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Abstract
Purpose—Topotecan resistance can result from drug efflux by P-glycoprotein (Pgp) and breast
cancer resistance protein (BCRP) as well as survival signals initiated by epidermal growth factor
receptor family members. The present studies were done to determine the effect of combining
topotecan and the dual epidermal growth factor receptor/HER2 inhibitor lapatinib in tissue culture,
a murine xenograft model, and a phase I clinical trial.

Experimental Design—The effects of lapatinib on topotecan accumulation and cytotoxicity in
vitro were examined in paired cell lines lacking or expressing Pgp or BCRP. Antiproliferative effects
of the combination were assessed in mice bearing HER2+ BT474 breast cancer xenografts. Based
on tolerability in this preclinical model, 37 patients with advanced-stage cancers received escalating
doses of lapatinib and topotecan in a phase I trial.

Results—Lapatinib increased topotecan accumulation in BCRP- or Pgp-expressing cells in vitro,
and the combination showed enhanced efficacy in HER2+ BT474 xenografts. In the phase I study,
nausea, vomiting, diarrhea, and fatigue were dose limiting. The maximum tolerated doses were 1,250
mg/d lapatinib by mouth for 21or 28 days with 3.2 mg/m2 topotecan i.v. on days1, 8, and 15 of 28-
day cycles. Pharmacokinetic analyses showed that combined drug administration resulted in
decreased topotecan clearance consistent with transporter-mediated interactions. Seventeen (46%)
patients had disease stabilization.

Conclusions—The lapatinib/topotecan combination is well tolerated and warrants further study.

The 4-anilinoquinazoline lapatinib is a potent and selective inhibitor of substrate
phosphorylation catalyzed by the epidermal growth factor receptor (EGFR;ErbB1) and HER2
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(1,2). Lapatinib has also shown potent inhibition of growth in tumors overexpressing EGFR
and/or HER2 in vitro and in vivo (1,3,4). Phase I trials indicated that lapatinib was well tolerated
up to 1,800 mg/d, with diarrhea and rash as dose-limiting toxicities (DLT; ref. 5). Based on
subsequent clinical trials, lapatinib has been approved for the treatment of trastuzumab-
resistant HER2+ breast cancer in the United States (5–7).

The camptothecin derivative topotecan is a water-soluble topoisomerase I inhibitor that has
activity against several human malignancies, including relapsed ovarian cancer and small cell
lung cancer (8). Topotecan is well tolerated in these disorders, with neutropenia being the
principal toxicity at doses above 4 mg/m2/wk (8).

Previous studies have indicated that sensitivity of tumor cells to topoisomerase I poisons can
be affected by several cellular processes. For example, survival signaling initiated by receptor
tyrosine kinases, such as EGFR and HER2/Neu, inhibits camptothecin- or topotecan-induced
cytotoxicity (9–11), providing the rationale for current therapies that include EGFR-directed
agents and irinotecan (12). In addition, drug efflux mediated by the ATP-binding cassette
(ABC) transporters P-glycoprotein (Pgp;ABCB1) and breast cancer resistance protein
(BCRP;ABCG2;reviewed in refs. 13–16) can affect cellular topotecan accumulation and
cytotoxicity in vitro (17–22) as well as topotecan distribution in vivo (23,24).

Constitutive Pgp expression is observed in normal colon, adrenal gland, bile duct, renal
epithelium, and bone marrow stem cells, as well as in tumors derived from these tissues (25).
Likewise, constitutive BCRP expression is observed in liver, kidney, brain, placenta, intestine,
and colon (26) as well as cancers derived from these sites (27). Because these transporters can
affect drug accumulation in cancer cells, there has been substantial interest in identifying
inhibitors of these transporters and assessing their ability to modulate the efficacy of affected
agents (28,29).

Translational Relevance

Signaling by the epidermal growth factor receptor and HER2 has previously been shown
to modulate sensitivity to topoisomerase I inhibitors. In the present study, Molina et al. have
examined the effects of combining the dual epidermal growth factor receptor/HER2
inhibitor lapatinib with the topoisomerase I poison topotecan in tissue culture, a murine
xenograft model, and a phase I clinical trial. In cell lines that overexpress P-glycoprotein
(ABCB1) or breast cancer resistance protein (ABCG2), lapatinib enhances topotecan
accumulation and cytotoxicity. In a xenograft model that overexpresses HER2 but not
ABCB1 or ABCG2, lapatinib enhances the antitumor efficacy of topotecan. In the phase I
trial, lapatinib (1,250 mg/d for 21 or 28 days) could be safely administered with topotecan,
although the maximum tolerated dose of topotecan (3.2 mg/m2/d on days 1, 8, and 15 of
each 28-day cycle) was lower than the maximum tolerated dose of single-agent topotecan.
Pharmacokinetic analysis suggested that lapatinib diminished clearance of topotecan by
routes other than glomerular filtration. Collectively, these results not only provide new
understanding of the interactions between lapatinib and topotecan but also suggest that the
lapatinib/topotecan combination, which is well tolerated, warrants further clinical
investigation.

Several compounds, including certain 4-anilinoquinazolines, have previously been shown to
inhibit ABC transporters. In particular, our group and others have shown that the EGFR
tyrosine kinase inhibitors CI-1033 and gefitinib inhibit the transport activities of BCRP and
Pgp (21,30,31). More recent studies indicate that lapatinib is also an inhibitor of BCRP and
Pgp (32). Based on these data, we examined the effect of lapatinib on topotecan accumulation
and cytotoxicity in BCRP-and Pgp-expressing cell lines in vitro, assessed the tolerability and
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antitumor activity of lapatinib and topotecan in a murine xenograft model in vivo, and did a
phase I study to evaluate the safety, tolerability, and pharmacokinetics of the lapatinib/
topotecan combination in patients with advanced solid tumors.

Materials and Methods
Compounds and materials

For tissue culture studies, lapatinib and topotecan were dissolved in DMSO at 1,000 times the
indicated final concentrations. For murine xenograft studies, lapatinib powder (GW572016F)
was formulated in aqueous hydroxypropylmethylcellulose:Tween 80 (0.5%:0.1%) and
administered orally as a suspension. Topotecan (SKF-104864-A) was dissolved in water at the
required concentration before i.p. administration. For human studies, lapatinib and topotecan
were standard commercially available formulations.

Murine monoclonal anti-EGFR and rabbit polyclonal anti-HER2 were purchased from Becton
Dickinson and Upstate Biological. Murine monoclonal anti-lamin A and anti-heat shock
protein 90 were kind gifts from Frank McKeon (Harvard Medical School, Boston, MA) and
David Toft (Mayo Clinic, Rochester, MN).

Cell culture studies
Paired AuxB1 and CHRC5 Chinese hamster ovary cells that differ in Pgp expression (33) were
cultured in α-MEM with ribonucleosides and deoxyribonucleosides, 10% heat-inactivated fetal
bovine serum, 100 units/mL penicillin G, and 100 µg/mL streptomycin as previously described
(18). MDA-MB-231 cells stably transfected with BCRP or empty vector were cultured in
Iscove’s modified essential medium containing 10% heat-inactivated fetal bovine serum, 100
units/mL penicillin G, and 100 µg/mL streptomycin as previously described (21). Whole-cell
lysates were prepared from logarithmically growing cells and subjected to immunoblotting as
previously described (34).

To evaluate topotecan accumulation, cell lines were trypsinized, sedimented at 100 × g for 6
min, resuspended in their respective medium, and incubated with diluent or 20 µmol/L
topotecan in the presence of increasing lapatinib concentrations for 20 to 30 min at 37°C. All
samples contained 0.2% (v/v) DMSO. At the end of the incubation, each sample was subjected
to flow microfluorimetry on a Becton Dickinson FACScan flow cytometer using an excitation
wavelength of 488 nm and an emission wavelength of 585 nm as previously described (18).

To do clonogenic assays, cells were plated in 35-mm dishes, allowed to adhere overnight,
treated with increasing concentrations of topotecan in the presence of diluent or lapatinib for
24 h, washed, and incubated in drug-free medium for 7 to 8 d as previously described (18,
21). Colonies were stained with Coomassie blue and manually counted.

Tumor xenografts
BT474 human breast carcinoma xenografts (1,3) are HER2+ and do not express Pgp or BCRP.
They were maintained by serial transplantation of tumor fragments in female CB-17 severe
combined immunodeficient (SCID) mice (Charles River Laboratories). The research complied
with national legislation and with company policy on the Care and Use of Animals as well as
related codes of practice. Tumors were initiated by trocar implantation of 1 mm3 tumor
fragments s.c. in the axillary region of female SCID mice. Therapy was initiated following
establishment of tumors. Lapatinib was administered by oral gavage to groups of eight female
mice at doses of 0 (vehicle), 30, 60, or 100 mg/kg for 21 d on a twice daily schedule with the
two doses being administered 6 to 8 h apart.6 Topotecan was administered i.p., alone or
concurrently with lapatinib, as a single dose on days 1, 5, and 9 (every 4 d × 3 schedule) from
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the initiation of therapy at doses of 6 or 10 mg/kg/d. Tumor measurements were made through
the skin using electronic calipers with direct data entry into a spreadsheet format at twice
weekly intervals. Tumor volume (mm3) was estimated according to the following formula:
[tumor length (mm) × tumor width (mm)2] / 2. Unless otherwise indicated, % inhibition was
calculated from measurements taken the day after the last treatment. Decreases in tumor volume
were reported as % inhibition, calculated as 100 × [1 - (average growth of the drug-treated
population / average growth of the vehicle control population)].

For each study, an analysis of covariance was fit to the tumor size of each mouse after 21 d of
drug treatment [the day after the last dose of lapatinib (day 56 for study 1 and day 70 for study
2)]. The treatment group was used as the explanatory variable, and initial tumor size was used
as a covariate. This type of analysis considers the initial tumor size when evaluating the effect
of the treatment groups on tumor size on day 21. The analysis was done on the natural log of
the tumor size on day 21 to satisfy the assumption of homoscedasticity in the analysis of
covariance. Some of the treatment groups were dropped from the analyses due to toxicity or
insufficient sample size. All pairwise comparisons were made across the treatment groups. As
these were planned comparisons, no adjustment was made for multiple comparisons. The P
values associated with the difference between treatment groups were considered significant
when P < 0.05.

Patient selection
Patients with histologic or cytologic evidence of metastatic or locally advanced cancer for
which there was no established curative or life-prolonging therapy were eligible for this study.
Eligibility criteria also included age ≥18 y; Eastern Cooperative Oncology Group performance
status ≤2; prior radiation completed at least 3 wk before study enrollment; and adequate bone
marrow (platelets ≥100,000/AL, absolute neutrophil count >1,500/AL, hemoglobin ≥9 g/dL),
hepatic (total bilirubin ≤2.0 times the upper limit of normal, aspartate transaminase ≤5 times
normal, if liver involvement), and renal (serum creatinine ≤1.5 times the upper limit of normal)
function as assessed within 1 wk of starting therapy. Other eligibility variables included an
echocardiogram with an ejection fraction >50% and a life expectancy of ≥12 wk. All patients
were required to give written informed consent under Federal and institutional guidelines.

Study design and treatments
This was a phase I, open-label, multiple-dose study to describe the toxicity profile and identify
the maximum tolerated dose (MTD) of i.v. topotecan administered on days 1, 8, and 15
combined with lapatinib given orally for 21 d (cohort 1) or 28 d (cohort 2) of 28-d cycles.
Pharmacokinetic analyses were done to quantify any observed interactions between the two
agents.

Cohort 1 used a standard cohort of three design (35) evaluating escalating oral doses of 750,
1,000, and 1,250 mg/d of lapatinib for 21 d and i.v. doses of 2.4, 3.2, and 4.0 mg/m2 topotecan
on days 1, 8, and 15 of each 28-d cycle. The incidence and severity of adverse events were
evaluated and coded according to the National Cancer Institute Common Toxicity Criteria
(version 3.0). Response to therapy was determined using a modified Response Evaluation
Criteria in Solid Tumors (36). All objective responses were required to be confirmed 4 wk
later. The MTD was defined as the dose level below the lowest dose level that induced DLT
in at least one third of patients (at least two of a maximum of six new patients) with three

6These doses in mice have been shown to produce exposures comparable with those in patients at therapeutic doses. In particular, mice
dosed orally twice daily at 30, 60, and 100 mg/kg of lapatinib display AUC of 5, 29, and 94 h·µg/mL, and Cmax of 1, 4, and 9 µg/mL,
respectively. At the approved human therapeutic dose of 1,250 mg four times daily, AUC ranges from 23 to 56 µg/mL and Cmax from1
to 4 µg/mL.
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patients treated at a given dose level combination and observed for at least 4 wk to assess
toxicity. DLT was defined as an adverse event during cycle 1 attributed (possibly, probably,
or definitely related) to the study treatment that included grade 4 neutropenia of >5 d of
duration; platelets <25,000/AL; hemoglobin <6.5 g/dL; serum creatinine >2 times baseline;
grade 3 nausea, vomiting, or diarrhea despite maximal supportive treatment; any other grade
3 nonhematologic event; any grade 4 laboratory abnormality; and any persistent adverse event
that resulted in dose delays after the first cycle, even if the event was not grade 3 in severity.

Cohort 2 used a similar cohort of three design evaluating escalating doses of 1,000 and 1,250
mg/d of lapatinib for 28 d and doses of 3.2 mg/m2 of topotecan i.v. given on days 1, 8, and 15
of each 28-d cycle. An additional 10 patients were treated at the MTD of this cohort to more
completely evaluate the safety and tolerability.

Pharmacokinetic analysis
During cycle 1 only, lapatinib was delayed until day 2 to allow pharmacokinetic analyses.
Blood samples for topotecan were collected into prechilled heparinized tubes before drug
administration and 0.25, 0.5, 0.75, 1.0, 2, 4, 6, 8, 12, and 24 h after beginning the infusion on
days 1 and 8. Plasma was isolated by centrifugation (4,000 × g for 5 min) at 4°C. Topotecan
plasma concentrations were measured after protein precipitation and extraction into acetonitrile
by liquid chromatography-tandem mass spectrometry using a TurboIonSpray Interface with
multiple reaction monitoring. The method was sensitive (50 pg/mL), precise (within 7%), and
accurate (within 15%). Blood samples for lapatinib were collected in tubes containing EDTA
0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, and 24 h after administering the oral dose on days 7
and 8. Plasma was isolated by centrifugation (1,000 × g for 10 min). Plasma samples were
stored at −70°C until analyzed. Lapatinib plasma concentrations were measured using a
previously published liquid chromatography-tandem mass spectrometry method (37) with a
sensitivity of 5 ng/mL lapatinib, precision within 15%, and accuracy within 15% of nominal.

Topotecan and lapatinib plasma concentration-time data were analyzed by noncompartmental
methods using the program WinNonlin version 4.1 (Pharsight Corp.). The apparent terminal
elimination rate constants (kz) were determined by linear least-squares regression through the
terminal linear portion of the graph of the log plasma concentration versus time. The apparent
elimination half-life (t1/2) was calculated as 0.693/kz. Areas under the plasma concentration-
time curves (AUC) were determined using the linear trapezoidal rule from time zero to the
time of the last detectable sample (Clast). AUCs through infinite time (AUC0-∞) were calculated
by adding the value Clast/kz to AUC(0-t). Topotecan plasma clearance (CLp) was calculated as
dose/AUC0-∞. Maximum observed plasma concentration (Cmax) and the time to reach
maximum plasma concentration (Tmax) for each patient were derived from the plasma
concentration-time profile. Clearance of topotecan by mechanisms other than renal glomerular
filtration (CLNRF) was calculated by subtracting creatinine clearance (CLCR) from CLp.
CLCR was calculated by the Cockcroft-Gault method. Pharmacokinetic variables were
compared between treatments by ANOVA (SAS). The statistical significance of each
comparison was determined by the deviation from inclusion of 1.00 in the 90% confidence
limits for the mean of all individual treatment ratios.

Results
Cell culture studies

Previous studies have shown that topotecan is effluxed from cells by Pgp and BCRP. In view
of results showing that other 4-anilinoquinazoline – based EGFR inhibitors can modulate these
transporters, we examined the effects of lapatinib on intracellular topotecan accumulation and
cytotoxicity in paired cell lines differing in BCRP or Pgp expression. These studies used MDA-
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MB-231 cells stably transfected with empty vector or BCRP (21) as well as AuxB1 and its
Pgp-overexpressing derivative CHRC5 (18,33). Earlier studies not only documented
transporter overexpression in the MDA-MB-231/BCRP and CHRC5 lines but also showed low
but detectable transporter expression in the MDA-MB-231/empty vector and AuxB1 cells
(18,21). In the context of the studies described below, these cell lines were also assayed for
EGFR and HER2 expression (Supplementary Fig. S1). Consistent with earlier reports (38,
39), the MDA-MB-231–derived clones expressed very low levels of EGFR and HER2
compared with cell lines with EGFR overexpression or HER2 amplification. Likewise, in
accord with earlier studies (40,41), the Chinese hamster ovary–derived cell lines expressed
only low levels of HER2 and undetectable levels of EGFR.

To assess whether lapatinib affects BCRP-mediated topotecan efflux, MDA-MB-231/BCRP
and MDA-MB-231/empty vector cells were incubated with topotecan in the presence of diluent
or lapatinib (Fig. 1A). Analysis of topotecan accumulation by flow cytometry showed that
lapatinib increased topotecan steady-state accumulation in BCRP-expressing cells (Fig. 1A,
left). In particular, the increase in intracellular topotecan was half-maximal at 250 nmol/L
lapatinib (Fig. 1A, right). At 1,000 nmol/L lapatinib, steady-state intracellular topotecan was
190 ± 20% (mean ± SD, n = 4) of accumulation in the absence of lapatinib. Consistent with
these results, clonogenic assays done after exposure of cells to one or both drugs simultaneously
for 24 hours revealed that lapatinib enhanced the antiproliferative effects of topotecan in MDA-
MB-231/BCRP cells (Fig. 1B, left), with half-maximal effects at 250 nmol/L lapatinib (Fig.
1B, middle). In contrast, lapatinib had little effect on intracellular topotecan (Fig. 1A,
middle) or topotecan-induced inhibition of colony formation (Fig. 1B, right) in MDA-MB-231
cells transfected with the empty vector.

Additional experiments examined the effect of lapatinib on topotecan action in paired cell lines
expressing different amounts of Pgp (33). These studies showed that 1,000 nmol/L lapatinib
increased intracellular topotecan in CHRC5 cells, which express high levels of Pgp, to 220 ±
20% (n = 3) of the steady-state accumulation observed in the absence of lapatinib (Fig. 1C,
left and right). The effects were more modest in AuxB1 cells (Fig. 1C, middle), which express
lower levels of Pgp (33). In agreement with these results, lapatinib also enhanced the
antiproliferative effects of topotecan in colony-forming assays in CHRC5 cells (Fig. 1D, left
and middle) much more than in AuxB1 cells (Fig. 1D, right).

Collectively, these results show that lapatinib is able to enhance topotecan accumulation in
cells that overexpress BCRP or Pgp. In addition, lapatinib enhances the antiproliferative effects
of topotecan in these cells, possibly reflecting effects on the endogenously expressed EGFR
and HER2 as well as topotecan uptake.

Animal studies
To assess the effects of the lapatinib/topotecan combination in vivo, mice bearing HER2+

BT474 breast adenocarcinoma xenografts, a model previously shown to be responsive to
lapatinib (1,3), were treated orally with lapatinib for 21 days in conjunction with i.p. topotecan
on every 4 days × 3 schedule. Twice daily oral administration of lapatinib resulted in inhibition
of BT474 tumor growth after 21 days of treatment (day 56: 79% at 60 mg/kg and 77% at 100
mg/kg of lapatinib in study 1;day 70: 26% at 30 mg/kg and 82% at 100 mg/kg in study 2; Fig.
2A and C, respectively). Modest inhibition of tumor growth was also observed in mice treated
with topotecan alone (66% at 10 mg/kg in study 1 and 53% and 65% at 6 and 10 mg/kg,
respectively, in study 2). In study 1, mice receiving 100 mg/kg lapatinib and 10 mg/kg
topotecan concomitantly died during the first 2 weeks of treatment, showing that full doses of

Note: Supplementary data for this article are available at Clinical Cancer Research Online (http://clincancerres.aacrjournals.org/).

Molina et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://clincancerres.aacrjournals.org/


both agents were not tolerable. Mice treated with 60 mg/kg lapatinib and 10 mg/kg topotecan
showed maximum body weight loss of 19.1% (Fig. 2B) and had significant tumor growth
inhibition relative to topotecan alone (Fig. 2A). In study 2, mice treated with 100 mg/kg
lapatinib and 6 mg/kg topotecan had a maximum body weight loss of 21%, whereas mice
treated with 30 mg/kg lapatinib and 6 mg/kg topotecan had a maximum body weight loss of
13.9% (Fig. 2D). Both combinations had significantly greater tumor growth inhibition than
either agent alone (Fig. 2C). Two mice treated with 30 mg/kg lapatinib and 10 mg/kg topotecan
died within the first 2 weeks of treatment (days 12 and 13). Tumor growth inhibition for the
remaining six mice was significant compared with lapatinib alone after 21 days of treatment
(Fig. 2D).

Phase I study results
In view of these potentially promising preclinical results, a phase I clinical trial of the lapatinib/
topotecan combination was done. Thirty-seven patients enrolled in two cohorts (Table 1)
received an overall median of 2 (range, 1–20) courses of therapy at six different dose levels
(Table 2). The median age of study participants was 56 years (range, 33–74). Overall, 73% of
patients were female. Most patients were relatively asymptomatic from their cancers, with 51%
and 41% having Eastern Cooperative Oncology Group performance status of 0 and 1,
respectively. Tumor types included melanoma and sarcoma as well as renal cell, ovarian, lung,
pancreatic, stomach, esophageal, and salivary gland carcinomas.

Adverse events—All 37 patients were evaluable for analysis of toxicity. Adverse events for
cohort 1 were mild through dose level 2. At dose level 3, one patient with a disease progression–
associated decrease in renal function experienced grade 4 neutropenic fever after topotecan
administration. No other potential DLTs were observed in five additional patients at this dose
level. At dose level 4, two patients experienced a DLT (one grade 3 diarrhea and one grade 3
nausea and vomiting). Accordingly, the MTD for cohort 1 was dose level 3, which consisted
of 1,250 mg lapatinib orally four times daily for 21 days and 3.2 mg/m2 topotecan i.v. on days
1, 8, and 15 of each 28-day cycle. The MTD for cohort 2 was dose level 1, which consisted of
1,250 mg lapatinib orally four times daily for 28 days and 3.2 mg/m2 topotecan i.v. on days 1,
8, and 15 of each 28-day cycle. When no DLTs were observed in the initial 9 patients of cohort
2 during the dose escalation, an additional 10 patients were enrolled at the MTD. Although no
grade 4 events were observed in this expansion cohort, there were 14 grade 3 treatment-related
events in six patients (2 dehydration, 2 diarrhea, 4 nausea, 2 vomiting, 1 leukopenia, 1
thrombocytopenia, 1 neutropenia, and 1 fatigue).

The cycle 1 and total treatment-related grade 3 and 4 adverse events are summarized in Table
3. The most common nonhematologic events were fatigue (13%), diarrhea (11%), nausea
(11%), and emesis (8%). The diarrhea and the nausea and vomiting resolved quickly and
completely with standard anti-diarrheal and anti-emetic therapy, respectively. The MTD and
recommended phase II dose of the combination is 1,250 mg/d lapatinib for 28 days and 3.2
mg/m2 topotecan i.v. on days 1, 8, and 15 of a 28-day cycle.

Antitumor activity—The median number of cycles administered was 2 (range, 1–6) in cohort
1 and 3 (range, 1–20) in cohort 2. Eight patients (44.4%) in cohort 1 and nine (47%) in cohort
2 had stable disease lasting for a median of 2 cycles after being initially documented (range,
1–18 cycles).

Pharmacokinetic analysis—Eleven patients participated in pharmacokinetic studies. Data
from two patients, however, were excluded from analysis of lapatinib pharmacokinetics
because one withdrew before completing the day 7 and 8 assessments and another had
uninterpretable data secondary to deteriorating health status. Two patients were excluded from
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analysis of topotecan pharmacokinetics due to absence of plasma concentration data on day 8.
Pharmacokinetic variables for topotecan and lapatinib, following administration of each drug
alone and both drugs together, are summarized in Table 4.

Topotecan pharmacokinetics were altered to a small but statistically significant extent when
administered with lapatinib. Topotecan AUC0–24 h increased by 18% (7–29%) in the presence
of lapatinib. Lapatinib had no effect on topotecan t1/2 or Vss, consistent with the increase in
AUC being due to a decrease in CLp. The geometric mean CLp was 7.28 L/h/m2 when topotecan
was administered alone on day 1 and 6.14 L/h/m2 when topotecan was administered with
lapatinib on day 8. This small (16%) but statistically significant decrease in CLp was further
assessed by estimating the partial clearance of topotecan by mechanisms other than renal
filtration, CLNRF. Assuming that glomerular filtration rate was not altered by lapatinib,
estimated values of CLNRF suggested a small statistically significant decrease of 22% (12–
32%) when topotecan was administered with lapatinib. CLNRF was 72% of CLp when
topotecan was administered alone but reduced to 66% of CLp when topotecan and lapatinib
were administered together. Ratios of topotecan CLNRF in the presence of lapatinib to
CLNRF in the absence of lapatinib were fit to a competitive inhibition model based on the Dixon
(42) equation, CLNRF ratio = 1 / (1 + Ci / Ki), where Ci = concentration of inhibitor (lapatinib
steady-state Cmin) and Ki = the inhibitory constant (lapatinib concentration producing 50%
inhibition). The results displayed in Supplementary Fig. S2 indicated a Ki of 2,349 ng/mL
(±35%) or 4 µmol/L.

There was also a trend toward higher lapatinib concentrations in the presence of topotecan.
The geometric mean Cmax was 1.89 µg/mL 3 hours following the 1,250 mg dose of lapatinib
administered alone on day 7 and 2.33 µg/mL 4 hours after administration with topotecan on
day 8. Mean lapatinib AUC0–24 h was also higher when administered with topotecan than with
lapatinib alone (31.7 versus 23.3 h·µg/mL). However, these differences were not significant,
and there was no apparent relationship to topotecan dose or concentration.

Discussion
In the present study, we report the effects of combining topotecan and lapatinib in preclinical
experiments and in a phase I clinical study in patients with advanced solid tumors. The
preclinical studies suggest that lapatinib enhances the efficacy of topotecan by at least two
mechanisms. The phase I study, which to our knowledge is the first report of a clinical trial
examining the effect of a 4-anilinoquinazoline tyrosine kinase inhibitor on topotecan
tolerability and pharmacokinetics in vivo, shows that coadministration of topotecan and
lapatinib is feasible in the clinical setting.

In the preclinical studies, lapatinib increased topotecan steady-state accumulation in cell lines
overexpressing either BCRP or Pgp but not in cells with low endogenous levels of BCRP or
Pgp (Fig. 1A and C). This observation was consistent with recently published data indicating
that lapatinib is a substrate and inhibitor of both Pgp and BCRP at clinically achievable
concentrations (32). Thus, lapatinib joins other 4-anilinoquinazoline tyrosine kinase inhibitors,
including CI-1033 and gefitinib, as modulators of ABC transporter action.

In further experiments, lapatinib also enhanced the antiproliferative effects of topotecan in
colony-forming assays (Fig. 1B and D). This enhancement was greater in cells that express
higher levels of BCRP or Pgp (Fig. 1B and D, left versus right), suggesting that the ability of
lapatinib to increase topotecan accumulation is likely playing a role. Previous studies showing
that survival signaling initiated by receptor tyrosine kinases such as EGFR and HER2 inhibits
camptothecin- or topotecan-induced cytotoxicity (9–11), coupled with our observation of low
levels of EGFR or HER2 in the cell lines used for these studies (Supplementary Fig. S1), raised
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the possibility that inhibition of signaling by EGFR and HER2 is also contributing to the
enhanced antiproliferative effects of the combination in vitro.

In a parallel series of experiments, the effects of the lapatinib/topotecan combination were
examined in SCID mice bearing BT474 HER2+ tumor xenografts. This combination exhibited
toxicity at high doses in the mouse studies (Fig. 2B and D), suggesting that it might not be
possible to administer both agents together at full doses in the clinical setting. However,
decreasing the topotecan dose from 10 mg/kg to 6 mg/kg decreased the toxicity, and the
combination with either 100 or 30 mg/kg of lapatinib6 had significantly greater tumor growth
inhibition than either agent alone (Fig. 2A and C). Because the BT474 cells do not express Pgp
or BCRP, the efficacy of the combination in the xenograft studies likely reflects the effect of
inhibiting HER2 signaling that can impede topotecan action.

In the ensuing phase I study, the combination of lapatinib and topotecan in patients with
advanced solid tumors was well tolerated, with only mild toxicities in the form of diarrhea,
nausea, vomiting, and one episode of neutropenic fever. We recommend a phase II dose of
1,250 mg lapatinib orally once daily for 28 days and 3.2 mg/m2 topotecan i.v. on days 1, 8,
and 15 of a 28-day cycle.

In this study, higher systemic exposure to topotecan was observed when the two drugs were
administered together compared with topotecan alone (Table 4). The observation of higher
systemic topotecan exposure when the two drugs were administered together provides a
plausible explanation for the lower tolerated doses of topotecan when administered with
lapatinib (3.2 mg/m2/wk topotecan × 3 in the combination compared with a MTD of 4 mg/
m2/wk × 3 for topotecan alone). Higher systemic topotecan exposure in the combination is
consistent with reduced topotecan clearance in the presence of lapatinib and likely reflects
inhibition of topotecan transporters by lapatinib. In this context, it is interesting to note that
one of the patients in this study whose participation was halted due to a decline in renal function
exhibited the greatest decrease in topotecan clearance in the presence of lapatinib. Despite the
long washout time between these unrandomized assessments of topotecan pharmacokinetics
relative to topotecan half-life, the potential for a carryover effect cannot be excluded, and these
exploratory findings deserve further evaluation in a randomized study.

The affinity of lapatinib and topotecan for the same transporters provides a mechanism for the
observed pharmacokinetic interaction. Clearance of topotecan seems to occur primarily
through two mechanisms: biliary secretion (43), which may involve BCRP and Pgp, and renal
excretion, which may involve OAT3 or Pgp (44). Each of these transporters has been found to
be inhibited by lapatinib (32). As indicated in Table 4, lapatinib seemed to decrease the
clearance of topotecan by mechanisms other than renal glomerular filtration, which may
include renal tubular secretion and biliary secretion, both of which are transporter-mediated
processes. Analysis of these data (Supplementary Fig. S1) indicated an inhibitory constant
(Ki) nearly identical to the 2,300 ng/mL (3.9 µmol/L) in vitro Ki for lapatinib inhibition of Pgp
(32), suggesting that inhibition of this transporter was the predominant mechanism of altered
topotecan clearance. Lapatinib has also been found to inhibit OAT3 but at concentrations an
order of magnitude higher (32). BCRP, which is likewise expressed in the kidney (45), is
inhibited at lower concentrations of lapatinib (in vitro Ki, 14 ng/mL, 0.025 µmol/L) but is also
present in lower abundance relative to Pgp. Therefore, the observed effects on topotecan
clearance seem to be primarily due to lapatinib-mediated Pgp inhibition. The extent to which
this inhibition affected biliary versus renal clearance of topotecan could not be determined
from these data, as the relative contributions of Pgp to these routes are incompletely understood,
and urinary recovery of topotecan was not measured in the present study. The apparently
inconsistent decrease in topotecan Cmax might be due to its insensitivity to changes in CLp and
its sensitivity to infusion rate. Although lapatinib concentrations also seemed to be higher in
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the presence of topotecan, this difference was marginally significant and is unlikely to reflect
transporter inhibition by topotecan, which was present at molar concentrations 10-fold lower
than lapatinib.

In this phase I clinical trial, stable disease was observed in 46% of patients. This stable disease
lasted a median of 2 cycles after documentation (range, 1–18). Phase II studies are required to
better evaluate the clinical utility of this combination.

In summary, this study showed a very manageable safety and tolerability profile of lapatinib
and topotecan in combination at less than single-agent MTDs to accommodate the inhibitory
effect of lapatinib on topotecan transport by ABC transporters. Based on the tolerability of this
regimen and its favorable effects in vivo, a phase II trial of this combination in patients with
ovarian cancer is in progress.
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Fig. 1.
Lapatinib enhances topotecan uptake and cytotoxicity in tumor cells overexpressing BCRP or
Pgp. A and C, left, after cells that overexpress BCRP (MDA-MB-231/BCRP) or Pgp (CHRC5)
were incubated with DMSO,1 µmol/L lapatinib (Lap) in DMSO, topotecan (Top) in DMSO,
or lapatinib and topotecan (Lap + Top) simultaneously for 20 to 30 min, topotecan accumulation
was assayed by flow microfluorimetry. All samples contained 0.2% (v/v) DMSO. Middle, cells
that express lower endogenous levels of BCRP (MDA-MB-231/empty vector) or Pgp (AuxB1)
were used as controls. Right, summary of results as a function of lapatinib concentration. The
values shown were corrected by subtracting the minimal fluorescence attributable to lapatinib
at the corresponding concentrations. Points, mean of three independent experiments; bars, SD.
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B and D, left, after treatment for 24 h with the indicated concentration of topotecan or diluent
in the presence or absence of1 µmol/L lapatinib, cells were washed and allowed to form
colonies. Middle, ABC transporter-overexpressing cells were treated for 24 h with varying
concentrations of lapatinib in the presence or absence of 40 nmol/L topotecan (B, middle) or
200 nmol/L topotecan (D, middle) and then assayed for colony formation. Right, MDA-
MB-231/empty vector (B, right) orAuxB1cells (D, right) were treated for 24 h with the
indicated concentration of topotecan or diluent in the presence or absence of 1 µmol/L lapatinib,
washed, and allowed to form colonies. Points, mean of triplicate plates; bars, SD. Similar results
were observed in three independent experiments.
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Fig. 2.
Lapatinib enhances the antitumor effects and toxicity of topotecan in vivo. CB-17 SCID mice
bearing BT474 human breast cancer xenografts were treated with the indicated doses of
topotecan alone (i.p. on every 4 d × 3 schedule) or in combination with oral lapatinib as
indicated in Materials and Methods. A and C, estimated tumor volumes. B and D, columns,
mean weights in groups of eight mice subjected to each treatment; bars, SD.
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Table 1
Patient characteristics

Variable, n (%) Cohort 1 (n = 18) Cohort 2 (n = 19) Overall (N = 37)

Age, median (range) 55 (33–74) 60 (35–74) 56 (33–74)

No. cycles received, median (range) 2 (1–6) 3 (1–20) 2 (1–20)

Gender

  Female 10 (55.6%) 17 (89.5%) 27 (73%)

  Male 8 (44.4%) 2 (10.5%) 10 (27%)

Performance score

  0 9 (50.0%) 10 (52.6%) 19 (51.4%)

  1 7 (38.9%) 8 (42.1%) 15 (40.5%)

  2 2 (11.1%) 1 (5.3%) 3 (8.1%)
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Table 2
Dose escalation and occurrence of DLTs

Dose level Lapatinib (mg) Topotecan (mg/m2) No. patients No. DLTs

Cohort 1

  0* 750 2.4 3 0

  1 750 3.2 3 0

  2 1,000 3.2 3 0

  3 1,250 3.2 6 1

  4 1,250 4.0 3 2

Cohort 2

  0* 1,000 3.2 3 0

  1 1,250 3.2 6 0
*
Starting dose level.
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Table 3
All cycles grade 3/grade 4 adverse events at least possibly related to treatment

Patients with
at least one

Cycle 1,
n (%)*

All cycles,
n (%)*

Any grade 3+ toxicity 13 (34.2%) 16 (42.1%)

Any grade 4+ toxicity 1 (2.6%) 1 (2.6%)

Grade 3+ heme toxicity 5 (13.2%) 6 (15.8%)

Grade 4+ heme toxicity — —

Grade 3+ nonheme toxicity 9 (23.7%) 11 (28.9%)

Grade 4+ nonheme toxicity 1 (2.6%) 1 (2.6%)

Toxicities† Grade 3 Grade 4 Grade 3 Grade 4

Hematologic

  Neutropenia 3 (7.9%) 5 (13.2%)

  Leukopenia 2 (5.3%) 2 (5.3%)

  Anemia 1 (2.6%)

  Thrombocytopenia 2 (5.3%) 2 (5.3%)

Nonhematologic

  Dehydration 2 (5.3%) 2 (5.3%)

  Rash 1 (2.6%) 1 (2.6%)

  Diarrhea 3 (7.9%) 4 (10.5%)

  Fatigue 4 (10.5%) 5 (13.2%)

  Febrile neutropenia 1 (2.6%) 1 (2.6%)

  Nausea 4 (10.5%) 4 (10.5%)

  Vomiting 3 (7.9%) 3 (7.9%)

*
Out of a total of 37 patients evaluable for toxicity.

†
The same patient could have multiple toxicities.

Clin Cancer Res. Author manuscript; available in PMC 2009 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Molina et al. Page 19

Table 4
Summary of topotecan and lapatinib pharmacokinetics

Drug Topotecan alone (day 1)* Lapatinib + topotecan (day 8)* Day 8:day 1 ratio†

Topotecan (n = 9)

  Cmax (ng/mL) 162 (146–178) 128 (102–154) 0.79 (0.66–0.92)

  AUC0–24 h (h·ng/mL) 432 (329–535) 510 (323–697) 1.18 (1.07–1.29)

  CLp (L/h/m2) 7.28 (5.35–8.91) 6.14 (4.27–8.01) 0.84 (0.76–0.92)

  CLNRF (L/h/m2) 5.25 (3.99–6.51) 4.11 (2.72–5.50) 0.78 (0.68–0.88)

  t1/2 (h) 4.30 (4.09–4.51) 4.35 (3.96–4.74) 1.01 (0.96–1.06)

  Vss (L/m2) 30.5 (26.5–34.5) 30.1(23.9–36.3) 0.99 (0.90–1.08)

Lapatinib alone (day 7)* Lapatinib + topotecan (day 8)* Day 8:day 7 ratio†

Lapatinib (n = 9)

  Cmax (µg/mL) 1.89 (1.33–2.68) 2.33 (1.78–3.05) 1.24 (1.00–1.52)

  Tmax (h) 3.00 (2.59–8.00)‡ 4.00 (1.50–12.0)‡ 0.25 (−4.00 to 9.00)§

  AUC0–24 h (h·µg/mL) 23.3 (14.5–37.3) 31.7 (22.6–44.5) 1.36 (1.04–1.78)

*
Geometric mean and 95% confidence intervals unless otherwise indicated.

†
Geometric least squares mean ratio and 90% confidence intervals unless otherwise indicated.

‡
Median and range.

§
Median and range of pairwise differences.
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