Y., Chen, Z. S., Furukawa, T., Nagayama, S., Tani, A., Takao, S., Aikou, T., and Akiyama,
S. Multidrug resistance and the lung resistance-related protein in human
colon carcinoma SW-620 cells. J. Natl. Cancer Inst. (Bethesda), 91:
1647–1653, 1999.
55. Dumontet, C., Duran, G. E., Steger, K. A., Beketic-Oreskovic, L.,
and Sikic, B. I. Resistance mechanisms in human sarcoma mutants
derived by single step exposure to paclitaxel (Taxol). Cancer Res., 56:
1091–1097, 1996.
56. Ranganathan, S., Benetatos, C. A., Colarusso, P. J., Dexter, D. W.,
and Hudes, G. R. Altered ␤-tubulin isotype expression in paclitaxelresistant human prostate carcinoma cells. Br. J. Cancer, 77: 562–566,
1998.
57. Kavallaris, M., Kuo, D. Y-S., Burkhart, C. A., Regi, D. L., Norris,
M. D., and Haber, M. Taxol-resistant epithelial ovarian tumors are
associated with altered expression of specific ␤-tubulin isotypes. J. Clin.
Investig., 100: 1282–1293, 1997.
58. Montgomery, R. B., Guzman, J., O’Rourke, D. M., and Stahl, W. L.
Expression of oncogenic epidermal growth factor receptor family kinases induces paclitaxel resistance and alters ␤-tubulin isotype expression. J. Biol. Chem., 275: 17358 –17363, 2000.
59. Giannakakou, P., Sackett, D. L., Kang, Y-K., Zhan, Z., Buters,
J. T. M., Fojo, T., and Poruchynsky, M. S. Paclitaxel-resistant human
ovarian cancer cells have mutant ␤-tubulins that exhibit impaired paclitaxel driven polymerization. J. Biol. Chem., 272: 17118 –17125,
1997.
60. Gonzalez-Garay, M. L., Chang, L., Blade, K., Menick, D. R., and
Cabral, F. A ␤-tubulin leucine cluster involved in microtubule assembly
and paclitaxel resistance. J. Biol. Chem., 274: 23875–23882, 1999.
61. Monzo, M., Rosell, R., Sanchez, J. J., Lee, J. S., O’Brate, A.,
Gonzalez-Larriba, J. L., Alberola, V., Lorenzo, J. C., Nunez, L., Ro,
J. Y., and Martin, C. Paclitaxel resistance in non-small-cell lung cancer
associated with ␤-tubulin gene mutations. J. Clin. Oncol., 17: 1786 –
1793, 1999.
62. Hengartner, M. O. The biochemistry of apoptosis. Nature (Lond.),
407: 770 –776, 2000.
63. Blagosklonny, M. V., and Fojo, T. Molecular effects of paclitaxel:
myths and reality (a critical review). Int. J. Cancer, 83: 151–156, 1999.
64. Srivastava, R. K., Mi, Q-S., Hardwick, J. M., and Longo, D. L.
Deletion of the loop region of Bcl-2 completely blocks paclitaxelinduced apoptosis. Proc. Natl. Acad. Sci. USA, 96: 3775–3780, 1999.
65. Wang, T. H., Wang, H. S., and Soong, Y. K. Paclitaxel-induced cell
death: where the cell cycle and apoptosis come together. Cancer (Phila.),
88: 2619 –2628, 2000.

