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Abstract Purpose: The majority of patients who initially
respond to trastuzumab will progress within 1 year.
Currently, patients who progress after trastuzumab-
based therapy are often maintained on trastuzumab
combined with a different chemotherapeutic agent, such
as vinorelbine. However, evidence supporting the con-
tinued use of trastuzumab in these breast cancers is
lacking. Methods: We created a preclinical model of
trastuzumab resistance using the SKBR3 HER-2-over-
expressing breast cancer cell line. Dose-response and cell
cycle alterations in response to trastuzumab and/or
vinorelbine were assessed. Results: In contrast to the
parental SKBR3 cells, vinorelbine-mediated growth
inhibition and apoptosis were not significantly enhanced
by the addition of trastuzumab in the trastuzumab-
resistant pools. Conclusions: These results suggest that
the continued treatment of trastuzumab-resistant breast
cancers with trastuzumab-containing regimens may not
be effective. A randomized clinical trial of trastuzumab
plus vinorelbine versus vinorelbine alone should be
conducted in patients with HER-2-overexpressing breast
cancer to determine the optimal duration of trast-
uzumab therapy upon progression.
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Introduction

Trastuzumab (Herceptin; Genentech, San Francisco,
Calif.) is a recombinant humanized monoclonal anti-
body directed against the extracellular domain of the
HER-2 tyrosine kinase receptor, which is overexpressed
in approximately 20-30% of invasive breast carcinomas
[1]. Response rates to trastuzumab as a single agent
range from 12% to 40% for a median duration of
9 months [2, 3]. Treatment regimens combining trast-
uzumab with the taxane paclitaxel [4, 5] or docetaxel [6]
show increased response rates, time to progression and
survival versus trastuzumab alone. However, many pa-
tients with HER-2-overexpressing tumors never respond
to trastuzumab, and the majority of patients who do
achieve an initial response will acquire resistance within
1 year [3].

Vinorelbine tartrate (Navelbine; GlaxoSmithKline,
Philadelphia, Pa.) is a semisynthetic vinca alkaloid that
inhibits cell growth by binding to tubulin and promoting
apoptosis [7]. In vitro studies have demonstrated that
vinorelbine and trastuzumab synergistically inhibit sur-
vival of HER-2-overexpressing breast cancer cells [8].
Treatment of HER-2-positive metastatic breast cancer
patients with trastuzumab in combination with vinorel-
bine has achieved a 68% to 84% overall response rate [9,
10, 11]. These phase II trials included previously un-
treated patients as well as those with prior exposure to
anthracyclines and/or taxanes. None of these studies
included patients previously exposed to trastuzumab.

The optimal duration of trastuzumab therapy is not
known. Patients who progress on trastuzumab are gen-
erally given a new chemotherapeutic agent such as
vinorelbine but are still maintained on trastuzumab.
While patients may demonstrate an increased antitumor
response to this new regimen, it is unclear whether
trastuzumab is still contributing or whether the new
cytotoxic agent is solely responsible. We evaluated the
growth-inhibitory effects of combined trastuzumab/
vinorelbine in an in vitro trastuzumab-resistant model.



Materials and methods

Materials

Trastuzumab was dissolved in sterile water at 20 mg/ml. Vinorel-
bine tartrate was dissolved in DMSO at 10 mg/ml. The MTS
CellTiter 96 Aqueous One Solution proliferation assay (Promega,
Madison, Wis.) was used in accordance with the manufacturer’s
guidelines.

Cell culture

SKBR3 estrogen receptor-negative breast cancer cells were pur-
chased from the American Type Culture Collection (ATCC,
Manassas, Va.). Trastuzumab-resistant SKBR3 pools were devel-
oped by continuous exposure to trastuzumab (4 pg/ml for pool 1
and 8 pg/ml for pool 2) for 3 months, during which the medium
was replaced every 4 days and cells were passaged when 70%
confluency was reached. Cells regained morphology similar to that
of the parental line after 3 months of trastuzumab exposure, and
have since been maintained in 4 pg/ml trastuzumab. Trastuzumab
resistance was confirmed by dose-response studies as described
below. All cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum.

Dose-response studies

SKBR3 cells and trastuzumab-resistant pools were seeded at 1x10°
cells/well in 96-well dishes. After 24 h cells were treated in triplicate
with twofold serial dilutions of trastuzumab, vinorelbine, or both
drugs simultaneously at a fixed trastuzumab to vinorelbine ratio of
520.83 (ng/ml) to 1 (nM) using at least three doses above and three
doses below the individual ICsy of each drug. After 5 days cells
were exposed to the MTS reagent and optical density was measured
in a microplate reader as directed by the manufacturer. All
experiments were done in triplicate. Growth inhibition is expressed
as the percentage of remaining viable cells in relation to untreated
cultures set at 100% viability. DMSO alone did not affect cell
viability. Combination indices (CI) were obtained using the com-
mercial software package Calcusyn (Biosoft, Cambridge, UK) [12].
Statistically, drug synergy, addition, and antagonism are defined by
CI values less than 1.0, equal to 1.0, or greater than 1.0, respec-
tively. At least three doses above and three doses below the indi-
vidual ICsq of each drug were tested in order to determine the
median-effect using the computer software.

Cell cycle analysis

SKBR3 cells and trastuzumab-resistant pools were treated with 250
or 500 ng/ml of trastuzumab and/or vinorelbine at 0.48 or
0.96 nM. After 5 days of drug treatment, cells were fixed overnight
in 70% ethanol and resuspended in propidium iodide (50 pg/ml)
supplemented with RNase A (1 pg/ml). DNA content was mea-
sured using a FACScan cytometer (Becton Dickinson). All exper-
iments were done in triplicate to determine standard deviations
between individual experiments.

Results

The HER-2-overexpressing SKBR3 cells were treated
with serial dilutions of trastuzumab and/or vinorelbine
at a fixed ratio spanning the 1Csy of each drug (ICs
trastuzumab 125 ng/ml, 1Csqy vinorelbine 1.5 nM). The
viabilities of cells at the various drug concentrations are

187

shown in Fig. 1A. Additionally, representative plots of
the affected fraction of cells versus the CI value for the
drug mixture are shown for parental and pool 1 cells in
Fig. 1B. The dose-response assay demonstrated a CI
value of 0.15, which is in agreement with the published
CI value of 0.34 [8], indicating strong synergy between
these agents in the SKBR3 parental cells. Trastuzumab-
resistant pools were maintained in 4 ug/ml of trast-
uzumab at all times. Both pools remained 100% viable
at concentrations of trastuzumab up to 32 pg/ml, a
concentration at which all SKBR3 parental cells were
killed (data not shown). The sensitivity of both pools to
vinorelbine was very similar (ICsy pool 1 0.7 nM, ICs,
pool 2 0.65 nM). In contrast to parental cells, neither of
the trastuzumab-resistant pools demonstrated an in-
creased dose-response to combined trastuzumab/vino-
relbine versus vinorelbine alone. These results suggest
that trastuzumab does not increase the cytostatic/cyto-
toxic effects of single-agent vinorelbine in breast cancer
cells that have progressed on trastuzumab.

Flow cytometric cell cycle analysis was performed to
determine if the results of the dose-response assays were
a reflection of cytostatic or cytotoxic effects due to cell
cycle arrest or apoptosis. Similar to other mitotic
inhibitors, vinorelbine has been demonstrated to pro-
mote apoptosis in breast cancer cells [13]. The primary
alteration observed in SKBR3 cells treated with a
combination of 0.96 nM vinorelbine and 500 ng/ml
trastuzumab was increased apoptosis. The percentage of
sub-diploid SKBR3 parental cells doubled following
treatment with vinorelbine (Fig. 2). Addition of trast-
uzumab with vinorelbine caused a further twofold in-
crease in apoptotic cells for a greater than fourfold total
rise in apoptosis relative to untreated cultures. A modest
1.5- to 2-fold rise in apoptosis was observed for the
trastuzumab-resistant pools treated with vinorelbine
alone. In contrast to the parental cells, neither pool
demonstrated a significant increase in vinorelbine-med-
iated apoptosis when trastuzumab was added. Similar
results were obtained with other dose combinations of
trastuzumab and vinorelbine (data not shown).

Discussion

Trastuzumab offers clinical benefit to a subset of HER-
2-overexpressing metastatic breast cancers [3, 4, 14].
However, the majority of these patients will demon-
strate disease progression within 1 year. At that time,
patients are generally maintained on trastuzumab with
a second chemotherapeutic agent. Vinorelbine is syn-
ergistic with trastuzumab preclinically and improves
clinical response rates to trastuzumab in trastuzumab-
naive patients [10]. However, there is little clinical or
scientific data addressing the continued use of trast-
uzumab in breast cancers that have progressed while
on trastuzumab. A retrospective analysis of HER-
2-overexpressing metastatic breast cancer patients who
received a second trastuzumab-containing regimen
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retrospective analysis and our in vitro study strongly
support the need for a randomized clinical trial eval-
uating the efficacy of a second trastuzumab-containing
regimen.

upon progressing on the first trastuzumab-based
regimen suggested that some patients may continue to
respond to trastuzumab when a new chemotherapy
is given, while others do not [15]. Together, this
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Fig. 2 Fold change in apoptosis in SKBR3 parental and trast-
uzumab-resistant pools treated with trastuzumab and/or vinorel-
bine. SKBR3 cells and trastuzumab-resistant pools were treated
with 500 ng/ml of trastuzumab and/or 0.96 nM vinorelbine. After
5 days of drug treatment, cells were fixed, resuspended in
propidium iodide, and analyzed for DNA content using a
FACScan cytometer. Fold changes in sub-diploid content (sub-
G)) relative to untreated cells are shown. Standard deviation bars
from three independent assays are shown for all experimental
groups

We created an in vitro model of trastuzumab resis-
tance using the established HER-2-overexpressing breast
cancer cell line SKBR3, in which trastuzumab/vinorel-
bine synergy has previously been documented [8]. We
confirmed synergy between these agents in our parental
line and demonstrated that the response is primarily
cytotoxic as illustrated by enhanced apoptosis. In con-
trast to the parental cells, trastuzumab-resistant SKBR3
derivatives did not display growth inhibition in response
to trastuzumab. However, pools did demonstrate a
slightly increased response to single-agent vinorelbine
versus parental cells. Addition of trastuzumab to vino-
relbine did not significantly increase cytotoxicity in
either pool. These results suggest that vinorelbine alone
induces the apoptosis observed in the trastuzumab-
resistant cells exposed to trastuzumab/vinorelbine com-
binations, and argues that continuous treatment of
resistant breast cancers with trastuzumab may be
ineffective.

The molecular mechanisms guiding the development
of trastuzumab resistance are currently unknown.
Multiple mechanisms are likely to exist, and may in-
clude mutations in HER-2 that disrupt antibody
binding, alterations in downstream signaling molecules,
or compromised immune function in advanced cancer
patients [16, 17, 18]. These mechanisms may vary from
one breast tumor or patient to the next. Thus, it is
possible that although we did not observe an added
benefit from trastuzumab in our pools, other trast-
uzumab-resistant pools derived from other HER-
2-overexpressing lines may demonstrate an enhanced
response to combination trastuzumab/vinorelbine ver-
sus vinorelbine alone. Hence, elucidating the mecha-
nisms by which these cancers develop resistance to
trastuzumab is imperative. In addition, it is possible
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that biological mechanisms such as immune-mediated
responses or angiogenesis may be necessary to achieve
responses to second trastuzumab-containing regimens.
As such mechanisms may not be fully appreciated in
vitro, randomized clinical testing of second trast-
uzumab-containing regimens versus chemotherapy
alone is critical.

Another hypothesis concerning treatment of trast-
uzumab-resistant breast cancers is that temporarily
interrupting trastuzumab therapy and administering
chemotherapy alone may eventually restore sensitivity to
trastuzumab. Importantly, interruption of trastuzumab
maintenance for 2 months (16 passages) did not restore
sensitivity of our pools to trastuzumab. This would ar-
gue against a benefit from the continuous treatment of
trastuzumab-resistant cancers with trastuzumab. How-
ever, it is possible that these pools may eventually regain
sensitivity.

While the translation of in vitro data into clinical
situations is associated with obvious problems, the re-
sults of this study support the need for a more detailed
analysis of the contribution of continued trastuzumab
therapy in patients who have progressed while on
trastuzumab. A randomized multicenter trial was laun-
ched at UT M. D. Anderson Cancer Center to explore
the efficacy of vinorelbine alone versus combination
trastuzumab/vinorelbine in patients progressing on
trastuzumab plus taxane. Unfortunately, this clinical
trial was closed prematurely because of poor accrual.
This was attributed in part to the strong belief that
trastuzumab should be continued upon progression.
Determining whether trastuzumab is still useful in
trastuzumab-resistant cancers is important as patients
could potentially avoid the toxicity, costs, and incon-
venience of continued infusions of trastuzumab if there
is limited benefit. A randomized clinical trial to test this
hypothesis should be conducted in patients with HER-
2-overexpressing metastatic breast cancer who are
progressing on trastuzumab-based therapy.
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