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Abstract. In a Phase III trial for HER2-positive breast cancer 
(the CLEOPATRA study), the triple-drug combination arm of 
pertuzumab plus trastuzumab plus docetaxel showed signifi-
cantly longer progression-free survival and overall survival 
than did the trastuzumab plus docetaxel arm. In this study, 
we investigated the mechanism of action of the triple-drug 
combination therapy in vivo. For this purpose, we established a 
mouse xenograft model using KPL-4, a HER2-positive human 
breast cancer cell line, in which the triple-drug combination 
treatment dramatically induced tumor regression compared 
with double-drug combinations (trastuzumab plus docetaxel, 
pertuzumab plus docetaxel, or pertuzumab plus trastuzumab). 
Four days after the triple-drug treatment was started, strong 
reduction in the phosphorylation of HER2, epidermal growth 
factor receptor (EGFR), HER3, extracellular signal-regulated 
kinase (ERK), and AKT in tumor tissues was seen, despite only 
weak suppression of phosphorylation seen with the single- or 
double‑drug treatments. Histopathological analysis and flow 
cytometric analysis showed that the triple-drug treatment 
enhanced apoptosis after mitotic arrest induced by docetaxel. 
Furthermore, infiltration of mononuclear cells around the tumor 
cells was strongly induced by the triple-drug combination treat-
ment. These results suggested that the mechanism underlying 
the synergistic efficacy of the triple-drug combination was 
attributable, at least in part, to the docetaxel-mediated apoptosis 
being promoted by enhanced inhibition of HER2-HER3-AKT 
signaling as well to the intratumor infiltration of mononuclear 
cells induced by anti-HER2 antibodies being enhanced by 
docetaxel.

Introduction

The human epidermal growth factor receptor 2 (HER2, 
ErbB2/neu), a member of the ErbB/HER family proteins, 
is overexpressed in approximately 20% of human breast 
cancers and is positively associated with the aggressiveness 
of the disease and with poor prognosis (1-4). Therefore, 
HER2-targeted therapy is considered a very rational strategy 
for HER2-overexpressing breast cancer. Trastuzumab, the 
first humanized anti-HER2 monoclonal antibody, binds 
to domain IV of the HER2 extracellular domain (ECD) 
and inhibits ligand-independent HER2/HER3 signaling 
and HER2 shedding (5,6). Trastuzumab also has the ability 
to trigger antibody-dependent cell-mediated cytotoxicity 
(ADCC) by binding to the Fcγ receptor of immune cells such 
as natural killer cells through its Fc region (7,8). Trastuzumab 
has been approved for the treatment of both early and 
metastatic HER2-overexpressing breast cancer. Although 
trastuzumab improves the survival of patients with advanced 
HER2-overexpressing cancer (9,10), most patients eventually 
experience progressive disease. Therefore, a new treatment 
modality including trastuzumab was needed for advanced 
HER2-overexpressing cancer.

Pertuzumab is a humanized anti-HER2 monoclonal anti-
body that binds to a distinct epitope of HER2 (domain II) (11). 
Because domain II of HER2 is a region necessary for 
dimerization with other HER family receptors and signaling, 
pertuzumab inhibits ligand-induced dimerization and its 
downstream signaling (11,12). In previous preclinical studies, 
we found that pertuzumab and trastuzumab bind to HER2 
without competing with each other (13), and we and others have 
reported that the combination of pertuzumab plus trastuzumab 
exerts enhanced antitumor activity as compared to single-agent 
treatment (13,14). In a Phase III clinical trial in patients with 
HER2-positive metastatic breast cancer (the CLEOPATRA 
study) it was demonstrated that the triple-drug combination of 
pertuzumab plus trastuzumab plus docetaxel, as compared to 
the combination of trastuzumab plus docetaxel, significantly 
improved progression-free survival and overall survival (15,16). 
On the basis of that result, pertuzumab was firstly approved for 
HER2-positive metastatic breast cancer in combination with 
trastuzumab and chemotherapy.
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Nowadays, the triple-drug combination of pertuzumab plus 
trastuzumab plus docetaxel is becoming a first‑line therapy 
for HER2-positive metastatic breast cancer. It is of enormous 
clinical importance, therefore, to give further thought to how the 
combination damages tumor cells and alters the tumor micro-
environment. Preclinical studies using mouse xenograft models 
are a simple and effective way to investigate these questions. 
The aim of the present study was to assess the antitumor effect 
of the triple-drug combination from the aspect of cancer cell 
death and host immune cell response by using a human breast 
cancer xenografted mouse model.

Materials and methods

Test agents. Trastuzumab and pertuzumab were provided by F. 
Hoffmann‑La Roche (Basel, Switzerland) as a fine powder and 
a liquid, respectively. Trastuzumab was dissolved in distilled 
water. The two antibodies were then diluted with saline for the 
in vivo experiments and culture medium for the in vitro experi-
ments. Human immunoglobulin G (HuIgG) was purchased 
from MP Biomedicals, LLC (Solon, OH, USA) and was recon-
stituted with distilled water and diluted with saline. Docetaxel 
was purchased from Sanofi K.K. (Tokyo, Japan) and was diluted 
with saline just before administration. Paclitaxel was purchased 
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) as 
a fine powder. Paclitaxel was reconstituted with Cremophor 
EL-ethanol solution (1:1) and diluted tenfold with saline just 
before administration.

Animals. Female, 5-week-old BALB-nu/nu mice (CAnN.
Cg-Foxn1<nu>/CrlCrlj nu/nu) were obtained from Charles 
River Laboratories Japan, Inc. (Yokohama, Japan). All animals 
were allowed to acclimatize and recover from shipping-related 
stress for 1 week prior to the study. The health of the mice was 
monitored by daily observation. The animals were allowed 
free access to chlorinated water and irradiated food, and the 
animals were kept under a controlled light-dark cycle (12-12 h). 
All animal experiments were reviewed and approved by the 
Institutional Animal Care and Use Committee at Chugai 
Pharmaceutical Co. Ltd.

Cell line and culture conditions. The HER2-positive human 
breast cancer cell line KPL-4 was kindly provided by  
Dr. J Kurebayashi (Kawasaki Medical School, Kurashiki, 
Japan). KPL-4, which is sensitive to trastuzumab in vivo (17) 
and is estrogen receptor-negative (18), was maintained in 
Dulbecco's modified Eagle's medium (D‑MEM, 1 g/l glucose; 
Sigma-Aldrich Co. LLC., St. Louis, MO, USA) supplemented 
with 5% FBS at 37°C under 5% CO2.

In vivo tumor growth inhibition studies. Each mouse was inocu-
lated subcutaneously into the second mammary fat pad with 
5x106 cells/mouse of KPL-4. When tumor volumes reached 
approximately 0.2 to 0.3 cm3, the mice were randomly allo-
cated to control and treatment groups, and treatment with the 
antitumor agents was started (Day 1). Docetaxel at 10 mg/kg or 
vehicle was administered intravenously on the first day of treat-
ment. Paclitaxel was administered at 15 mg/kg intravenously 
once a week for 3 weeks. Trastuzumab at 10 mg/kg, pertuzumab 
at 20 mg/kg, or HuIgG were administered intraperitoneally once 

a week for 3 weeks. In a separate experiment, trastuzumab was 
administered at 30 mg/kg. To evaluate the antitumor activity and 
tolerability of the test agents, tumor volume and body weight 
were measured twice a week. The tumor volume (TV) was esti-
mated from the equation V = ab2 / 2, where a and b are tumor 
length and width, respectively. The percentage of tumor growth 
inhibition (TGI%) was calculated as follows: TGI% = [1 - (TV 
of treatment group on evaluation day - TV of treatment group on 
Day 1) / (TV of control group at evaluation day - TV of control 
group on Day 1)] x 100. Tumor growth rate was calculated as 
follows: tumor growth rate = (TV on evaluation day) / (tumor 
volume on Day 1).

Hematoxylin‑eosin staining. Hematoxylin-eosin staining was 
used for assessment of mitotic tumor cells and mononuclear 
cells. KPL-4 tumor xenograft tissues were collected 4 days 
after the initiation of treatment. The tissues were fixed with 
10% neutral buffered formalin and embedded in paraffin. Slide 
specimens were prepared by sectioning the tissue and staining 
with hematoxylin-eosin stain. Then, the number of mitotic 
tumor cells in every 1,000 cells was counted under a micro-
scope. Mononuclear cells infiltrating into tumor tissues were 
scored as-or 0, no change; ± or 1, very slight; + or 2, slight; ++ 
or 3, moderate; or +++ or 4, marked.

Terminal deoxynucleotidyl transferase (TdT)‑mediated dUTP 
nick end labeling (TUNEL) assay. Apoptotic cells were assessed 
by TUNEL assay. KPL-4 tumor xenograft tissues were collected 
4 days after the initiation of treatment. The tissues were fixed 
with 10% neutral buffered formalin and embedded in paraffin. 
TUNEL assay was performed and the number of apoptotic cells 
in every 1,000 tumor cells was counted by Sapporo General 
Pathology Laboratory Co., Ltd. (Sapporo, Japan).

Ki‑67 staining. Proliferating cells were assessed with Ki-67 
staining. KPL-4 tumor xenograft tissues were collected 4 days 
after the initiation of treatment. The tissues were fixed with 
10% neutral buffered formalin and embedded in paraffin. Ki‑67 
staining was performed and the number of Ki-67-positive cells 
in every 1,000 tumor cells was counted by Sapporo General 
Pathology Laboratory Co., Ltd.

Western blotting. KPL-4 tumor xenograft tumors were 
collected 4 days after the initiation of treatment and imme-
diately frozen in liquid nitrogen and stored at -80°C. Tumor 
samples were homogenized with Cell Lysis Buffer (Cell 
Signaling Technology, Inc., Beverly, MA, USA) including 
10 mM NaF, 1 µg/ml aprotinin, and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). After centrifugation, the resultant 
supernatant was used for the assays. The lysate was separated 
on sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) gel and transferred onto polyvinylidene 
fluoride (PVDF) membrane. The membrane was primarily 
treated with antibodies against p-EGFR, EGFR, p-HER2, 
HER2, p-HER3, p-ERK, ERK, p-AKT, AKT (Cell Signaling 
Technology, Inc.), HER3 (Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), and β-actin (Sigma-Aldrich Co. LLC., St. 
Louis, MO, USA). These proteins were detected by horse-
radish peroxidase (HRP)-conjugated secondary antibodies 
(Santa Cruz Biotechnology, Inc.). For HER3, HRP-conjugated 



ONCOLOGY LETTERS  14:  4197-4205,  2017 4199

anti-rabbit IgG (Cell Signaling Technology, Inc.) was used as 
the secondary antibody.

Flow cytometry analysis. To examine the cell cycle of KPL-4 
cells in vivo, KPL-4 tumor xenograft tumors were collected 
4 days after the initiation of treatment and dissociated with 
a Tumor Dissociation kit, Human (Miltenyi Biotec GmbH, 
Bergisch Gladbach, Germany). Then, tumor cells were isolated 
with a Mouse Cell Depletion kit (Miltenyi Biotec GmbH). The 
cell cycle of the tumor cells was examined by BD Cycletest 
Plus DNA Reagent kit (BD Biosciences, San Jose, CA, USA). 
The DNA content in each cell nucleus was determined by 
FACSVerse (Becton-Dickinson, Franklin Lakes, NJ, USA), 
and the cell cycle was analyzed by using ModFit LT Version 4 
(Verity Software House, Topsham, ME, USA).

Statistical analysis. To analyze the data, Student's t-test was 
used. For multiple comparisons, significance was determined 
by hierarchical testing. Firstly, the statistical significance 
between the control group and the triple-drug combination 
group (pertuzumab plus trastuzumab plus docetaxel/paclitaxel) 
was analyzed; secondly, the statistical significance between 
the docetaxel/paclitaxel group and the triple-drug combination 
group were analyzed. Finally, Bonferroni correction was applied 
to establish a threshold for statistical significance between 
docetaxel/paclitaxel plus trastuzumab group or docetaxel/pacli-
taxel plus pertuzumab group and the triple-drug combination 
group. Statistical analyses were conducted using JMP (SAS 
Institute Japan Ltd., Tokyo, Japan). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Establishment of the pertuzumab plus trastuzumab plus 
docetaxel triple‑drug combination treatment model. To 
examine the internal changes in tumors treated with pertuzumab 

plus trastuzumab plus docetaxel, we first established a mouse 
xenograft model by using KPL-4, a HER2-positive human 
breast cancer cell line, in which the treatment could show suffi-
cient efficacy. In this model, no significant (P<0.05) anti‑tumor 
effect was observed with docetaxel (10 mg/kg), pertuzumab 
(20 mg/kg) or trastuzumab (10 mg/kg). However, the triple-drug 
combination of pertuzumab plus trastuzumab plus docetaxel 
showed a dramatically stronger antitumor activity compared to 
either pertuzumab plus docetaxel or trastuzumab plus docetaxel 
(Fig. 1A). Five out of six mice receiving the triple-drug combi-
nation achieved a complete tumor regression 21 days after the 
treatment started, whereas no mice were cured in either of the 
double-drug combination groups. The TV, TGI%, and incidence 
of tumor-free mice are summarized in Table I. We also exam-
ined the efficacy of pertuzumab plus trastuzumab plus paclitaxel 
as another triple-drug combination. This combination also 
showed significantly enhanced antitumor activity compared to 
either pertuzumab plus paclitaxel or trastuzumab plus paclitaxel 
(Fig. 1B).

In order to eliminate the possibility that the higher antitumor 
activity of the triple-drug combination was due to the higher 
overall dosage of anti-HER2 antibodies, the tumor growth 
rate under the combination of docetaxel plus trastuzumab was 
compared with the tumor growth rate under the combination 
of docetaxel plus pertuzumab plus trastuzumab, in which the 
total dosage of anti-HER2 antibodies in each treatment was 
equivalent. Tumor regression with the combination of 20 mg/kg 
pertuzumab plus 10 mg/kg trastuzumab plus docetaxel was 
significantly higher than that with the combination of 30 mg/kg 
trastuzumab plus docetaxel (Fig. 2).

Inhibition of HER2 signaling in KPL‑4 tumor tissue following 
treatment with the triple‑drug combination. Because trastu-
zumab and pertuzumab bind to different domains of the HER2 
molecule and suppress different aspects of HER2 signaling, 
i.e. ligand-independent and ligand-induced, trastuzumab 

Figure 1. In vivo efficacy of triple‑drug combination. (A) Mice bearing KPL‑4 tumors were randomly divided into eight groups (n=6 per group) and were treated 
with trastuzumab, pertuzumab, docetaxel, trastuzumab + docetaxel, trastuzumab + pertuzumab, pertuzumab + docetaxel, or trastuzumab + docetaxel + pertu-
zumab. As a control, human IgG and vehicle of docetaxel were administered. (B) Mice bearing KPL-4 tumors were randomly divided into eight groups 
(n=6 per group) and treated with trastuzumab, pertuzumab, paclitaxel, trastuzumab + paclitaxel, trastuzumab + pertuzumab, pertuzumab + paclitaxel, or 
trastuzumab + paclitaxel + pertuzumab. As a control, human IgG and vehicle of paclitaxel were administered. Data points are mean + standard deviation of 
the tumor volume (mm3). Statistically significant differences are shown as #P<0.05 and *P<0.025. TRAS, trastuzumab; PER, pertuzumab; DTX, docetaxel; 
PTX, paclitaxel.
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and pertuzumab used in combination is expected to inhibit 
HER2 signaling more effectively. Therefore, we examined 
HER2 signaling after treatment. Trastuzumab, pertuzumab, 
or docetaxel alone exhibited little effect on the HER2-related 
signal transduction. In contrast with the weak suppression by 
single- or double-drug treatments, the triple-drug combination 
strongly inhibited the phosphorylation of HER2, EGFR, HER3, 
ERK, and AKT in tumor tissues (Fig. 3).

Effect of triple‑drug combination on apoptosis of tumor 
cells in vivo. Evaluation of apoptotic cells was performed on 
tumor tissues obtained 4 days after initiation of treatment. The 
triple‑drug combination significantly enhanced the number of 
apoptotic cells as compared to the combination of docetaxel 
plus trastuzumab or docetaxel plus pertuzumab (Fig. 4A and B). 
We also assessed the number of tumor cells in the mitotic phase, 

because docetaxel was a tubulin depolymerization inhibitor. As 
shown in Fig. 4C, combination of trastuzumab, pertuzumab, or 
both of them did not increase the cell number of the mitotic 
phase induced by docetaxel. These results indicated that trastu-
zumab and pertuzumab enhanced the induction of apoptosis 
when combined with docetaxel in spite of the increase of mitotic 
arrest. In accordance with the apoptosis, proliferating cells 
assessed by counting the Ki‑67 positivity were significantly 
decreased by the triple-drug combination as compared to the 
double-drug combinations of docetaxel plus trastuzumab or 
docetaxel plus pertuzumab (Fig. 4D).

Cell cycle analysis of KPL‑4 cells in tumor tissues following 
treatment with the triple‑drug combination. The triple-drug 
combination might affect the cell cycle in the tumors because it 
is well known that anti-HER2 antibodies induce G1 arrest and 
docetaxel induces M arrest in cancer cells treated in vitro (19-22). 
Therefore, we isolated cancer cells from xenografted tumors 
treated with trastuzumab, pertuzumab, docetaxel, trastuzumab 
plus docetaxel, or pertuzumab plus trastuzumab plus docetaxel 

Table I. Antitumor activity in the KPL-4 HER2-positive breast cancer xenograft model.

 Tumor volume (mm3)
 ------------------------------------------------ Tumor-free mice
Treatment Day 1 Day 22 TGI% on Day 22 on Day 22

Control 196±24 560±206 - 0/6
Trastuzumab 202±42 606±168 -11 0/6
Pertuzumab 197±30 574±262 -3 0/6
Docetaxel 201±38 389±76 48 0/6
Trastuzumab+docetaxel 196±28 133±102 117 0/6
Pertuzumab+docetaxel 202±44 106±95 126 0/6
Trastuzumab+pertuzumab 196±25 251±66 85 0/6
Pertuzumab+trastuzumab+docetaxel 198±32   11±27 151 5/6 

Tumor volume was described as mean ± standard deviation. TGI%, percentage tumor growth inhibition; Day 1, starting day of treatment; Day 
22, 21 days after start of treatment.

Figure 2. Tumor growth rates under the triple-drug combination and 
under trastuzumab + docetaxel containing the same amount of antibodies. 
Mice bearing KPL-4 tumors were randomly divided into three groups 
(n=6 per group) and treated with pertuzumab (20 mg/kg) + trastuzumab 
(10 mg/kg) + docetaxel or with trastuzumab (30 mg/kg) + docetaxel. As a 
control, human IgG and vehicle of docetaxel were administered. Data points 
are mean + standard deviation of the tumor growth rate. Statistically signifi-
cant difference is shown as *P<0.05. TRAS, trastuzumab; PER, pertuzumab; 
DTX, docetaxel.

Figure 3. Inhibition of HER2-signal transduction after the triple-drug treat-
ment. Lysates from tumor tissues collected 4 days after starting treatment 
were used for Western blotting. TRAS, trastuzumab; PER, pertuzumab; 
DTX, docetaxel (n=4 per group).
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and analyzed the cell cycle distribution (Fig. 5). Trastuzumab or 
pertuzumab treatment did not cause a substantial change in the 
percentage of G0/G1 phase cells or other phase cells. Docetaxel 
treatment did not increase the percentage of G2/M phase 
cells, but augmented the percentage of sub-G1 phase cells. In 
agreement with the number of TUNEL-positive cells (Fig. 4B), 
treatment with the combination of docetaxel plus pertuzumab 
plus trastuzumab had a tendency to increase in the percentage 
of sub-G1 phase cells (74.2%) as compared to treatment with 
docetaxel alone or docetaxel plus trastuzumab (62.2 and 60.9%, 
respectively). On the other hand, addition of trastuzumab or 
pertuzumab plus trastuzumab to docetaxel did not affect the 
G2/M phase population (Fig. 5).

Invasion of mononuclear cells in tumor tissues following 
treatment with the triple‑drug combination of pertuzumab 

Figure 4. Evaluation of apoptotic and proliferating tumor cells in vivo after the triple-drug treatment. (A) Mice bearing KPL-4 tumors were randomly 
divided into seven groups (n=6 or 7 per group) and treated with each combination of agents. Four days after starting treatment, apoptotic tumor cells were 
histopathologically evaluated. The numbers of (B) apoptotic cells, (C) mitotic cells and (D) Ki-67-positive cells in every 1,000 tumor cells were counted. Scale 
bar indicated 50 µm. Statistically significant differences are shown as #P<0.05 and *P<0.025. TRAS, trastuzumab; PER, pertuzumab; DTX, docetaxel.

Figure 5. Evaluation of cell cycle of tumor cells in vivo and the percentage 
of mitotic cells in viable tumor cells after the triple-drug treatment. Tumor 
tissues were collected 4 days after starting treatment and dissociated. Tumor 
cells were then isolated and the cell cycle distribution was examined by flow 
cytometry. The percentage of cells in each cell cycle phase was calculated. 
TRAS, trastuzumab; PER, pertuzumab; DTX, docetaxel (n=3 per group).
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plus trastuzumab plus docetaxel. To examine innate immune 
responses, we checked the differences in tumor-infiltrating 
mononuclear cells (MNCs) in xenografted tumors in nude mice. 
The invasion of MNCs in the KPL-4 tumor tissues was analyzed 
4 days after initiation of treatment (Fig. 6A and B, Table II). 
Very slight infiltration of MNCs was observed around the 
tumor cells from xenografted mice treated with trastuzumab or 
pertuzumab alone, whereas no infiltration was observed around 
the tumor cells from xenografted mice treated with docetaxel or 
control. A significant increase in tumor‑infiltrating MNCs was 
observed in the trastuzumab plus pertuzumab group. The MNC 
infiltration markedly increased with the combination treatment 
of docetaxel plus trastuzumab plus pertuzumab compared to 

the trastuzumab plus pertuzumab treatment (Fig. 6A and B). In 
accordance with the MNC infiltration around the tumor cells, a 
remarkable increase in single-cell necrosis or apoptosis of the 
tumor cells and replacement of tumor cell area by connective 
tissues was observed in the triple-drug combination group 
(Table II). The MNC infiltration induced by the triple‑drug 
combination was observed as early as the day after the first 
treatment (Fig. 6B).

Discussion

To elucidate the mechanism of action of pertuzumab and trastu-
zumab in combination with docetaxel, in the present study we 

Figure 6. Invasion of MNCs around tumor cells after the triple-drug treatment. (A) Tumor tissues were collected 1 day (Day 2) or 4 days (Day 5) after starting 
treatment and stained with hematoxylin‑eosin stain. Invasion of MNCs were histopathologically evaluated. Arrows show examples of infiltrating MNCs 
around tumor cells (representative images from Day 5). (B) Infiltration of MNCs was scored as 0: no change; 1: very slight; 2: slight; 3: moderate; or 4: marked, 
and shown graphically. Scale bar indicated 50 µm. Statistically significant differences are shown as *P<0.05. TRAS, trastuzumab; PER, pertuzumab; DTX, 
docetaxel (n=6 or 7 per group).
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established a mouse xenograft model in which the combination 
treatments exhibited marked antitumor efficacy even though the 
dosage of each drug was set to a dosage that had no or weak 
efficacy on its own (Fig. 1A). The efficacy of the triple‑drug 
combination was significantly higher than the double-drug 
combinations of trastuzumab plus docetaxel or pertuzumab 
plus docetaxel (Fig. 1A). Of note, complete tumor regression 
was observed in five out of six mice during treatment with the 
triple-drug combination. Similar results were obtained when 
paclitaxel was used as a combination partner with pertuzumab 
and trastuzumab (Fig. 1B), indicating that similar combination 
effects may be obtained with other chemotherapeutic agents 
besides docetaxel as was reported in the clinical trial (23). In 
addition, by examining the effect of docetaxel plus trastuzumab 
in comparison with the effect of docetaxel plus pertuzumab plus 
trastuzumab when each combination contained an equivalent 
total dosage of anti-HER2 antibodies, it was shown that the 
remarkable antitumor effect of the triple-drug combination 
was not merely due to the higher overall dosage of anti-HER2 
antibodies but was due to the synergistic biological effects of 
pertuzumab, trastuzumab, and docetaxel (Fig. 2). Based on 
these findings, we used the newly established xenograft model 
to investigate the mechanisms of action of the triple-drug 
combination from the aspects of HER2 signaling inhibition, cell 
cycle distribution, and infiltration of MNCs into tumor tissues.

Firstly, we analyzed signal transduction relevant to the two 
antibodies. It was found that the combination of pertuzumab 
plus trastuzumab plus docetaxel reduced phosphorylation of 
EGFR, HER3 and their downstream factors AKT and ERK 
in the tumor tissues more strongly than did either agent alone 
or the combination of trastuzumab plus docetaxel. The combi-
nation of pertuzumab plus trastuzumab has been shown to 
complementarily suppress HER3-AKT signaling by inhibiting 
both ligand-induced and ligand-independent HER2-HER3 
complex formation (5). It is also reported that suppression of the 
HER3-AKT pathway activates caspase-3 and induces apoptosis 
in HER2-positive breast and gastric cancer cell lines (5,24,25) 
and that EGFR-ERK pathway inhibition induces G1-arrest (26). 
Consequently, in the present model, apoptotic cells (Fig. 4B) 
were increased and Ki-67 positive cells (Fig. 4D) were decreased 
by the triple-drug treatment. These results suggest that the 
strong antitumor activity and pro-apoptotic activity is at least in 
part due to enhanced inhibition of HER3-AKT and EGFR-ERK 
signaling caused by the triple-drug treatment.

Secondly, we analyzed cell cycle distribution of the tumor 
cells because enhancement of taxane-induced cell cycle arrest 
could be another mechanism of action. The present study 
demonstrated that docetaxel, a tubulin depolymerization inhib-
itor, dramatically increased the number of cells in the sub-G1 
phase 4 days after initiation of treatment, and that addition of 
pertuzumab together with trastuzumab to docetaxel greatly 
increased numbers of sub-G1 cells and TUNEL-positive cells 
as compared to numbers following docetaxel or docetaxel plus 
trastuzumab treatment (Figs. 4A and B, and 5). However, the 
numbers of cells in the mitotic phase were unchanged between 
docetaxel and the triple-drug combination groups, suggesting 
that the triple-drug combination promotes the induction of 
apoptosis immediately after mitotic arrest.

Thirdly, we analyzed infiltration of MNCs into the tumor 
tissues because tumor-infiltrating lymphocytes (TILs) have 

been proved to be a predictive therapeutic marker in early breast 
cancers (27) as well as in HER2-positive breast cancers (28). 
Although higher levels of TILs have been shown to be associ-
ated with greater trastuzumab benefit in the FinHER trial (29), 
changes in the number of TILs following trastuzumab treatment 
as well as changes in the infiltration of MNCs such as NK cells 
or macrophages into tumor tissues have not yet been clearly 
analyzed. Here, we demonstrated for the first time that trastu-
zumab plus pertuzumab enhanced MNC infiltration around the 
tumor cells 4 days after initiation of treatment. Furthermore, 
the triple-drug combination dramatically increased the MNC 
infiltration compared with the trastuzumab plus pertuzumab 
combination. Of note, the MNC infiltration following the 
triple-drug combination was observed as early as the day after 
the first treatment, before tumor growth inhibition had become 
apparent. These results suggest that the enhanced recruit-
ment of MNCs into tumor tissues contributes to inhibition of 
tumor growth in the triple-drug combination, possibly through 
ADCC (13,14). Indeed, it has been shown that the number of 
KPL-4 cells killed by NK cells in vitro depends on the amount 
of antibodies (14). In addition, docetaxel has been reported 
to increase serum IL-2 level and enhance NK cell activity in 
patients with breast cancer (30). Thus, we consider that the 
triple-drug combination of trastuzumab plus docetaxel plus 
pertuzumab could cooperatively enhance ADCC activity and 
contribute to tumor shrinkage in the KPL-4 xenografted mouse 
model. Although athymic nude mice do retain NK cells, it has 
to be admitted that xenograft models using nude mice as hosts 
are inadequate in regard to the immune system. In order to 
investigate the mechanism of action of the triple-drug combi-
nation more precisely in terms of immune reactions, models 
appropriate for the evaluation, such as models using humanized 
mice, should be utilized.

In conclusion, the synergistic efficacy of the triple‑drug 
combination of pertuzumab in combination with trastuzumab 
and docetaxel against a HER2-positive breast cancer model 
was considered to be produced by the integration of two 
mechanisms: the inhibition of HER2 signaling pathways by 
anti-HER2 antibodies promoted the apoptosis evoked after 
docetaxel‑induced mitotic arrest; docetaxel enhanced the infil-
tration of tumor tissues by mononuclear cells, and this increased 
infiltration may have upregulated the antibody-dependent 
cellular cytotoxicity. This is the first report to reveal the mecha-
nism of action of the superior antitumor effect of the triple-drug 
combination therapy.
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