
Abstract. Background: Capecitabine and bevacizumab have
each been shown to inhibit tumor growth. Their combination
failed to improve survival in a phase III trial of metastatic breast
cancer (MBC), although it should be noted patients had been
heavily pretreated with anthracyclines and taxanes. Our aim was
to evaluate whether combination treatment would increase
tumor growth inhibition and survival in a breast cancer model.
Materials and Methods: Mice bearing KPL-4 human estrogen
receptor-negative breast adenocarcinoma xenografts were given
capecitabine orally daily for 14 days at the maximum tolerated
dose (MTD) or half MTD, alone or with 5 mg/kg intraperitoneal
bevacizumab twice weekly. Results: Tumor growth inhibition
(TGI) and increased life span (ILS) were superior in the
combination groups versus monotherapy (p<0.05). TGI and
ILS were significantly improved in the high- versus low-dose
capecitabine combination (p<0.05). Conclusion: Capecitabine
in combination with bevacizumab provides a basis for pursuing
the combination for first-line treatment of MBC.

Metastatic breast cancer (MBC) accounts for about 40,000
deaths in the United States annually (1) and is largely
incurable. The focus of therapy in these patients has been to
improve overall survival and quality of life. Standard
chemotherapy for MBC has generally utilized anthracyclines,
or alternatively taxanes, in cases where resistance or toxicity
was observed (2-4). Combination therapy with anthracyclines
and taxanes has also been evaluated as first-line chemotherapy
for metastatic disease (5, 6). The treatment options are very
limited, however, for patients with tumors that are refractory

to both anthracyclines and taxanes. The course of treatment
can become even more complicated, as some patients cannot
receive the combination regimen due to associated
cardiotoxicity (7). Thus, alternative therapeutic strategies are
needed to improve the overall survival of MBC patients.

Capecitabine, an oral fluoropyrimidine therapeutic, is
widely used for the treatment of patients with MBC who
have failed taxane- and anthracycline-containing regimens
(8, 9). Clinical data confirm that capecitabine monotherapy
achieves response rates of 20-26% and a median survival of
>1 year in MBC patients (9). Capecitabine has also been
effective in combination therapies and has been preferred
due to its favorable safety profile (8).

The last decade has seen the emergence of immune-
targeted therapy for cancer treatment as an alternative or
adjunct to cytotoxic chemotherapy. Trastuzumab, which
targets human epithelial growth factor receptor (HER)-
2/neu, has been successfully used either in combination with
paclitaxel as a first-line therapy or as second- and third-line
monotherapy in breast cancers overexpressing the HER-
2/neu growth factor receptor (10, 11). Similarly,
pertuzumab, a humanized monoclonal antibody against the
dimerization domain of HER-2, has shown promising
results in advanced solid malignancies including MBC (12).

Bevacizumab is a humanized monoclonal antibody
targeted against vascular endothelial growth factor (VEGF),
a potent stimulator of tumor angiogenesis. Bevacizumab has
been shown to inhibit tumor growth in animal models (13)
and also has yielded promising clinical results in MBC (14).
The combination of bevacizumab with the commonly used
chemotherapeutic agents doxorubicin, topotecan, paclitaxel,
and docetaxel in preclinical breast cancer models has
demonstrated significant reductions in tumor mass when
compared with monotherapy (13).

A recent phase III clinical trial comparing the efficacy and
safety of capecitabine alone or in combination with
bevacizumab demonstrated a significant increase in the
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overall response rates (ORR) of the combination therapy
when compared with capecitabine monotherapy. This
advantage was not associated with either improved
progression-free survival (PFS) or improved overall survival
(OS) (14, 15); however, the patients had been heavily
pretreated with anthracyclines and taxanes. The potential for
improved survival with capecitabine and bevacizumab
combination as a first-line treatment for MBC remains
untested clinically as well as preclinically. Our current studies
have focused on preclinical optimization of the capecitabine
and bevacizumab combination regimen to provide a rationale
for clinical investigation as a first-line therapy in MBC.

The KPL-4 xenograft model was developed by Kurebayashi
et al. (16) from a HER-2 overexpressing, estrogen receptor-
negative adenocarcinoma, thus possessing characteristics of an
advanced and aggressive subtype of breast cancer. This model
was shown to be sensitive to trastuzumab-mediated growth
inhibition, and a synergistic effect of trastuzumab and
capecitabine in combination was also observed (17).

In the present study, we first confirmed the tumorigenicity
and sensitivity of KPL-4 xenografts to standard therapeutic
agents, including trastuzumab, paclitaxel, capecitabine and
bevacizumab, which are clinically relevant to MBC. We then
evaluated the antitumor activity of capecitabine at its
maximum tolerated dose (MTD) and half MTD in
combination with an optimal dose of bevacizumab.

Materials and Methods

Animals. Female nude mice (Crl:NU-Foxn1nu), 13 to 14 weeks old
and weighing approximately 23-25 g were purchased from Charles
River Laboratories (Wilmington, DE, USA). The health of all
animals was monitored daily by gross observation and analyses of
blood samples of sentinel animals. All animals were allowed to
acclimate and recover from any shipping-related stress for a
minimum of 72 hours prior to experimental use. Autoclaved water
and irradiated food (5058-ms Pico Chow; Purina, Richmond, IN,
USA) were provided ad libitum, and the animals were maintained
on a 12-hour light and dark cycle. Cages, bedding and water bottles
were autoclaved before use and were changed weekly. All animal
experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee.

Tumors. KPL-4 human estrogen receptor-negative breast
adenocarcinoma cells were kindly provided by Professor J.
Kurebayashi. Cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum (FBS) and were routinely
passaged twice weekly. For xenograft implantation, cells were
harvested using 0.05% trypsin, washed and centrifuged in culture
medium, and resuspended in a 1:1 mixture of phosphate-buffered
saline (PBS) and Matrigel at a concentration of 2.5x107 cells per
mL. A volume of 0.2 mL cell suspension (5x106 cells) per mouse
was implanted orthotopically in the right inguinal mammary fat
pad. Tumors were allowed to grow for 10-15 days post implant
when mean volume reached ~100-150 mm3, after which animals
were randomized into treatment groups.

Test agents. Capecitabine (Xeloda®; F. Hoffmann-La Roche,
Nutley, NJ, USA) was formulated as a suspension in 2% Klucel LF,
0.1% Tween 80, 0.09% methylparaben, and 0.01% propylparaben.
Mice were dosed with capecitabine at 200, 400, 450, or 500 mg/kg
orally (po) qd for 14 days. Paclitaxel (Taxol®; Mead Johnson,
Princeton, NJ) was obtained in a clinical formulation of Cremophor
and ethanol and was diluted with PBS. Mice were dosed with
paclitaxel at 30 mg/kg intraperitoneally (i.p.) q4d. Clinical grade
trastuzumab (Herceptin®; Roche Diagnostics GmbH, Penzberg,
Germany) was obtained as a lyophilized powder that was
reconstituted in PBS. Mice were dosed with trastuzumab at 20
mg/kg twice weekly i.p. Clinical grade bevacizumab (Avastin®;
Genentech, Inc., San Francisco, CA, USA) was obtained as a stock
solution of 25 mg/mL and was diluted with sterile saline. Mice were
dosed with bevacizumab at 5 mg/kg twice weekly i.p. All drugs were
stored at 4ÆC and mixed immediately before administration.

Study design. For the preliminary MTD study with capecitabine, 5
animals per dose level (and bearing KPL-4 xenografts) were given
capecitabine po qd for 14 days. Doses of 400-500 mg/kg were
selected based on the previously reported MTD (18, 19). Animal
body weights were monitored daily and a treatment was considered
toxic (above the MTD) when ≥20% body weight loss was observed
in ≥20% of the animals within the group. For monotherapy and
combination antitumor efficacy studies, animals bearing KPL-4
xenografts were dosed according to previously established maximum
tolerated or optimal dose regimens, with 10 animals per group.
Tumor measurements and body weights were monitored 2-3 times
per week. Both efficacy studies included a vehicle control (VC)
group. For the monotherapy study, treatment began on Day 10 post
tumor implant and continued until Day 28. For the combination
therapy study, treatment began on Day 15 post tumor implant and
continued until Day 31.

Efficacy measures. Efficacy measures were mean tumor volume,
tumor regression, increased lifespan (ILS) and tumor inhibition.
Tumor volumes of treated groups were presented as percentages
of tumor volumes of the control groups (%T/C), using the formula:
100x((T–T0)/(C–C0)), where T represents mean tumor volume of
a treated group on a specific day during the experiment, T0
represents mean tumor volume of the same treated group on the
first day of treatment; C represents mean tumor volume of a
control group on the specific day during the experiment, and C0
represents mean tumor volume of the same control group on the
first day of treatment. Tumor volume (in cubic millimeters) was
calculated using the ellipsoid formula: (Dx(d2))/2 where D
represents the large diameter of the tumor and d represents the
small diameter. The tumor volume obtained was mathematically
correlated as described by Matar et al. and Yokoyama et al. (20,
21). Fractional tumor volumes (FTV) of capecitabine, bevacizumab
and the combination were analyzed as experimental mean tumor
volume/control mean tumor volume. Tumor inhibition was
calculated using the formula 100–%T/C. The expected tumor
volume of the combination was obtained by multiplying the mean
FTV of drugs in combination. The synergistic (or non-additive)
action of the combination was then calculated as expected
FTV/observed FTV. 

For the survival assessment, animals were evaluated for tumor
regrowth following cessation of treatment on Day 31. Results were
plotted as the percentage survival against days after tumor implant.
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Tumor regrowth to a volume of 500 mm3 was considered as a
surrogate for death when calculating ILS. Percentage ILS was
calculated as 100 x ((median survival of treated group-median
survival of control group)/median survival of control group).
Median survival was determined utilizing the Kaplan-Meier
survival analysis method.

Histopathology. Tumor samples were fixed by immersion in 10%
zinc formalin, processed in a Tissue-Tek® VIP (Sakura Finetek,
Torrance, CA, USA) and embedded in paraffin. Sections for
immunohistochemistry were cut at 5 Ìm. For evaluation of
morphology, sections were stained with hematoxylin and eosin.

For thymidine phosphorylase detection, antigen retrieval was
performed by immersing sections in Target Retrieval Solution pH
9.0 (DakoCytomation, Carpinteria, CA, USA) and heating to 95ÆC
in a steamer (Black & Decker, Towson, MD, USA) for 20 minutes.
Endogenous peroxidase activity was quenched by incubation in
3.0% H2O2 in methanol for 5 minutes. For detection of total
thymidine phosphorylase, sections were incubated for 1 hour at
room temperature with a mouse monoclonal anti-thymidine
phosphorylase antibody (Vector Lab, Burlingame, CA, USA),
diluted 1:25 in Dako Antibody Diluent (DakoCytomation). Primary
antibodies were detected using the Dako Ark Animal Research Kit
Peroxidase (Dakocytomation). Vector NovaRED (Vector
Laboratories) was used as the substrate. The sections were then
counterstained with hematoxylin.

For CD31 detection, antigen retrieval was performed by
immersing sections in Target Retrieval Solution pH 6.0
(DakoCytomation) and heating to 94ÆC in a steamer (Black &
Decker) for 20 minutes. Endogenous peroxidase activity was
quenched by incubation in 3% H2O2 in methanol for 15 minutes.
To block non-specific binding sites, sections were treated for 20
minutes using 10% normal serum from the species in which the
secondary antibody was raised, prepared in Ultra V Block (Lab
Vision, Fremont, CA, USA). Sections were then incubated
overnight at room temperature with a goat polyclonal (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), diluted 1:800 in Dako
Antibody Diluent with background reducing component
(DakoCytomation). Primary antibodies were detected using a Goat
IgG VECTASTAIN Elite ABC peroxidase kit, with Vector
NovaRED (Vector Laboratories) as the substrate. The sections
were then counterstained with hematoxylin.

Statistical methods. Statistical analysis was determined by Mann-
Whitney Rank Sum Test, 1-way ANOVA, and post hoc Bonferroni
t-test (SigmaStat, version 2.0, Jandel Scientific, San Francisco, CA,
USA). Survival in treated groups was compared with the vehicle
group by log-rank test, and survival comparisons between groups
were analyzed by the Breslow-Gehan-Wilcoxon test (Stat View;
SAS, Cary, NC, USA). Differences between groups were
considered significant when the probability value (p) was ≤0.05. 

Results

Maximum tolerated dose of capecitabine. Previously
published preclinical studies with capecitabine utilized a
gum arabic/citrate vehicle and reported an MTD of 540
mg/kg po qd (18, 19). For the current antitumor efficacy
studies, a Klucel/Tween formulation was utilized, and thus a

preliminary experiment was run to determine the MTD of
capecitabine in the new formulation. Capecitabine was
administered to KPL-4 bearing mice (n=5 per group) po qd
for 2 weeks and the MTD was found to be 400 mg/kg in the
Klucel/Tween formulation. This dose was the highest dose
without any associated morbidity or mortality (Table I).

Efficacy (TGI and ILS). 
(i) Tumor growth inhibition (TGI) in monotherapy. The
antitumor activity of paclitaxel, trastuzumab, capecitabine, or
bevacizumab monotherapy was determined in KPL-4-bearing
mice and was expressed as mean tumor volume ± SEM
(Figure 1A). The results indicate that while paclitaxel
treatment resulted in >100% TGI and 10 partial regressions
(PRs), trastuzumab, capecitabine, and bevacizumab at
optimal doses achieved slightly lower TGIs of 69%, 83%, and
83%, respectively (p<0.001 for all treatment groups versus
VC). No body weight loss, morbidity, or mortality was
associated with any of the treatment groups (data not shown).
(ii) TGI and ILS in combination therapy. The antitumor
activities of capecitabine at one-half the MTD or MTD and
bevacizumab at the optimal dose were evaluated alone or in
combination in KPL-4-bearing mice and were expressed as
mean tumor volume ± SEM (Figure 1B). Capecitabine
inhibited tumor growth by 58% at 200 mg/kg po qd and 84%
at 400 mg/kg po qd as compared with VC animals
(p<0.001). Bevacizumab inhibited tumor growth by 74% at
5 mg/kg (p<0.001 vs. VC). 

Following the cessation of treatment on Day 31, ILS was
assessed as compared with vehicle-treated animals (Figure
2, Table II). Capecitabine extended the lifespan by 56% and
85% at one-half the MTD and MTD, respectively, and
bevacizumab by 26% (p<0.0001 vs. VC). When capecitabine
was dosed at one-half the MTD in combination with
bevacizumab, >100% TGI was observed, with PRs observed
in 7/10 animals (p<0.001 vs. VC). When capecitabine was
dosed at the MTD in combination with bevacizumab,
>100% TGI with 9/10 PRs and 1/10 complete regression
(CR) was observed (p<0.001 vs. VC) (Figure 1B). 
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Table I. Maximum tolerated dose of capecitabine in KPL-4 tumor-bearing
mice.

Treatment Route/frequency Morbiditya Mortality Reason 
for mortality

Vehicle po, qd x 2 weeks 0 0 -
Capecitabine

400 mg/kg po, qd x 2 weeks 0 0 -
450 mg/kg po, qd x 2 weeks 0 2 Toxicity
500 mg/kg po, qd x 2 weeks 2 2 Toxicity

aMorbidity = ≥20% body weight loss.
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Figure 1. Tumor growth inhibition (TGI) – monotherapy (a) and combination therapy (b).



Lifespan was increased by 119% and 159% when one-half
of the MTD or MTD of capecitabine was combined with
bevacizumab, respectively (p<0.05, Figure 2, Table II). TGI
and survival were significantly higher in the high-dose
combination than in the low-dose combination of
capecitabine and bevacizumab (p≤0.001 and p=0.019,
respectively). No body weight loss, morbidity, or mortality
was associated with any of the single-agent or combination
treatment groups (data not shown).

Fractional tumor volume. Tumor regression of the capecitabine
plus bevacizumab combination-treated groups was further
characterized by calculating the fractional tumor volume of
capecitabine and bevacizumab combination relative to vehicle
control. As shown in Table III, R values of 1.25 and 1.68,
respectively, for combinations containing one-half MTD and
the MTD of capecitabine indicate that the combinations had
a synergistic effect on antitumor efficacy, with the MTD
combination being more effective than the one-half MTD
combination.
Histopathology. Examination of tumor morphology of H &
E stained tumor sections indicated an overall increasing loss
of cellularity and an increase in necrotic foci in tumors
treated with bevacizumab, capecitabine, or both drugs in
combination (data not shown). 
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Figure 2. Kaplan Meier survival curve – combination therapy. 

Table II. Increase in lifespan (ILS).

Treatment 50%  50% % ILS p-value
Treatment Vehicle 

days days

Vehicle - - - -

Capecitabine 

200 mg/kg 42 27 56 <0.001

Capecitabine 

400 mg/kg 50 27 85 <0.001

Bevacizumab 

5 mg/kg 34 27 26 <0.001

Capecitabine 

200 mg/kg 

plus bevacizumab 59 27 119 <0.001

Capecitabine 

400 mg/kg 

plus bevacizumab 70 27 159 <0.001

% ILS calculated as 100 x ((median survival of treated group-median
survival of control group)/median survival of control group).



When thymidine phosphorylase levels were assessed by
immunohistochemistry on tumor sections from vehicle- or
bevacizumab-treated animals, no difference in staining
intensity was observed (Figure 3A, B). Assessment of anti-
angiogenic activity was attempted by evaluation of MVD by
CD31 immunohistochemistry. Due to tumor cell loss with
the treatments and the resulting stromal collapse,
identification of a traditional vascular "hot spot" was
difficult, so the evaluation was discontinued.

Discussion

One of the objectives of the study was to establish the KPL-4
cell xenograft model for preclinical combination studies
testing novel anticancer therapeutics for treating MBC. Our
observations demonstrate that KPL-4 may be a relevant
model due both to its inherent biology (estrogen receptor-
negative, HER-2-positive), as well as its responsiveness to
several conventional agents used in the treatment of MBC.
In the current study, capecitabine was formulated in a
Klucel/Tween formulation and dosed at the newly
established MTD of 400 mg/kg daily. Comparable antitumor
activity was observed with both capecitabine and
trastuzumab in the KPL-4 xenograft model as compared
with that reported by Fujimoto-Ouchi et al. and Freiss et al.
(17, 22). Additionally, the KPL-4 model was shown to be
sensitive to both paclitaxel and bevacizumab, which to our
knowledge has not been previously reported.

The second but primary objective of the current studies was
to assess the antitumor activity and survival of mice bearing
breast cancer xenografts treated with capecitabine in
combination with bevacizumab. Toxic adverse effects are
commonly reported in patients undergoing chemotherapy for
MBC. Previous studies have shown that bevacizumab is
commonly associated with hypertension, proteinuria,
thrombosis and bleeding (23, 24). For capecitabine, the
predominant adverse effects have been gastrointestinal
disturbances and hand-foot syndrome (25). In the present
study, the combination was well tolerated, with no apparent
weight changes or other gross toxicities as compared with

vehicle-treated control animals, even when capecitabine was
dosed up to the MTD (data not shown). This is in
concordance with the phase III clinical trial, which showed no
significant increase in either capecitabine- or bevacizumab-
associated toxicities in patients who received the combination
of capecitabine plus bevacizumab (14, 15). Furthermore, the
same study reported that bevacizumab-related toxicities were
largely predictable and seldom limited therapy in patients.

Our current preclinical studies demonstrated a significant
synergistic effect on tumor growth inhibition as calculated
by FTV and also a significant survival benefit. This result
was not due to any up-regulation of thymidine
phosphorylase by bevacizumab and thus represents a
synergy based on the dual antiangiogenic and cytotoxic
mechanisms of action. Since a significant difference was
observed between the low-dose versus high-dose
combinations of capecitabine with bevacizumab with respect
to TGI and ILS, these data also emphasize the importance
of maintaining capecitabine at the highest dose possible for
maximal antitumor and survival benefit.

Since metastatic disease is largely incurable, the focus of
therapy in these patients has been to improve OS and
quality of life. Emphasis has thus been placed on better
understanding the biology of the disease, which may in turn
result in designing effective anticancer therapies. There is a
sizeable amount of data suggesting that angiogenesis plays a
role in the development, invasion, and metastasis of breast
cancer (26, 27). Bevacizumab targeted against VEGF, one
of the most potent regulators of angiogenesis, may be an
attractive anticancer therapy. Capecitabine, on the other
hand, has proven to be effective for MBC both as
monotherapy and in combination with either antibody drugs
(e.g. trastuzumab) (17) or chemical agents (e.g. docetaxel
and vinorelbine) (8, 28). The recently concluded phase III
trial, which evaluated the combination of capecitabine and
bevacizumab, achieved improved response rates yet did not
increase PFS as compared with capecitabine monotherapy.
This is in direct contrast to our current preclinical results
with the combination, where both improved response and
increased lifespan were demonstrated.
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Table III. Fractional tumor volume (FTV) of capecitabine and bevacizumab combination relative to vehicle control.

Mean FTV

Capecitabine Capecitabine Bevacizumab Expected FTV Observed FTV Rb

200 mg/kg 400 mg/kg 5 mg/kg for combinationa for combination

0.51 - 0.38 0.20 0.16 1.25
- 0.30 0.38 0.12 0.07 1.68

FTV = mean tumor volume experimental/mean tumor volume control. aMean FTV of test compound 1 x mean FTV of test compound 2;
bR=Expected FTV/observed FTV: value of 1 indicates additive, >1 indicates synergistic, <1 indicates less than additive.
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Figure 3. Thymidine phosphorylase levels were assessed by immunohistochemistry on tumor sections from vehicle- (a) or bevacizumab-treated (b)
animals. No difference in staining intensity was observed. Magnification x200.



Several possible explanations have been put forward for
the combination not extending PFS in the clinical study,
which may also explain differences between preclinical
versus clinical outcomes. As discussed by Bergsland et al.,
the choice of the targeted population with a specific
phenotype may be crucial for trials evaluating
antiangiogenic therapeutics (29). Additionally, the authors
suggested that bevacizumab may be more effective in early
stages of tumor development, when VEGF may be the
predominant angiogenic growth factor. A similar view was
presented by Li et al. (30), who demonstrated that
angiogenesis occurs far earlier in metastatic disease than
previously thought, and that early intervention would be
critical for successful management of tumor
neovascularization. Thus, a heavily pretreated population
with advanced MBC would not be ideal for maximal
antitumor benefit of bevacizumab alone or in combination
with capecitabine. It remains to be tested whether the
combination of capecitabine and bevacizumab would confer
a survival advantage in patients previously untreated with
cytotoxic agents in the clinic; however, we have clearly
established a survival benefit in a model of breast cancer
preclinically. These data have served as a rationale for
clinical studies with capecitabine and bevacizumab in the
first-line treatment of MBC (31).
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