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General Introduction 

 

Although the total number of cancer patients is the fifth largest in major disease, cancer is the first leading 

cause of death in Japan. Therefore, conquering cancer is a critical issue for modern medicine. Treatment of cancer 

usually involves surgery, radiation therapy, and chemotherapy. Chemotherapy is widely used in cancer therapy 

including adjuvant therapy, neoadjuvant therapy, and therapy for unresectable cancer. Generally, chemotherapeutic 

agents are carried throughout the body by the bloodstream, thereby eliciting a more systemic action, while 

surgical excision and radiation are regional actions. Chemotherapeutic agents are expected to be effective against 

blood cancer and other metastatic cancers; however, these agents can induce cytotoxicity in all cells, including 

normal cells. Therefore, they often produce severe side effects. 

To enhance the specificity of anti-cancer drugs for cancer cells and to reduce their side effects, numerous 

molecular-targeted agents have been developed. Most molecular-targeted agents which are launched nowadays are 

small molecules and antibodies. One advantage of small molecules is that they have high stability in vivo and are 

relatively inexpensive. On the other hand, antibodies are superior to small molecules in terms of specificity. 

Antibody drugs against proteins that are genetically amplified or overexpressed in tumors have been developed. 

Especially, antibodies against epidermal growth factor receptor (EGFR), human epidermal growth factor 2 (HER2), 

and vascular endothelial growth factor (VEGF) have been well studied and have been launched as antibody drugs 

against solid tumors. 

EGFR and HER2 are classified as HER family proteins. This family of receptor tyrosine kinases is composed 

of EGFR (HER1/ErbB1), HER2/neu (ErbB2), HER3 (ErbB3), and HER4 (ErbB4). Signal transduction via 

activation of these receptors regulates cell proliferation, angiogenesis, invasion, and metastasis. Aberrant 

expression or activity of EGFR and HER2 has been identified as an etiological factor in many human epithelial 

cancers, including head and neck squamous cell carcinoma (HNSCC), non-small cell lung cancer (NSCLC), 

colorectal cancer (CRC), and breast cancer (1). 

Trastuzumab is one of the representative antibodies against the HER family of receptor tyrosine kinases. 

Trastuzumab is a humanized anti-HER2 monoclonal antibody that has been suggested to exert antitumor activity by 
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inhibiting ligand-independent HER2 signaling; enhancing antibody-dependent cellular cytotoxicity (ADCC) 

activity (2, 3); blocking the formation of p95HER2, a constitutively active form of HER2 (4); and suppressing 

tumor angiogenesis (5). Trastuzumab has demonstrated survival benefit in the treatment of HER2-overexpressing 

metastatic breast cancer and in the adjuvant therapy of HER2-overexpressing breast cancer (6-8). For gastric cancer, 

Fujimoto-Ouchi et al. previously showed that trastuzumab significantly inhibited tumor growth in 

HER2-overexpressing human gastric cancer mouse xenograft models (9), and the ToGA trial (a phase III study of 

trastuzumab in HER2-positive advanced and inoperable gastric cancer) showed a survival benefit when 

trastuzumab was added to chemotherapy in HER2-overexpressing gastric cancer patients (10) 

VEGF, also referred to as VEGF-A, is known to be an essential regulator of normal and abnormal blood vessel 

growth. The VEGF family comprises seven secreted glycoproteins, VEGF-A, VEGF-B, VEGF-C, VEGF-D, 

VEGF-E, placental growth factor (PlGF), and VEGF-F (11-13). VEGF-A was first identified as a vascular 

permeability factor secreted by tumor cells (14). The gene encoding human VEGF-A is composed of eight exons 

and is differentially spliced to generate four major isoforms (VEGF121, VEGF165, VEGF189 and VEGF206) (15). 

VEGF165 has been reported as the predominant isoform (16, 17). VEGF-A is the most potent angiogenic factor 

described to date and is an important regulator of physiological angiogenesis. It induces proliferation, sprouting and 

tube formation of endothelial cells through interaction with VEGF receptor-1 (VEGFR-1/Flt-1) and VEGF 

receptor-2 (VEGFR-2/Flk-1) (11). Many solid tumors are dependent on the supply of oxygen and nourishment from 

tumor angiogenesis for their growth. VEGF is an important factor in tumor angiogenesis (18). Many tumors, 

including lung (19), breast (20), gastrointestinal tract (21), renal (22) and ovarian carcinomas (23), express VEGF. 

VEGF promotes increased vascular permeability in addition to angiogenesis. 

Bevacizumab is a humanized anti-VEGF monoclonal antibody. Bevacizumab binds to and neutralizes all 

human VEGF-A isoforms and bioactive proteolytic fragments (24). Bevacizumab is thought to exert anti-tumor 

activity by two main mechanisms. One is by an anti-angiogenic activity. Bevacizumab inhibits the proliferation and 

migration of vascular endothelial cells by inhibiting VEGF, leading to anti-tumor activity. The other mechanism is 

through normalization of tumor vessels by promoting apoptosis of endothelial cells. Tumor vessel normalization 

suppresses increased vascular permeability and decreases interstitial fluid pressure, resulting in an increase in the 
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uptake of chemotherapeutic agents into the tumor when they are combined with bevacizumab (25, 26). 

Bevacizumab has been used worldwide in combination with standard chemotherapies for patients with colorectal 

cancer, non-small cell lung cancer, breast cancer, ovarian cancer, and malignant glioma. 

Cancer treatment has been greatly improved with the advent of molecular-targeted agents, including antibody 

drugs such as anti-HER2 or anti-VEGF antibodies. However, cancer still often metastasizes and reoccurs. 

Additionally, cancer commonly shows drug resistance. Therefore, more innovative approaches to cancer treatment, 

including new treatment methods or personalized healthcare, should be developed. In the present study, the author 

has investigated: I) the treatment after disease progression during trastuzumab therapy; II) new anti-HER2 

treatments for gastric cancer; III) formalin fixing conditions for HER2 testing, which determine whether 

trastuzumab will be a beneficial option for patients; and IV) a predictive marker for bevacizumab.
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Chapter I: Preclinical study of prolonged administration of trastuzumab as 

combination therapy after disease progression during trastuzumab monotherapy 

 

Introduction 

 

HER2 overexpression is reportedly a factor of poor prognosis in clinical breast cancers (1), and thus treatments 

targeting HER2 are expected to show survival benefit. Trastuzumab (Herceptin
®
) is a humanized antibody specific 

to HER2, which is used in the first-line treatment for HER2-positive metastatic or early breast cancer. Clinical 

results have demonstrated that therapies combining trastuzumab with standard chemotherapies such as taxanes 

showed a survival benefit. 

However, the tumors of many of these patients develop progressive disease (PD) during such therapies and 

often the treatment to which a patient has developed PD is discontinued and another treatment is prescribed. It has 

also been reported that the tumor tissues remain HER2-positive even after developing PD to trastuzumab therapies. 

This is in line with a recent finding that, in contrast to initial belief, trastuzumab does not down-regulate HER2 

from the cell surface (2).  

Taking into consideration that HER2 is a factor of poor prognosis, discontinuation of trastuzumab treatment is 

counterintuitive; and yet there is no adequate scientific rationale to continue the administration of trastuzumab. 

Here, the author examined whether trastuzumab treatment should be prolonged as a combination therapy after 

showing no antitumor activity as monotherapy in xenograft models. In vitro lines resistant to trastuzumab have 

been established and their mechanisms of resistance have been reported to be associated with diminished inhibition 

of pAKT, up-regulation of IGF-1R, and upregulation of PTEN (3-5). The mechanism of trastuzumab action, 

however, includes antibody-dependent cellular cytotoxicity (ADCC) in addition to the direct inhibition of cell 

proliferation (6) and it has become clear that the in vivo effects of other anticancer drugs in combination therapy 

differ from the in vitro effects (6, 7). To examine the mechanisms responsible for PD with trastuzumab, the author 

attempted to establish in vivo PD models that would show all the mechanisms of trastuzumab activity.  

Using these HER2-positive xenograft models, the author investigated the combination therapies of trastuzumab 
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with taxanes or capecitabine, standard treatments for clinical breast cancer, after PD with trastuzumab as a single 

agent (8-11) to demonstrate the clinical relevance of treatment with trastuzumab after PD. 

 

Materials and methods 

 

Chemicals 

Trastuzumab was provided by F. Hoffman-La Roche (Nutley, NJ) as a freeze-dried powder and reconstituted 

with distilled water and diluted with saline. Human immunoglobulin G (IgG) was purchased from MP Biomedicals, 

Inc. (Aurora, OH, USA) and was reconstituted with distilled water and diluted with saline. Docetaxel was 

synthesized by Kanto Chemical Co., Inc. (Tokyo, Japan) as a fine powder and was dissolved in saline containing 

2.5% (v/v) polysorbate 80 (Sigma-Aldrich Inc., St. Louis, MO, USA) and 2.5% (v/v) ethanol. Paclitaxel was 

purchased from Wako Pure Chemical Industries, Ltd (Tokyo, Japan) and was dissolved in saline containing 5% 

(v/v) cremophol EL (Sigma-Aldrich) and 5% (v/v) ethanol. Capecitabine was provided by F. Hoffman-La Roche as 

a bulk powder and dissolved in 40 mM citrate buffer (pH 6.0) containing 5% (w/v) gum arabic. G-CSF (genetical 

recombinant lenograstim) produced by Chugai Pharmaceuticals Co., Ltd) was diluted with 0.01% of polysorbate 20 

in PBS. 

 

Animals 

Female 5-week-old BALB/c-nu/nu mice (CAnN.Cg-Foxn1 < nu >/CrlCrlj nu/nu) were obtained from Charles 

River Japan (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. Chlorinated water and 

irradiated food were provided ad libitum, and the animals were kept in a controlled light–dark cycle (12–12 h). All 

animal experiments were performed in accordance with the Guidelines for the Accommodation and Care of 

Laboratory Animals promulgated by Chugai Pharmaceutical Research Center. 

 

Tumors 
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The HER2-positive human inflammatory breast cancer cell line KPL-4 (12, 13) was kindly provided by Dr. J. 

Kurebayashi (Kawasaki Medical School, Kurashiki, Japan). KPL-4 was maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The HER2-positive human breast cancer cell 

line MDA-MB-361 was obtained from the American Type Culture Collection (Rockville, MD). An in vivo line of 

MDA-MB-361 was established in the laboratory of the author and maintained in BALB/c-nu/nu mice after 

subcutaneous (sc) inoculation of tumor pieces. Both cell lines were confirmed to be HER2 positive by IHC and 

FISH (14) diagnostic methods. 

 

Establishment of the in vivo trastuzumab PD model 

A piece of MDA-MB-361 tumor tissue was inoculated subcutaneously into the right flank of each mouse. A 

suspension of KPL-4 cells (5 x 10
6
 cells/mouse) was orthotopically transplanted into the second mammary fat pad 

of female BALB/c-nu/nu mice. Several weeks after tumor inoculation, mice were randomly allocated to control and 

treatment groups after verification of tumor formation. Administration of trastuzumab began when tumor volumes 

had reached 0.2–0.3 cm
3
 (designated as day 1). Trastuzumab was administered intraperitoneally (ip) once a week 

(qw) for 3 weeks. To evaluate the antitumor activity and tolerability of the test agents, tumor volume and body 

weight were measured twice a week. The tumor volumes (V) were estimated from the equation V = ab
2
/2, where a 

and b are tumor length and width, respectively. The growth ratio of tumor volume was calculated to be the ratio of 

tumor volume on the evaluation day to that of the day of the previous measurement. The percentage of tumor 

growth inhibition (TGI%) was calculated as follows: TGI% = {1 − (tumor volume of treatment group on evaluation 

day − tumor volume of treatment group on day 1)/ (tumor volume of control group at evaluation day – tumor 

volume of control group on day 1)} × 100. For the tumor re-inoculation experiments, MDA-MB-361 tumor tissue 

was resected after 3 weeks of trastuzumab treatment and 2-mm square pieces of tumor tissue were then inoculated 

into BALB/c-nu/nu mice by the same method as the initial tumor inoculation. 

 

Quantification of pAKT and IGF-1R in tumor tissues 

Tumor tissues and blood were sampled at the start of treatment (group a), after 3 weeks of trastuzumab 
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treatment (group c), and at the time the tumor volume reached that of the trastuzumab-treated group (group b) to 

eliminate the effect of tumor volume on efficacy. The tumor tissues were pulverized in liquid nitrogen, lysed in cell 

extraction buffer (BioSource, Flynn, CA) for 30 min, and then homogenized with a potter homogenizer. The 

extracts were centrifuged at 150K×g for 10 min at 4°C. Aliquots of the clear lysates were dispensed and stored at 

−80°C until the pAKT and IGF-1R assays were carried out. ELISA of pAKT (BioSource) or IGF-1R (BioSource) 

was performed following the manufacturer’s protocol.  

 

Comprehensive analysis of gene expression in the tumor tissues 

Tumor tissues were resected from xenograft models and immediately frozen in liquid nitrogen. Total RNA was 

extracted from the frozen tumor using Sepasol-RNA I (WAKO, Osaka, Japan) and was purified with an RNease 

column (Qiagen, Austin, TX). Total RNA (5 μg) was reverse transcribed to cDNA with a T7-(dT)24 primer. 

Biotin-labeled cRNA was first synthesized from cDNA using a MEGAscript In Vitro Transcript Kit (Ambion, 

Austin, TX), fragmented to an average size of 50–100 nucleotides by incubating at 95°C for 35 min in 40 mM 

Tris–acetate (pH 8.1) containing 100 mM potassium acetate and 30 mM magnesium acetate, and finally hybridized 

to murine Gene-Chip 430A 2.0 Array (Affymetrix, Santa Clara, CA). The hybridized cRNA probes were stained 

with streptavidin R-phycoerythrin Molecular Probes™ (Invitrogen, Carlsbad, CA) and then scanned with a 

confocal scanner (Affymetrix). The scanned data so obtained were normalized to correct for small differences in the 

levels of the cRNA probes and were processed for signal values using Affymetrix software (LIMS 5.0). The author 

examined gene expression profiles in four tumor tissues from each group (control, human IgG-treated, and 

trastuzumab-treated). Signal intensities obtained from the GeneChip analysis were transformed to logarithmic 

values. The author selected genes from the criteria of a minimum value >2 and more than two samples showing the 

present response in each group and a CV > 20% in all 12 samples from a data set of 54,613 arrays and then applied 

the values of the selected genes to Eisen’s hierarchical clustering software (http://rana.stanford.edu/software).  

 

Combination of trastuzumab with chemotherapy or G-CSF in the trastuzumab PD models 

After the initial treatment with trastuzumab alone, mice were re-randomized and allocated to the control group, 

http://rana.stanford.edu/software
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the trastuzumab group, the chemotherapy group, or the combination of trastuzumab with chemotherapy group. 

Each group was, respectively, treated with human IgG and vehicle of chemotherapy, trastuzumab and vehicle of 

chemotherapy, human IgG and chemotherapy, or trastuzumab and chemotherapy. Trastuzumab was administered ip 

qw for 3 weeks similar to the initial treatment. Docetaxel was administered intravenously (iv) once in 3 weeks 

(q3w). Paclitaxel was administered iv qw. Capecitabine was administered orally (po) once a day for 14 consecutive 

days. The maximum tolerated dose (MTD) was defined as half of the minimum toxic dose causing death (one 

mouse out of six mice, LD17) or resulting in more than 20% of body weight loss in a separate experiment. G-CSF 

was administered sc once a day for 6 days. 

 

Statistical analysis 

The Mann–Whitney U test was used to detect the statistical differences in tumor volume (P < 0.05) for the in 

vivo experiments and Student’s t test was used (P < 0.05) for the in vitro experiments. The statistical analysis was 

carried out using an SAS preclinical package (SAS Institute, Inc., Tokyo, Japan). 

 

Results 

 

Establishing a trastuzumab PD model 

The HER2-positive breast cancer cell line MDA-MB-361 was inoculated into BALB/c-nu/nu mice, and 

trastuzumab (30 mg/kg) was administered ip qw. Up to 1 week after the start of administration, trastuzumab 

showed an inhibitory effect on tumor growth in all of the animals but, as the treatment continued, a decrease in 

growth inhibition appeared in individual animals (Fig. 1A). The rate of tumor growth inhibition also decreased 

during the administration of trastuzumab in these animals, and they were considered to have become unresponsive 

to trastuzumab. The frequency of this condition was 8 out of 16 mice during the period ranging from 2 to 3 weeks 

after the start of administration. After 3 weeks of initial administration, the trastuzumab group showed less tumor 

growth inhibition compared with the group that had been switched to treatment with HuIgG. When divided by the 

tumor volume ratio on day 22 (1.4), the ratio of resistant tumors was significantly higher than that of tumors 
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sensitive to trastuzumab (Fig. 1B). After 3 weeks of initial trastuzumab treatment, HER2 protein as determined by 

IHC had remained positive (Fig. 1C). In the investigation of the relationship between the size of the cancer tumor 

and its responsiveness to trastuzumab, the author found an inhibitory effect on tumor growth when trastuzumab was 

administered to a tumor having the same volume as that of a tumor that had become unresponsive at 3 weeks after 

initial treatment (Fig. 1D). Based on the results, the author regarded the group of individuals that had become 

unresponsive to trastuzumab monotherapy as trastuzumab PD models. A similar result was also observed in the 

A B

C D

Figure 1 Establishment of the trastuzumab progressive disease model of MDA-MB-361. A, Appearance 

of the progressive tumor during 3 weeks of treatment with trastuzumab. Treatment with trastuzumab was 

started 52 days after the tumor inoculation. Mice were allocated to groups of 8 mice for control human IgG

and 16 mice for trastuzumab treatment. Trastuzumab (30 mg/kg) and IgG (30 mg/kg) were administered ip

qw for 3 weeks. Data points: IgG (squares), trastuzumab (triangles). Symbols represent the calculated ratio of 

the tumor volume versus the 1 week prior tumor volume. B, Comparison of tumor volume ratio between PD 

tumor and tumor sensitive to trastuzumab treatment. Mean values are shown as bars. Control IgG treatment 

(white bar), trastuzumab treatment (striped bar), mean of tumor with a volume ratio lower than 1.4 (S), mean 

of tumor with a volume ratio higher than 1.4 (R). C, Conservation of HER2 status beyond progressive disease 

after treatment with trastuzumab. Herceptest® (HER2 IHC) of the tumor tissues of MDA-MB-361. The 

method for IHC is described in the “Materials and methods”. D, Comparison of the antitumor activity of 

trastuzumab between large and small tumor tissues. Treatment with trastuzumab against small tumors or large 

ones was started 47 or 69 days after the tumor inoculation. Mice were randomly allocated to groups of six 

mice each. Trastuzumab (30 mg/kg) and IgG (30 mg/kg) were administered ip once a week for 3 weeks. Data 

points: control IgG (cross marks), trastuzumab (closed triangles)
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KPL-4 model. 

 

Changes in the tumor tissues of the trastuzumab PD model 

To understand the mechanisms whereby tumor tissues become unresponsive to trastuzumab, MDA-MB-361 

tumor tissue that had received the initial treatment with trastuzumab was re-inoculated into a different mouse. The 

re-inoculated tumor was found to be sensitive to be trastuzumab (Fig. 2A). Therefore, it is unlikely that the tumor A

A C

D

Figure 2 Changes of HER2-related growth signals in tumor tissues beyond trastuzumab progressive 

disease. A, Tumor volume of trastuzumab-treated mice re-inoculated with the MDA-MB-361 tumor grown 

under trastuzumab treatment on day 15. The original MDAMB-361 (left). Treatment with trastuzumab for 

original tumors or re-inoculated ones was started 53 or 59 days after the tumor inoculation. Mice were 

randomly allocated to groups of six mice each. Trastuzumab (30 mg/kg) and IgG (30 mg/kg) were 

administered ip once a week for 3 weeks. Data bars: re-inoculated MDA-MB-361 (left). Control (white), and 

trastuzumab (diagonal). B, Levels of pAKT and IGF1-R in the tumor tissues (n = 6), control group (white), 

and trastuzumab group (30 mg/kg/shot) (diagonal). C.,Comparison of the gene proWles between progressive 

disease tumors and control tumors. Mice were randomly allocated to groups of four mice: before treatment 

(a), control IgG (b), and trastuzumab treated (c). Trastuzumab or IgG were administered ip once a week for 3 

weeks or 1 week. Tumor samples were collected on the 1st day (a), 8 days after (b), or 22 days after treatment 

(c).
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tissue itself had been replaced with cells that had acquired resistance to trastuzumab, or that irreversible changes 

had occurred in the tumor tissues such as mutations of HER2-related signals. The author confirmed that the 

sensitivity to trastuzumab monotherapy was similar in both the tumor before treatment (group a) and the control 

tumor tissue (group b) having the same volume as the tumor that had become unresponsive to trastuzumab. The 

author then investigated the changes in the tumor tissues among groups sensitive to trastuzumab (groups a and b) 

and a refractory group (group c). The levels of pAKT in tumor were decreased in the trastuzumab PD tumors 

(group c), compared with the levels in the control groups a and b; and the levels of IGF-1R in PD tumors did not 

increase compared with the control groups a and b (Fig. 2B). Comprehensive GeneChip analyses (Fig. 2C) revealed 

differences in the gene expression of the (groups a, b, and c. Unsupervised hierarchical clustering analysis was 

carried out using 55 genes selected from microarray data according to the criteria described in “Materials and  

methods”. Groups a, b, and c were clustered into each subgroup with the exception of one mouse. The gene 

expression patterns of groups a and b were relatively similar in comparison with group c, indicating that the gene 

expression profiles of tumor tissues were associated with trastuzumab sensitivity in MDA-MB-361. 

 

Involvement of the immune system in the trastuzumab PD model 

Figure 3 Antitumor activity of 

combinations of trastuzumab with 

G-CSF in the MDA-MB-361 

human breast cancer model. 

Combination treatment was started 

54 days after the tumor inoculation 

and 3 weeks of treatment with 

trastuzumab. Mice were randomly 

allocated to groups of ten mice each. 

G-CSF (300 mg/kg, po) was 

administered six times a week for 4 

weeks. Trastuzumab (30 mg/kg) and 

IgG (30 mg/ kg) were administered 

ip once a week for 3 weeks. Data 

points: mean value + SD of tumor 

volume. Control IgG and vehicle 

(diamonds), trastuzumab and vehicle 

(triangles), control IgG and G-CSF 

(open circles), and combination with 

trastuzumab and G-CSF (closed 

circles)



 

17 

 

The mechanism of the activity of trastuzumab involves FCγ-mediated ADCC (6). Based on a report that 

G-CSF enhances the appearance of FCγ in nude mice (15), the author considered that G-CSF might enhance ADCC 

activity. After 3 weeks of trastuzumab monotherapy in the MDA-MB-361 model, mice were randomly reallocated 

and trastuzumab was administered in combination with G-CSF. The results showed that even though trastuzumab 

or G-CSF monotherapy showed no antitumor effect, tumor growth was significantly inhibited by the combination 

therapy (Fig. 3). 

 

Study of combining taxane anticancer drugs in the trastuzumab PD model 

After 3 weeks of trastuzumab monotherapy in the MDA-MB-361 model, mice were randomly reallocated and 

trastuzumab was administered in combination with either paclitaxel or docetaxel. The results showed that even 

though trastuzumab monotherapy showed no tumor inhibitory effect, the combination groups showed significant         

antitumor effects with paclitaxel (Fig. 4A) and with docetaxel (Fig. 4B). In the KPL-4 model, the same results were 

found (Table 1). The author investigated the combination of trastuzumab with capecitabine in the KPL-4 

trastuzumab PD model. Capecitabine combination therapy was significantly more effective than capecitabine alone, 

even in the PD model. Therefore, even if the tumor becomes unresponsive to trastuzumab monotherapy, an added 

effect can be gained by a regimen of trastuzumab in combination chemotherapy. 

 

Discussion 

 

Trastuzumab is an anticancer drug widely used for treating HER2-positive metastatic breast cancers. Recently, 

it has been suggested that prolonged administration of trastuzumab as a combination therapy beyond PD would be 

of clinical relevance. In the present study, the author demonstrated in xenograft models that, even after showing a 

loss of antitumor activity as a monotherapy, trastuzumab in combination chemotherapy is an effective anticancer 

agent.  

In the present study, the author used in vivo murine xenograft models of HER2 + breast cancer as the 

experimental model. BT-474, KPL-4, and MDA-MB-361 have been reported to be natural HER2-overexpressing 



 

18 

 

 

breast cancer xenograft models (12, 14, 16). To eliminate the influence of the hormone receptors, the PgR-positive 

BT-474 model was not used and hormone receptor-negative KPL-4 and MDA-MB-361 models were used. 

Although in clinical practice trastuzumab is usually administered in combination with chemotherapies as the initial 

treatment, the author established a trastuzumab monotherapy PD model to avoid the development of resistance to 

chemotherapy in this study and to clarify whether trastuzumab administration should be maintained in combination 

therapy after PD has developed with trastuzumab monotherapy.  

Trastuzumab alone was initially effective in both of the HER2-positive models; however, 3 weeks after the 

start of administration, trastuzumab showed no significant antitumor activity in spite of the fact that HER2 

continued to be overexpressed on the cell surface in the tumor tissues. Ritter et al. (17) also reported of 

HER2-positive expression remaining in their trastuzumab-resistant model. A possible mechanism for the                        

development of resistance to trastuzumab is a weakening of antitumor activity by a reduced ability of trastuzumab 

A B

Figure 4 Antitumor activity of combinations of trastuzumab with taxanes in the MDA-MB-361 human 

breast cancer model. Combination of trastuzumab with paclitaxel (A) or docetaxel (B). Previous treatments 

with trastuzumab were started 52 and 48 days after the tumor inoculation, respectively. After 3 weeks of 

treatment, mice were randomly allocated to groups of ten mice each. Paclitaxel (60 mg/kg, iv) was 

administered once in 3 weeks. Trastuzumab (30 mg/kg) and IgG (30 mg/kg) were administered ip once a 

week for 3 weeks. Data points: mean value + SD of tumor volume. Control IgG and vehicle (circles), 

trastuzumab and vehicle (open triangles), control IgG and taxane (open squares), and combination with 

trastuzumab and taxane (closed squares)
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to penetrate into tumors that have grown larger during the initial treatment. In the present study, however, 

trastuzumab initially showed antitumor activity in large tumors, thereby contradicting the explanation that large 

tumor volume as a mechanism of the PD that occurs after initial treatment.  

Another possible mechanism for the development of resistance to trastuzumab in the preclinical models of the 

author is the reversible change in the tumor tissue together with decreased ADCC activity in the host. Reversible 

changes in PD tumors were indicated by the fact that the antitumor activity of trastuzumab was restored when 

tumor tissue that had become resistant to trastuzumab monotherapy was reinoculated into another mouse, 

suggesting that the author’s model for in vivo PD was different from the resistant cell line established in vitro. In 

the author’s models, PD with trastuzumab could not be explained by the selection of a population of resistant cells 

or an irreversible gene mutation. Furthermore, the author observed neither attenuation of pAKT inhibition nor 

up-regulation of IGF-1R in tumor tissue, both of which have been reported as mechanisms of trastuzumab 

resistance (4). The gene expression profiles in the tumors with PD, differed from the profiles in the tumor before 

PD had developed. Therefore, changes other than pAKT or IGF-1R might be involved in the PD mechanisms.  

ADCC has been reported to play an important role in the antitumor activity of trastuzumab(4, 6, 18). Therefore, 

an increase in ADCC activity would be expected to improve the efficacy of trastuzumab. G-CSF is used as a 

supportive treatment to improve neutropenia caused by chemotherapy in cancer patients, and it has been reported to 

increase FcγR expression in peripheral blood mononuclear cells (15, 19). Because FcγR is important for ADCC, the 

Table 1 Antitumor activity of combination of trastuzumab with capecitabine

in the KPL-4 human breast cancer model

Treatment was started 17 days after the tumor inoculation. After 3 weeks of 

treatment with trastuzumab, mice were randomly allocated to groups of eight 

mice each. Capecitabine (90 mg/kg, po), was administered consecutively once a 

day for 14 days. Trastuzumab (40 mg/kg) and IgG (40 mg/kg) were administered 

ip qw for 3 weeks. Data points: mean value § SD of tumor volume
a Significantly different from the control group
b Significantly different from the capecitabine group
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author examined the combination effect of G-CSF with trastuzumab. Although, neither G-CSF nor trastuzumab 

monotherapy alone showed any antitumor effects in this model, the combination of trastuzumab + G-CSF showed 

significantly stronger tumor growth inhibition than even the initial trastuzumab monotherapy. These results suggest 

that G-CSF restored ADCC activity and augmented the antitumor activity of trastuzumab in the PD model. G-CSF 

would be useful not only as supportive care in clinical but also to potentiate the antitumor activity of trastuzumab in 

combination therapy.  

In the trastuzumab PD model, trastuzumab was compared with chemotherapy alone, even though trastuzumab 

showed no antitumor activity. The results suggested that the trastuzumab combination therapy for HER-2 positive 

patients continued even after the development of PD. The mechanisms accounting for the combination effects of 

trastuzumab and chemotherapy treatments in this model are not yet clear. The antitumor activity of trastuzumab is 

possibly enhanced by ADCC activity because it has been reported that taxanes increase the TNF in macrophages 

and cancer cells by means of an inflammatory effect (20, 21). Capecitabine has not been reported to augment 

ADCC activity, however, and thus further investigations are needed to clarify the mechanisms of the effects in 

combination with trastuzumab.  

The present results indicate that trastuzumab is able to potentiate the antitumor activity of taxanes or 

capecitabine even after it no longer shows antitumor activity as a monotherapy in xenograft models, thus 

suggesting a clinical relevance for cancer treatment with trastuzumab in combination therapy beyond PD. 
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Chapter II: Investigation of new anti-HER2 therapy for HER2-positive gastric cancer 

 

1. Pertuzumab in combination with trastuzumab shows significantly enhanced antitumor activity in 

HER2-positive human gastric cancer xenograft models. 

 

Introduction 

 

Gastric cancer is the fourth frequently diagnosed tumors in the world with 989,000 cases estimated to have 

occurred (47) and is the second leading cause of cancer death worldwide (738,000 deaths, 9.7% of all cancers) as of 

2008 (47). Although fluoropyrimidine- or platinum-based combination chemotherapy are the most widely accepted 

regimens for advanced gastric cancer in the world at present, their benefit has not necessarily been translated into 

higher overall survival rates. Therefore, more effective therapies for gastric cancer are required. 

The human epidermal growth factor receptor (HER) family is composed of EGFR, HER2, HER3, and HER4. 

They regulate cell proliferation, differentiation, and apoptosis through the activation of their signal transduction by 

forming homodimers or heterodimers (48). The over-expression of HER family protein is often related to tumor 

malignancy. In gastric cancer, EGFR, HER2, and HER3 overexpression has been identified and a relationship with 

prognosis is suggested (49-53). Therefore, inhibiting the signal transduction through heterodimers including HER2 

possibly provides more benefit to patients with gastric cancer. Recently, the ToGA trial (a phase III study of 

trastuzumab (Herceptin
®
) in HER2-positive advanced and inoperable gastric cancer) showed a survival benefit 

when trastuzumab was added to chemotherapy in HER2-overexpressing gastric cancer patients (10) and the FDA 

has approved trastuzumab for HER2-positive metastatic gastric and gastroesophageal junction cancer. Thus, 

anti-HER2 therapy has been identified to be of clinical significance. 

Pertuzumab, which is a new humanized anti-HER2 antibody, is thought to exert antitumor activity in a 

different manner from trastuzumab. Pertuzumab binds to domain II of HER2, the region of dimer formation, 

whereas trastuzumab binds to domain IV of HER2. Thus, pertuzumab could inhibit the dimerization of HER2 with 

other HER family proteins and prevent ligand-dependent HER2 signaling (54). In HER2-positive breast cancer, the 
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usefulness of pertuzumab and trastuzumab was shown in preclinical and clinical reports (55, 56). To investigate the 

effect of pertuzumab and trastuzumab for patients with previously untreated HER2-positive metastatic breast cancer, 

a phase III trial of pertuzumab in combination with trastuzumab and docetaxel (CLEOPATRA) was underway (57). 

Clinical benefit of combination therapy of pertuzumab and trastuzumab was expected. Pertuzumab and trastuzumab 

in combination might provide more effective antitumor activity than either single agent for HER2-positive tumors 

including gastric cancer, because of their different mechanisms of HER2-signal inhibition. This combination 

therapy could provide clinical benefit for HER2-positive gastric cancer patients. In the present study, the author 

investigated the antitumor efficacy of pertuzumab in combination with trastuzumab as well as its mechanism of 

action as a new therapy for gastric cancer by using HER2-overexpressing human gastric cancer mouse xenograft 

models.  

 

Materials and Methods 

 

Molecular modeling of trastuzumab/pertuzumab/HER2 ternary complex 

The binding position of the Fab of pertuzumab or trastuzumab to HER2 was assigned using the 

crystallographic structure of the Fab (pertuzumab)/HER2 complex (Protein Data Bank (PDB) ID: 1s78) (54) or the 

Fab (Trastuzumab)/HER2 complex (PDB ID: 1n8z) (58). The author used the 3D structure of IgG1 monoclonal 

antibody (PDB ID: 1IGY) (59) as a surrogate for that of each whole antibody because the 3D structures of the 

whole antibodies are not known. The position of pertuzumab or trastuzumab whole antibody was estimated by 

superposing the 3D structure of IgG1 (PDB ID: 1IGY) onto that of the Fab (pertuzumab or trastuzumab)/HER2 

complex (PDB ID: 1s78 or 1n8z respectively). The superposition of the Fab of IgG1 and the Fab of pertuzumab or 

trastuzumab was done using the software PyMOL (The PyMOL Molecular Graphics System, Schrödinger, LLC, 

New York, NY, USA). Finally the pertuzumab whole antibody/HER2 complex model and trastuzumab whole 

antibody/HER2 complex model were merged by superposing the 3D structures of HER2 of the two models. 

 

Construction of the transfectants of NK-92 expressed human FcγRIIIa-158V allotypes 
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CD16-negative NK-92 tumor line was purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA).The cDNA encoding FcgRIIIa was amplified by PCR from the fetal spleen cDNA Library 

(Clontech, Mountain View, CA, USA) using a specific primer set (CD16F1: TAA GAA TTC CCA CCA TGT 

GGC AGC TGC TCC TCC C, CD16F2: TAA GCG GCC GCT TAT CAT TTG TCT TGA GGG TCC TTT CTC 

C). The cDNA encoding FcγRIIIa was subcloned into pGEM
®
 T-Easy vector (Promega, Madison, WI, USA).  

Since cDNA sequencing revealed that the obtained FcγRIIIa were all 158F allotype, the FcγRIIIa-158V allotype 

sequence was generated by site-directed mutagenesis (Quick change®: Stratagene, La Jolla, CA, USA). The cDNA 

encoding FcγRIIIa-158V allotype was cloned at the EcoRI and NotI sites of the pCXND3 expression vector, which 

is a derivative of pCXN (60) containing a CAG promoter and a neomycin-resistant gene. The resulting plasmid was 

designated pCXND3/CD16(V). To establish transfectants of NK-92 cells that produce human FcγRIIIa-158V 

allotype, pCXND3/CD16(V) was transfected by the electroporation method using GENE-PULSER II (BioRad 

Laboratories, Hercules, CA, USA) under the conditions of 1.5 kV and 25 μFD. Flow cytometry-based screening 

was performed using αCD16-FITC (Beckman Coulter, Brea, CA, USA), and 
51

Cr-release assay was performed to 

confirm the ADCC activity in pCXND3/CD16(V)-transfected NK-92 cells. The resulting FcγRIIIa-158V-positive 

NK-92 cells exerting ADCC activity were designated CD16(158V)/NK-92 cells. 

 

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 purified water. Both antibodies were diluted with saline or 

culture medium in in vivo or in vitro experiments. Human immunoglobulin G (HuIgG) was purchased from MP 

Biomedicals, Inc. (Aurora, OH, USA) and was reconstituted with water and diluted with saline. 

 

Animals 

Male, 5-week-old BALB-nu/nu mice (CAnN.Cg-Foxn1<nu>/CrlCrlj nu/nu) were obtained from Charles River 

Japan (Yokohama, Japan). All animals were allowed to acclimatize and recover from shipping-related stress for 
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1 week prior to the study. The health of the mice was monitored by daily observation. Chlorinated water and 

irradiated food were provided ad libitum, and the animals were kept under a controlled light-dark cycle (12h-12h). 

All the animal experiments were conducted in accordance with the Institutional Animal Care and Use Committee. 

 

Cell lines and culture 

Three human gastric cancer cell lines were used in the present study. NCI-N87 cells were purchased from 

ATCC. MKN-28 cells were purchased from immuno-Biochemical Laboratories Co., Ltd. (Fujioka, Japan). 

NCI-N87 and MKN-28 were maintained in RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 

10% FBS at 37°C under 5% CO2. 4-1ST cells were purchased from the Central Institute for Experimental Animals 

(Yokohama, Japan) and maintained in BALB-nu/nu mice by subcutaneous (sc) inoculation of pieces of tumor. 

CD16(158V)/NK-92 was maintained in MEMα (Wako, Osaka, Japan) supplemented with 12.5% FBS, 12.5% horse 

serum, 0.02 mM folic acid, 0.1 mM 2-mercaptoethanol, 0.2 mM inositol, and 0.5 mg/mL G418, and 20 ng/mL 

recombinant human IL-2 at 37°C under 5% CO2. 

 

Immunohistochemistry of EGFR and HER2 

Tumor xenograft tissues were resected and processed as formalin-fixed, paraffin-embedded specimen sections. 

These were examined for the expression of EGFR or HER2 protein by immunohistochemistry (IHC) using EGFR 

pharmDx kit™ and HercepTest
®
.  

 

In vivo tumor growth inhibition studies 

Each mouse was inoculated sc into the right flank with either 5 × 10
6
 cells/mouse of human gastric cancer cell 

lines MKN-28 or NCI-N87, or an 8-mm
3
 piece of 4-1ST tumor tissue. Several weeks after tumor inoculation, mice 

were randomly allocated to control and treatment groups. The administration of anticancer agents was started when 

the tumor volumes reached approximately 0.2 to 0.3 cm
3
. To evaluate the antitumor activity of the test agents, 

tumor volume was measured twice a week. The tumor volumes (V) were estimated and the percentage of tumor 

growth inhibition (TGI%) was calculated as described previously (33). Trastuzumab and pertuzumab were 
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administered intraperitoneally once a week for three weeks.  

 

In vitro anti-proliferation assays 

NCI-N87 cells were seeded on 96-well plates at 5 × 10
3
 cells/well and pre-cultured for 24 hours. The cells 

were treated with pertuzumab, trastuzumab or both and cultured for three days. The cells were fixed with 10% 

formalin neutral buffer solution. Crystal violet staining and extraction were performed as described previously (9). 

Their absorbance was measured at 595 nm. The cells after 24 hours pre-culture were also detected by crystal violet 

staining as the absorbance of the pre-cultured well. The percentage of cell proliferation inhibition (% Inhibition) 

was calculated as follows: % Inhibition = {1 – (absorbance of treatment well – absorbance of pre-cultured well) / 

(absorbance of non-treatment well – absorbance of pre-cultured well)} × 100. In case of ligand-dependent 

proliferation, cells were pre-cultured in RPMI-1640 with 0.1% FBS and treated with pertuzumab, trastuzumab or 

both 30 min before EGF or HRGα stimulation. The percentage of cell proliferation (% Proliferation) was calculated 

as follows: % Proliferation = (absorbance of treatment well – absorbance of pre-cultured well) / (absorbance of 

unstimulated well – absorbance of pre-cultured well) × 100. 

Apoptosis assay 

NCI-N87 cells were seeded on 96-well plates at 1 × 10
4
 cells/well and cultured in the same way as the 

ligand-dependent anti-proliferation assay (see above). Twenty-four hours after treatment, Caspase-Glo™ 3/7 Assay 

(Promega) was used to measure caspase 3/7 activity. Caspase 3/7 activity was calculated as follows: Caspase 3/7 

activity = (luminescent unit of treatment well – luminescent unit of blank well) / (mean luminescent unit of control 

well). 

 

Cell stimulations 

Cells were precultured for 1 day after seeding. After that the cells were starved in RPMI-1640 supplemented 

with 0.1% FBS for 20-24 hours and treated with pertuzumab, trastuzumab or both. After 3.5 hours incubation, cells 

were exposed to EGF or heregulin (HRG) α for 5 min. 
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Western blotting 

Cells were washed with ice-cold PBS and lysed with Cell Lysis Buffer (Cell Signaling Technology, Beverly, 

MA, USA) with 10 mM NaF, 1 μg/mL aprotinin and 1 mM PMSF. After centrifugation (4°C, 14,000g, 5 min.), the 

resultant supernatant was used for the assays. Protein concentration of the supernatant was quantified using the DC 

protein assay kit (BioRad). Cell lysates (20 µg protein/lane) were electrophoresed on SDS-PAGE and transferred to 

a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membrane was blocked in 

SuperBlock® T20 (TBS) Blocking Buffer (Thermo Scientific, Waltham, MA, USA) and probed with each antibody 

against HER2 (sc-31153), HER3 (sc-285), (Santa Cruz Biotechnology, Santa Cruz, CA, USA), EGFR (#2963), 

pEGFR (Tyr1068) (#2236), pHER2 (Tyr1248) (#2247), pHER3 (Tyr1289) (#4791), Akt (#2920), pAkt (Ser473) 

(#4058), ERK1/2 (#9102), pERK1/2 (Thr202/Tyr204) (#9106) (Cell Signaling) and actin (A2228) (Sigma-Aldrich, 

St. Louis, MO, USA) as the first antibodies. These proteins were detected by horseradish peroxidase-conjugated 

secondary antibodies (Santa Cruz Biotechnology). The bands were visualized using ECL plus (GE Healthcare Life 

Sciences, Buckinghamshire, UK). 

 

ELISA 

Tumor samples were taken when the tumors had reached a volume of approximately 0.3 to 0.5 cm
3
 and 

were immediately frozen in liquid nitrogen and stored at -80°C. Tumor samples were homogenized in PBS 

containing 0.05% Tween 20 and centrifuged (4°C, 10,000 × g, 20 min.). The resultant supernatant was used 

for the assays. The author used Duo Set
®
 IC (R&D Systems, Minneapolis, MN, USA) to detect human total EGFR, 

HER2, and HER3. Quantikine
®
 (R&D systems) was used to detect human VEGF. Total protein levels in the 

tumor tissue samples using a DC protein assay kit (BioRad Laboratories). 

 

in situ proximity ligation assay 

in situ proximity ligation assay (PLA) was done to detect EGFR-HER2 heterodimer. The author used Duolink
®
 

in situ PLA
™

 (Olink Bioscience, Uppsala, Sweden). In the assay, oligonucleotide-conjugated ‘PLA probe’ 

antibodies are directed against primary antibodies for EGFR or HER2. Annealing of the ‘PLA probes’ occurs when 
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EGFR and HER2 are in close proximity, which initiates the amplification of repeat sequences recognized by the 

fluorescently-labeled oligonucleotide probe. Cells were seeded on 8-well chamber slides at 1 × 10
4
 cells/well and 

stimulated as described above. Cells were washed with ice-cold PBS and fixed with 4% (w/v) paraformaldehyde 

PBS 30 min at RT. The cells were then washed with ice-cold PBS and permeabilized with 0.2% Triton X-100 PBS 

5 min at RT. After that the cells were washed with ice-cold PBS and assayed with Duolink
®
 in situ PLA

™
. 

Anti-HER2 Ab (OP15, Calbiochem, Darmstadt, Germany) and Anti-EGFR Ab (sc-03, Santa Cruz Biotechnology) 

were used as primary antibodies. PLA
™ 

probe anti-Mouse MINUS and PLA
™ 

probe anti-Rabbit PLUS were used as 

two PLA
™ 

probes. In a negative control, primary antibodies were not included. For detection, Duolink
®
 detection 

kit 563 was used. ProLong Gold Antifade Reagent with DAPI (Molecular Probes, Eugene, OR, USA) was used as 

the mounting medium. The specimens were observed using a fluorescence microscope (BX50: Olympus, Center 

Valley, PA, USA). 

  

Immunoprecipitation 

Streptavidin-coupled magnetic beads (Invitrogen, Carlsbad, CA, USA) were incubated with biotinylated HER2 

antibody (ab79205, Abcam, Cambridge, MA, USA) at 4℃ 1 h. Cell lysates (1 mg) were add for 2 h at 4℃. Beads 

were washed 3 times with lysis buffer (20 mM HEPES, 15 mM NaCl, 2 mM EDTA, 10 mM NaF, 0.5% NP-40 and 

0.1 mM Na3VO4 supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail (Sigma-Aldrich)), 

resuspended in SDS sample buffer, and boiled. The supernatant was used for western blotting. 

 

ADCC assays 

The author used RTCA (Real-time Cell Analyzer) (xCELLigence, Roche Diagnostics K. K., Tokyo, Japan) to 

monitor ADCC activities in real time. The system measures electrical impedance on the bottom of the tissue culture 

E-Plates, which contain interdigitated electrodes, as the Cell Index. NCI-N87 cells were seeded on E-plates at 5 × 

10
3
 cells/well and were precultured for 24 hours. CD16(158V)/NK-92 were added as the effector at a target ratio of 

1:1. Cells were treated with pertuzumab, trastuzumab or both at the same time. The Cell Index was measured for 

three days after treatment. The Normalized Cell Index was calculated as follows: (Cell Index at each point) / (Cell 
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Index at the point of pertuzumab and trastuzumab treatment).  

 

Measurement of microvessel density in tumor tissues 

Microvessel density (MVD) in tumor tissue was evaluated with immunohistochemical staining of CD31. 

Tumor samples were collected 96 hours after administration of trastuzumab, pertuzumab or both. 

Immunohistochemical staining was performed as described previously (61). MVD (%) was calculated from the 

ratio of the CD31-positive staining area to the total observation area in the viable region. Three to six fields per 

section (0.4856 mm
2
 each) were randomly analyzed, excluding necrotic areas. Positive staining areas were 

calculated using imaging analysis software (WinROOF; Mitani Corporation, Fukui, Japan).  

 

Results 

 

Pertuzumab in combination with trastuzumab inhibits tumor cell growth more than each does as a single 

agent.  

Pertuzumab has a different binding site from trastuzumab and could bind to HER2 without competing with 

A B

Figure 1 A, 3D structure of the trastuzumab/pertuzumab/HER2 ternary complex. B, anti-proliferative activity 

of pertuzumab in combination with trastuzumab. Cells were treated with pertuzumab (0.1‒100 µg/mL), with 

or without trastuzumab (20 µg/mL), for three days in the culture medium. Open rhombus: without 

trastuzumab; and filled rhombus: with trastuzumab. Data points are mean + SD (n = 3). The 0% point was 

defined as the point of 0 μg/mL of pertuzumab of both open and filled rhombuses. Statistically significant 

differences are shown as *: P < 0.05 by the two-way analysis of variance.
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trastuzumab (Fig. 1A). Therefore the author hypothesized that pertuzumab would show significant antitumor 

activity in combination with trastuzumab. To examine whether pertuzumab could provide efficacy in combination  

with trastuzumab, the author first analyzed tumor cell growth inhibition of pertuzumab in combination with 

trastuzumab in vitro. Pertuzumab alone inhibited the growth of NCI-N87, the HER2-positive human gastric cancer 

cell line (Fig. 1B open rhombus). In combination with trastuzumab, pertuzumab could potentiate its 

anti-proliferation activity (Fig. 1B filled rhombus). Trastuzumab alone at 20 μg/mL inhibited the growth of the cells 

to 55.2 ± 1.3% (mean ± SD, n = 3). 

 

Pertuzumab has antitumor activity as a single agent in a mouse xenograft model.  

The author examined the efficacy of pertuzumab in NCI-N87 tumor xenograft. On day 22 (21 days after 

starting treatment), tumor growth inhibition rates (TGI%) were 18%, 31%, 46% and 41% at doses of 10, 20, 

40 and 80 mg/kg, respectively. Pertuzumab showed significant antitumor activity at 40 and 80 mg/kg (Fig. 2A). 

The maximum effective dose was 40 mg/kg.  

 

A B C D

Figure 2 Antitumor activity of pertuzumab as a single agent and in combination with trastuzumab. A, 

mice bearing NCI-N87 tumors were randomly divided into 5 groups (n = 6/group) and treated with HuIgG or 

pertuzumab once a week for 3 weeks. Open square: HuIgG; filled triangle: Pertuzumab 10 mg/kg; filled 

square: Pertuzumab 20 mg/kg; filled circle: Pertuzumab 40 mg/kg and asterisk: Pertuzumab 80 mg/kg. B, C, 

D, tumor-bearing mice were randomly divided into 4 groups (B,C) or 2 groups (D) (n = 6/group) and treated 

with HuIgG, pertuzumab, trastuzumab or both pertuzumab and trastuzumab once a week for 3 weeks. B: 

NCI-N87 tumors (HER2 positive); C: 4-1ST tumors (HER2 positive) and D: MKN-28 tumors (HER2-

negative). Open square: HuIgG; filled square: Pertuzumab at 20 mg/kg (B) or 40 mg/kg (C, D); open 

rhombus: Trastuzumab at 20 mg/kg and filled rhombus: Combination of pertuzumab and trastuzumab at 20 

mg/kg and 20 mg/kg (B) or 40 mg/kg and 20 mg/kg (C, D respectively). Data points are mean + SD of the 

tumor volume (mm3). Statistically significant differences are shown as *: P < 0.05 vs. the control group, **: 

P < 0.05 vs. the singe agent groups by the Wilcoxon test.
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Pertuzumab in combination with trastuzumab enhances antitumor activity.  

Next, the author investigated the antitumor activity of pertuzumab in combination with trastuzumab in      

NCI-N87 tumor xenograft. The combination of pertuzumab and trastuzumab dramatically enhanced the antitumor 

activity (TGI% was 145%) compared with pertuzumab or trastuzumab alone (TGI% was 31% and 52% 

respectively.) (Fig. 2B). The author also examined the efficacy of pertuzumab and trastuzumab in two other human 

gastric cancer xenografts, HER2-positive 4-1ST and HER2-negative MKN-28. The antitumor activity of 

pertuzumab in combination with trastuzumab in 4-1ST was also significantly higher than either pertuzumab and 

trastuzumab as single agents (TGI% was 22%, 57% and 109% respectively) (Fig. 2C). On the other hand, no 

combined effect was seen in MKN-28, (TGI% was -2%, and 27% in the pertuzumab treatment group and the 

combination treatment group, respectively) (Fig. 2D). MKN-28 was insensitive for trastuzumab in a separate 

experiment (9). The author examined the expression levels of HER family protein in these gastric tumor tissues of 

mice xenograft models by ELISA and IHC (Table1). All cell lines expressed EGFR and HER3 by ELISA. All cell 

lines were also identified as EGFR-positive cells by IHC according to clinical diagnosis. The author also stained 

HER3 immunohistochemically; however HER3 was only slightly detected on the plasma membrane in all 

examined cell lines (data not shown). The expression level of HER2, but not EGFR or HER3, was considered to be 

a key factor of the efficacy. 

 

Pertuzumab in combination with trastuzumab strongly reduces EGFR-HER2 signaling.  

To examine the mechanism of combination efficacy of pertuzumab and trastuzumab, the author next analyzed 

HER2 signal transduction. The author focused on the EGFR-HER2 signaling because HER3 expression level was 

EGFR HER2 HER3 EGFR HER2

NCI-N87 9.0 ± 1.2 180 ± 76 0.88 ± 0.084 + +

4-1ST 0.94 ± 0.10 330 ± 72 1.9 ± 0.49 + +

MKN-28 3.5 ± 0.37 1.7 ± 0.39 0.70 ± 0.20 + ?

Xenograft
ELISA  (ng/mg protein)

†
IHC

‡

Table 1. HER family protein expression levels in human gastric tumor tissues. 

†Means ± SD (n = 4)
‡IHC was according to clinical diagnosis (EGFR pharmDx kit™ and HercepTest®)
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very low in the gastric cancer models the author used. First, the author examined the phosphorylation of HER2 

under serum starvation or under EGFR stimulation to evaluate ligand-independent or ligand-dependent signals, 

respectively. In the absence of EGF, phosphorylation of HER2 and the down-stream factor Akt and ERK1/2 were 

strongly reduced by combination of pertuzumab and trastuzumab. In the presence of EGF, pHER2 was also more 

attenuated by the combination than by either antibody alone. Phosphorylation of EGFR, Akt and ERK1/2 were 

Figure 3 Effect of pertuzumab in combination with trastuzumab on the signal transduction of HER 

family proteins. A, NCI-N87 cells were treated with pertuzumab (40 µg/mL), trastuzumab (40 µg/mL) or 

both for 3.5 h followed by EGF (100 ng/mL) stimulation for 5 min. The pHER2, HER2, pEGFR, EGFR, 

pAkt, Akt, pERK1/2, ERK1/2 and actin were detected by western blotting. B, EGFR-HER2 heterodimer was 

detected by Duolink® in situ PLA™ and immunoprecipitation. Red: EGFR/HER2 heterodimer; Blue: Nuclear. 

EGFR/HER2 heterodimers were slightly decreased by pertuzumab and strongly decreased by the combination 

of pertuzumab and trastuzumab (white arrows). Objective ×20. C, the cell growth inhibition in the presence 

of EGF was examined. NCI-N87 cells were treated with pertuzumab (20 μg/mL), trastuzumab (20 μg/mL) or 

both 30 min before the addition of EGF (100 ng/mL). Control was untreated cells. The cell proliferation was 

examined three days after the treatment. Data points are mean + SD (n = 3). Statistically significant 

differences are shown as *: P < 0.05 by the t-test. D, the caspase 3/7 activity of pertuzumab and trastuzumab

combination was measured. NCI-N87 cells were treated with pertuzumab (20 μg/mL), trastuzumab (20 

μg/mL) or both 30 min before the addition of EGF (100 ng/mL). Control was untreated cells. The caspase 3/7 

activity was measured 24 h after treatment. Data points are mean + SD (n = 5). Statistically significant 

differences are shown as *: P < 0.05 by the t-test.

A

B

C D



 

35 

 

increased by EGF stimulation and the combination of pertuzumab and trastuzumab strongly reduced these 

phosphorylations (Fig. 3A). Next, the author examined whether pertuzumab in combination with trastuzumab 

down-regulated the phosphorylation of EGFR and HER2 by inhibiting their heterodimerization. The author 

evaluated the dimerization level of EGFR-HER2 induced by EGF in the presence of pertuzumab, trastuzumab or 

both by in situ PLA. EGFR-HER2 heterodimers were slightly decreased by pertuzumab. However pertuzumab and 

trastuzumab in combination remarkably reduced the EGFR-HER2 heterodimers on the plasma membrane (Fig. 3B). 

The inhibition of EGFR-HER2 heterodimerization by the combination was also detected by immunoprecipitation 

(Fig. 3B). The author also examined the cell proliferation and apoptosis activity under EGF-stimulation. The cells 

proliferated EGF-dependently and both pertuzumab and trastuzumab inhibited this EGF-dependent cell growth. 

The combination of pertuzumab and trastuzumab significantly enhanced the cell growth inhibition (Fig. 3C). 

Additionally, the combination of pertuzumab and trastuzumab significantly enhanced apoptosis activity (Fig. 3D). 

These results suggest that pertuzumab in combination with trastuzumab inhibits EGFR-HER2 dimerization and its 

down-stream signaling, although neither pertuzumab nor trastuzumab does it sufficiently alone. 

 

Pertuzumab in combination with trastuzumab enhances the ADCC activity.  

Both pertuzumab and trastuzumab are reported to have ADCC activity. The author investigated the ADCC 

activity induced by pertuzumab and trastuzumab as another mechanism of the combined effect by using RTCA. 

The author observed the Cell Index of NCI-N87 for three days after the addition of pertuzumab, trastuzumab and 

CD16(158V)/NK-92 cells. The Cell Index was normalized at the point of pertuzumab and trastuzumab addition. 

Normalized Cell Index after NK cells were added was significantly reduced by the addition of pertuzumab and 

trastuzumab compared with the addition of each single agent alone. No reduction of the Normalized Cell Index was 

seen after the addition of pertuzumab and trastuzumab without NK cells (Fig. 4A). These results suggest that 

combination therapy of pertuzumab and trastuzumab has more potent antitumor activity through the enhancement 

of ADCC activity.  

 

Pertuzumab in combination with trastuzumab shows anti-angiogenic activity.  
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There are some reports on the anti-angiogenic activity of trastuzumab (5, 62). As another combination 

mechanism, the author examined whether pertuzumab enhances the anti-angiogenic activity of trastuzumab. In this   

study, neither pertuzumab nor trastuzumab could significantly decrease MVD. However a significant reduction in 

MVD was seen if the tumor tissue was treated with pertuzumab in combination with trastuzumab (Fig. 4B, C). The 

author also quantified the VEGF protein levels in those tumor tissues. Trastuzumab reduced VEGF levels in tumor 

A

B

C

D

Figure 4 Effect of pertuzumab in combination with trastuzumab on ADCC activity and anti-angiogenic

activity. A, ADCC activity was examined with RTCA. NCI-N87 cells were pre-cultured in the culture 

medium for 24 h and treated with pertuzumab (10 ng/mL), trastuzumab (2 ng/mL) or both. NK cells were 

added as the effector at target ratios of 1:1 simultaneously. Cell Indices were measured every 5 min for the 

first 4 h, every 15 min for the next 44 h, and every hour thereafter. Cell Indices were normalized at the 

treatment point. Red: Control (non-treatment) group; Green: Pertuzumab group; Blue: Trastuzumab group; 

Magenta: Combination group. Data points are mean ± SD (n = 3). Statistically significant differences are 

shown as *: P < 0.05 vs. the control group, **: P < 0.05 vs. the singe agent groups by the t-test. B, tumor 

microvissel was stained immunohistochemically with anti-CD31 antibody at 96 h after the treatment with 

HuIgG (40 mg/kg) (as a control), pertuzumab (20 mg/kg), trastuzumab (20 mg/kg) or both (n = 5-6/group). C, 

the MVD of NCI-N87 was determined as described above. D, the VEGF protein levels of each treatment 

groups at 96 h were quantified by ELISA (n = 5-6/group). Data points are mean + SD of tumor volume (mm3). 

Statistically significant differences are shown as *: P < 0.05 vs. control group by the Wilcoxon test.
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tissues significantly. Pertuzumab also tended to reduce the VEGF levels, although it was not significant. When 

mice were treated with pertuzumab in combination with trastuzumab, the VEGF levels decreased more than they 

did with pertuzumab alone or trastuzumab alone (Fig. 4D). These results show that pertuzumab in combination 

with trastuzumab has an effect not only by inhibition of EGFR-HER2 signaling and enhancement of ADCC activity, 

but also by inhibition of tumor angiogenesis. 

 

Pertuzumab in combination with trastuzumab strongly reduces HER2-HER3 signaling.  

Finally, the author also examined the signal transduction of HER2-HER3 in NCI-N87. Although NCI-N87 

showed low expression levels of HER3 by ELISA and IHC assay, it has been reported that HER3 triggered strong 

signal transduction by dimer formation with HER2. Therefore it is possible that a few HER3 proteins in NCI-N87 

still play a role as mediators of the growth signal. The author examined the phosphorylation levels of HER2, HER3, 

Akt and ERK1/2 under HRGα stimulation after treatment with pertuzumab and trastuzumab. HRGα increased 

pHER3 and pAkt, and the combination of trastuzumab and pertuzumab reduced them as well as pHER2 (Fig. 5A). 

The author also examined the contribution of HRGα to cell proliferation. The cells proliferated HRGα-dependently 

and both pertuzumab and trastuzumab inhibited the HRGα-dependent cell growth. The combination of pertuzumab 

and trastuzumab significantly enhanced the cell growth inhibition. (Fig. 5B). The apoptosis activity of pertuzumab 

and trastuzumab in combination also significantly increased compared to that of pertuzumab or trastuzumab alone 

(Fig. 5C). Therefore, HER3 would also play a role in showing the efficacy of the combination even though the 

HER3 protein expression is low. 

 

Discussion 

 

It is reported that pertuzumab and trastuzumab bind to different domains of HER2. A previous study showed 

that pertuzumab and trastuzumab were oriented at different angles with respect to HER2 after binding to HER2, by 

using a 3D-structure model of the Fab region of pertuzumab and trastuzumab and p185HER2 (63). As shown in 

Fig.1A, binding of whole IgG to HER2 ECD protein, pertuzumab would not interfere with the binding of 
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trastuzumab on HER2, even though both antibodies are displayed in their whole IgG conformation. This result 

indicates that pertuzumab and trastuzumab could have combination effects on antitumor activity. 

The author examined the efficacy of pertuzumab and trastuzumab in vivo. The reason for in vivo study is that 

the in vivo models indicate the efficacy of this antitumor activity more accurately, because trastuzumab or 

pertuzumab have a mechanism through ADCC activity. The author used NCI-N87 and 4-1ST as HER2-positive 

models. NCI-N87 and 4-1ST were determined as HER2 2+ and 3+ respectively by IHC (HercepTest®) and FISH 

(Pathvysion®) in the previous study of Fujimoto-Ouchi et al. (9). MKN-28 was determined to be a HER2-negative 

cell line (9), so the author used it as a negative control model. At first, the author examined the dose dependent 

activity of pertuzumab on tumor growth in the xenograft model to determine the combination dose. In the NCI-N87 

model, 3-week treatment with pertuzumab showed a significant antitumor activity at 40 and 80 mg/kg. The 

maximum effective dose of pertuzumab was determined as 40 mg/kg, because the efficacy of 40 mg/kg of 

pertuzumab was the same as that of 80 mg/kg (TGI% was 46% and 41%, respectively). Next, the author examined 

Figure 5 Effect of pertuzumab in combination with trastuzumab on the signal transduction of HER2 

and HER3. A, NCI-N87 cells were treated with pertuzumab (20 µg/mL), trastuzumab (20 µg/mL) or both for 

3.5 h followed by HRGα (100 ng/mL) stimulation for 5 min. The phosphorylation levels of HER2 and HER3 

in the cell lysates were detected by western blotting. B, the cell growth inhibition in the presence of HRGα

was examined. NCI-N87 cells were treated with pertuzumab (20 μg/mL), trastuzumab (20 μg/mL) or both 30 

min before the addition of HRGα (100 ng/mL). Control was untreated cells. The cell proliferation was 

examined three days after treatment. Data points are mean + SD (n = 3). Statistically significant differences 

are shown as *: P < 0.05 by the t-test. C, the caspase 3/7 activity of pertuzumab and trastuzumab combination 

was measured. NCI-N87 cells were treated with pertuzumab (20 μg/mL), trastuzumab (20 μg/mL) or both 30 

min before the addition of HRGα (100 ng/mL). Control was untreated cells. The caspase 3/7 activity was 

measured 24 h after treatment. Data points are mean + SD (n = 5). Statistically significant differences are 

shown as *: P < 0.05 by the t-test.

A B C
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the antitumor activity of pertuzumab in combination with trastuzumab. In the NCI-N87 HER2-positive xenograft 

model, remarkable tumor regression was observed. The antitumor activity of the combination group was more 

potent than that of the maximum effective dose of both antibodies as single agents (the TGI% of the current 

combinational study was 145% and the maximum TGI% of pertuzumab and trastuzumab were 46% in the current 

study and 89% in a separate experiment (9) respectively.). Another HER2-positive model 4-1ST also showed a 

potent effect of the pertuzumab and trastuzumab combination. Meanwhile, in MKN-28, a HER2-negative tumor 

model expressing HER1 or HER3, an effect of the combination was not shown. Therefore, the usefulness of this 

combination would only be observed in HER2-positive tumors. The author could not examine the safety profile 

except for body weight in the present study because of species difference. No significant loss of body weight was 

observed. In the present study, the author used subcutaneous xenograft models. However, orthotopic models might 

reflect actual tumors better and it would be interesting to know if the same efficacy would be shown in the 

orthotopic models. 

In order to explain the strongly enhanced antitumor efficacy of pertuzumab and trastuzumab combination 

treatment, the author hypothesized two mechanisms, direct action on tumor cells and a specific mechanism caused 

by the tumor environment. Actually, pertuzumab showed more potent cell-growth inhibition and apoptosis activity 

in combination with trastuzumab than either pertuzumab or trastuzumab monotherapy showed in vitro, and the 

efficacy of the combination in mouse xenograft models was more remarkable than in vitro. As the direct action on 

tumor cells, the author examined whether pertuzumab in combination with trastuzumab enhanced the inhibition of 

HER2 signal transduction. In the analysis of inhibition of the signaling pathways through HER1 and HER2, 

down-regulation of pHER1, pHER2, pAkt and pERK1/2 was observed in the combination group compared to the 

single agents. The author also showed that pertuzumab in combination with trastuzumab reduced EGFR-HER2 

heterodimers with Duolink
®

 in situ PLA
™

, which was reported to detect heterodimers (64, 65). Others reported that 

pertuzumab could enhance the endocytic down-regulation of EGFR by counteracting the EGFR-HER2 

heterodimerization (66). In the HER2-positive gastric cancer model that the author used, only a little decrease in 

EGFR-HER2 heterodimers was detected by pertuzumab alone. Anyway, the author considers that one mechanism 

of the effect of the combination of pertuzumab and trastuzumab is the reduction of EGFR-HER2 heterodimers and 
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their signal transduction. In NCI-N87, HER3 expression was low and the author considered that EGFR and HER2 

were mainly functional. However, HER2-HER3 heterodimer is considered the most active HER signaling dimer 

(57, 67) and there are some reports suggesting that pertuzumab show antitumor activity through HER2-HER3 

signal inhibition in non-small cell lung cancer and breast cancer (68, 69). In fact, HRGα induced the 

phosphorylation of HER3 and Akt in NCI-N87, and pertuzumab in combination with trastuzumab reduced them 

strongly; therefore, it is possible that low expression of HER3 was functional in this model and that pertuzumab in 

combination with trastuzumab also showed antitumor activity by inhibiting HER2-HER3 signaling as well as 

EGFR-HER2 signaling. In this study, total HER2 level of the combination was decreased. It is reported that 

anti-HER2 antibodies like trastuzumab led to degradation through the c-Cbl-regulated proteolytic pathway (70, 71). 

The author could not examine the signal inhibition in 4-1ST model because it was an in vivo-maintained cell line. 

In this study, it was suggested that both the EGFR-HER2 and the HER2-HER3 signaling were involved in the 

tumor growth inhibition of the combination of pertuzumab and trastuzumab. Comparing the degree of cell growth, 

the HER3-dependent cell growth was inhibited more strongly than the EGFR-dependent cell growth. However, it 

should not be concluded that HER3 is more important than EGFR for the clinical therapy of HER2-positive gastric 

cancer, and the contributing rate of EGFR and HER3 to HER-signaling might be different between types of cancer 

(e.g. gastric cancer and breast cancer). In a HER2-positive breast cancer cell line, KPL-4, where pertuzumab in 

combination with trastuzumab showed strongly enhanced antitumor activity (56), EGF did not stimulate 

phosphorylation of EGFR, but HRGα did phosphorylate HER3 (data not shown). It is necessary to examine 

exhaustively whether EGFR or HER3 is valuable as a secondary biomarker in clinical research from many points of 

view, such as the expression level of ligands or HER family proteins.  

As an in vivo-specific mechanism caused by the tumor environment, the author considered the potentiation of 

ADCC activity and anti-angiogenic activity. ADCC activity is one of the key mechanisms of the antitumor activity 

of trastuzumab (72). Moreover, recent reports showed that pertuzumab also had ADCC activity (56, 73). 

Anti-angiogenic activity is also shown as the mechanism of antitumor activity of trastuzumab (5). The author 

examined the potentiation of ADCC, because both trastuzumab and pertuzumab showed antitumor activity through 

ADCC activity. ADCC was measured using RTCA, reported as a new method by which it is possible to observe cell 
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adhesion areas according to time (74). The degree of ADCC measured with RTCA was equivalent to that of 

measured with 
51

Cr-release assay. The author tried to use CD16-transfected NK-92 as the effector cell. The ADCC 

of trastuzumab was reported using the NK-92 cell, a human NK cell line (75). However, the NK-92 cell used in the 

study did not show ADCC activity to the target cell NCI-N87. Using this CD16-transfected cell line, the ADCC 

activity of pertuzumab or trastuzumab on NCI-N87 was observed, and that of the combination group was 

significantly more potent. In a breast cancer model, another report showed that pertuzumab in combination with 

trastuzumab did not enhance ADCC activity of either antibody alone (56). This difference may be due to the 

different materials and methods. Secondly, the author tried to clarify the anti-angiogenic activity of these antibodies. 

In the combination group, a significant decrease in MVD and the VEGF protein in tumor tissue was observed. 

VEGF has been reported as a key angiogenic factor in tumors (76). Therefore, it was considered that pertuzumab in 

combination with trastuzumab decreased MVD by reduction of VEGF as a result of HER2 signal inhibition. Based 

on these results, the potent activity of the combination was due to enhancement of the ADCC activity and 

anti-angiogenic activity in addition to direct cell growth inhibition through HER2 signal inhibition. 

In conclusion, compared to single agent treatment, pertuzumab in combination with trastuzumab showed 

significantly stronger antitumor activity in HER2-positive human gastric cancer mouse xenograft models through 

the enhancement of direct cell growth inhibition, ADCC activity, and anti-angiogenesis activity. The combination 

therapy of pertuzumab and trastuzumab is worth examining as a new therapy for HER2 positive gastric cancer. 
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2. Enhanced antitumor activity of trastuzumab emtansine (T-DM1) in combination with pertuzumab in 

a HER2-positive gastric cancer model 

 

Introduction 

 

Trastuzumab emtansine (T-DM1) is a HER2-targeted antibody-drug conjugate (ADC), composed of 

microtubule polymerization inhibitor DM1 (a derivative of maytansine) linked to trastuzumab. T-DM1 is designed 

to deliver DM1 into HER2-overexpressing tumor cells. Namely, T-DM1 binds to HER2 on tumor cells, followed by 

internalization and degradation in lysosomes. As a consequence, active DM1 is liberated intracellularly from 

T-DM1 (77-79) and inhibits microtubule assembly causing cell apoptosis/death (80, 81). In addition, T-DM1 has 

been shown to retain the mechanism of action of trastuzumab as an antibody, including antibody-dependent cellular 

cytotoxicity (ADCC), inhibition of cell signaling through the phosphatidylinositol 3-kinase (PI3K)/AKT pathway, 

and inhibition of HER2 shedding (82, 83). To investigate the clinical effectiveness of T-DM1, two phase III trials, 

EMILIA (evaluating T-DM1 compared with lapatinib plus capecitabine for patients with HER2-positive metastatic 

breast cancer previously treated with trastuzumab and a taxane) and MARIANNE (evaluating T-DM1 plus placebo 

versus T-DM1 plus pertuzumab versus trastuzumab plus a taxane for patients with previously untreated 

HER2-positive metastatic breast cancer) (84) are under way.  

Thus, therapies containing anti-HER2 antibodies are expected to be of great clinical significance. In a previous 

study, the author showed an enhanced antitumor activity of trastuzumab in combination with pertuzumab and 

described its mechanism of action in a HER2-positive gastric cancer model (85). In this context, the author believes 

that the combination of T-DM1 with pertuzumab could be a new potential therapy for advanced gastric cancer. 

Therefore, in the present study, the author investigated the combination effects of T-DM1 and pertuzumab on 

antitumor activities in vitro and in vivo using HER2-positive human gastric cancers. 

 

Materials and methods 
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Test agents 

T-DM1 and pertuzumab were provided by F. Hoffmann-La Roche (Basel, Switzerland). Both antibodies were 

diluted with saline or culture medium in in vivo or in vitro experiments, respectively. Human immunoglobulin G 

(IgG) was purchased from MP Biomedicals, Inc. (Aurora, OH, USA) and reconstituted with water and diluted with 

saline. 

 

Animals 

Five-week-old male BALB-nu/nu mice (CAnN.Cg-Foxn1<nu>/CrlCrlj nu/nu) were obtained from Charles 

River Laboratories Japan (Yokohama, Japan). All animals were acclimatized for 1 week prior to the study. The 

health of the mice was monitored daily. Chlorinated water and irradiated food were provided ad libitum, and the 

animals were maintained under a controlled light–dark cycle (12 h–12 h). All animal experiments were conducted 

in accordance with the Institutional Animal Care and Use Committee. 

 

Cell lines and culture 

Five human gastric cancer cell lines were used in the present study: NCI-N87; SNU-16; SCH; MKN-28; and 

4-1ST. NCI-N87 and SNU-16 cells were purchased from ATCC. SCH cells were purchased from Japan Health 

Science Foundation (Osaka, Japan). MKN-28 cells were purchased from Immuno-Biological Laboratories Co., Ltd. 

(Fujioka, Japan). NCI-N87, SNU-16, SCH, and MKN-28 were maintained in RPMI-1640 (Sigma-Aldrich, St. 

Louis, MO, USA), supplemented with 10% FBS at 37°C under 5% CO2. 4-1ST cells were purchased from the 

Central Institute for Experimental Animals (Yokohama, Japan) and maintained in BALB-nu/nu mice by 

subcutaneous (sc) inoculation of pieces of tumor. CD16(158V)/NK-92 cells were constructed as described 

previously (85) and were maintained in MEMα (Wako Pure Chemical Industries, Osaka, Japan) supplemented with 

12.5% FBS, 12.5% horse serum, 0.02 mM folic acid, 0.1 mM 2-mercaptoethanol, 0.2 mM inositol, 0.5 mg/mL 

G418, and 20 ng/mL recombinant human IL-2 at 37°C under 5% CO2. 

 

Immunohistochemistry and fluorescent in situ hybridization 
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As previously described, HER2 protein expression and HER2 gene amplification in tumors were examined by 

immunohistochemistry (IHC) using HercepTest
TM

 (Dako Japan, Tokyo, Japan) and fluorescent in situ hybridization 

(FISH) using Path Vysion
®
 (Abbott Japan, Tokyo, Japan), respectively (9). 

 

In vivo tumor growth inhibition studies 

Each mouse was inoculated subcutaneously in the right flank with either 5 × 10
6
 cells of human gastric 

cancer cell lines NCI-N87, SCH, SNU-16 or MKN-28, or with an approximately 8 mm
3
 piece of 4-1ST tumor 

tissue. Several weeks after tumor inoculation, mice were randomly allocated to control and treatment groups.  

The administration of anticancer agents was started when the tumor volumes reached approximately 150 to 

350 mm
3
. T-DM1 was administered intravenously once every 3 weeks and pertuzumab was administered 

intraperitoneally once a week for 6 weeks. To evaluate the antitumor activity of the test agents, tumor volume 

was measured twice a week and the percentage of tumor growth inhibition (TGI%) was calculated as described 

previously (33).  

 

In vitro anti-proliferation assays 

NCI-N87 cells were seeded on 96-well plates at 1 × 10
4
 cells/well and pre-cultured for 24 h. Afterwards, the 

cells were starved in serum-free RPMI-1640 for 24 h and treated with pertuzumab, T-DM1, or both. Following 30 

min of incubation, cells were exposed to 100 ng/mL of EGF or heregulin (HRG) α and incubated for 2 days. Cells 

were fixed with 10% formalin neutral buffer solution. Crystal violet staining and extraction were performed as 

described previously (9) and absorbance was measured at 595 nm. Cells pre-cultured for 24 h were also detected by 

crystal violet staining as the absorbance of the pre-cultured well. The percentage of cell proliferation (% 

proliferation) was calculated as follows: % proliferation = (absorbance of treatment well – absorbance of 

pre-cultured well)/(absorbance of unstimulated well – absorbance of pre-cultured well) × 100. 

 

Apoptosis assay 

NCI-N87 cells were seeded on 96-well plates at 1 × 10
4
 cells/well and cultured in 0.1% FBS medium with 100 
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ng/mL of EGF or HRG α added for 24 h. After that, cells were treated with pertuzumab, T-DM1, or both. 

Twenty-four hours after treatment, Caspase-Glo® 3/7 Assay (Promega, Madison, WI, USA) was used to measure 

caspase 3/7 activity, which was calculated as follows: caspase 3/7 activity = (luminescent unit of treatment well – 

luminescent unit of blank well)/(mean luminescent unit of control well). 

 

Western blotting 

NCI-N87 cells were seeded in 0.1% FBS RPMI-1640 for 24 h and then treated with IgG as the control or with 

40 µg/ml pertuzumab, 5 µg/ml T-DM1, or both. Following incubation for 1 h, cells were exposed to EGF or HRG α 

for 1 or 5 min, respectively. Cells were washed with ice-cold PBS and then lysed with Cell Lysis Buffer (Cell 

Signaling Technology, Beverly, MA, USA) with 10 mM NaF, 1 μg/mL aprotinin, and 1 mM PMSF. After 

centrifugation (4°C, 14,000 × g, 5 min), the resultant supernatants were used for the Western blotting assays. 

To prepare in vivo samples, tumor samples were taken on day 5 (4 days after treatment) and immediately 

frozen in liquid nitrogen and stored at -80°C. Tumor samples were homogenized in Cell Lysis Buffer, and 

centrifuged (4°C, 10,000 × g, 20 min.). The resultant supernatants were used for the Western blotting assays.  

The protein concentration of the supernatant was quantified using the DC protein assay kit (Bio-Rad 

Laboratories, Hercules, CA, USA). The supernatants were denatured for 5 min at 95°C, electrophoresed on 

SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The 

membrane was blocked in SuperBlock
®
 T20 (TBS) Blocking Buffer (Thermo Scientific, Waltham, MA, USA) and 

probed with each antibody against HER3 (sc-285), (Santa Cruz Biotechnology, Santa Cruz, CA, USA), HER2 

(#2248), EGFR (#2963), pEGFR (Tyr1068) (#3777), pHER2 (Tyr1248) (#2247), pHER3 (Tyr1289) (#4791), AKT 

(#9272), pAkt (Ser473) (#9271), ERK1/2 (#9102), pERK1/2 (Thr202/Tyr204) (#9106) (Cell Signaling 

Technology), and actin (A2228) (Sigma-Aldrich) as primary antibodies. These proteins were detected by 

horseradish peroxidase-conjugated secondary antibodies. The bands were visualized using Chemi-Lumi One Super 

(Nacalai Tesque, Kyoto, Japan). 
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ADCC assays 

The author used Real-time Cell Analyzer (xCELLigence, Roche Diagnostics, Tokyo, Japan) to monitor ADCC 

activity in real time. The system detects electrical impedance on the bottom of the tissue culture E-Plates, which 

contain interdigitated electrodes as the Cell Index. NCI-N87 cells were seeded on E-plates at 5 × 10
3
 cells/well and 

pre-cultured for 24 h. CD16(158V)/NK-92 cells were added as effector cells at a target ratio of 1:1. Cells were 

treated with pertuzumab, T-DM1, or both concurrently. The Cell Index was measured every 5 min for the first 4 h 

and every 10 min thereafter. The Normalized Cell Index was calculated as follows: (Cell Index at each point)/(Cell 

Index at the point when pertuzumab and T-DM1 treatment started). 

 

Statistical analysis 

The Wilcoxon test was used to detect differences in tumor volume for in vivo experiments and Student’s t-test 

was used for in vitro experiments, with P < 0.05 considered statistically significant. Statistical analyses were 

carried out using the SAS preclinical package (SAS Institute, Tokyo, Japan). 

 

Results 

 

Table 1  Antitumor activity of T-DM1 as a single agent in human gastric cancer mouse xenograft models

n = 5~6, mean ± SD, a: P < 0.05 by the Wilcoxon test, Day 1: first day of treatment, Day 22: 21 days after 

starting treatment, TGI%: % of tumor growth inhibition, b: citation data from [19].
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Antitumor activity of T-DM1 as a single agent in human gastric cancer mouse xenograft models 

Antitumor activity of T-DM1 was evaluated in 5 gastric tumor models with various HER2 statuses. NCI-N87, 

4-1ST and SCH xenografted tumors exhibited high HER2 expression with IHC scores of 3+ or 2+ and a FISH 

HER2/CEP17 ratio >2.0. SNU-16 and MKN-28 showed low HER2 expression with IHC scores of 1+ or 0 and a 

<2.0 FISH ratio. On day 22 (21 days after treatment), T-DM1 (20 mg/kg) showed significant antitumor activity in 

the xenograft models with high HER2 expression and decreasing tumor volumes. However, T-DM1 did not show 

significant efficacy for tumors with low HER2 expression (Table 1).  

 

Antitumor activity of T-DM1 in combination with pertuzumab in a HER2-positive gastric cancer mouse 

xenograft model 

The author assessed the combined efficacy of T-DM1 with pertuzumab using a NCI-N87 xenograft model 

which expressed high levels of HER2 and was sensitive to T-DM1 treatment. Compared to each antibody alone, 

T-DM1 in combination with pertuzumab showed significantly enhanced antitumor activity (Fig. 1).  

 

Combination effect of T-DM1 and pertuzumab on proliferation and apoptosis in a HER2-positive human 

gastric cancer cell line 

To investigate the mechanism of action of T-DM1 in combination with pertuzumab, the author examined the 

growth inhibitory effect of T-DM1 and pertuzumab in NCI-N87 cells. These cells have been previously shown to be 

Figure 1. In vivo efficacy of T-DM1 in 

combination with pertuzumab. Mice 

bearing NCI-N87 tumors were randomly 

divided into 4 groups (n = 6/group) and 

treated with 40 mg/kg of HuIgG as a 

control (open square), 5 mg/kg of T-

DM1 (filled square), 40 mg/kg of 

pertuzumab (open rhombus) or 5 mg/kg 

of T-DM1 and 40 mg/kg of pertuzumab

(filled rhombus). Data points are mean + 

SD of the tumor volume (mm3). 

Statistically significant differences are 

shown as *: P < 0.05 vs. the control 

group; †: P < 0.05 vs. the T-DM1 group; 

‡: P < 0.05 vs. the pertuzumab group 

using the Wilcoxon test.



 

52 

 

      

positive for both HER2 and EGFR and also express low levels of HER3 (85). Pertuzumab completely blocked 

EGF-stimulated cell proliferation, and T-DM1 stopped cell growth at the initial cell number. In the presence of EGF, 

T-DM1 combined with pertuzumab significantly enhanced the inhibition of cell proliferation compared to T-DM1 

alone (Fig. 2A). The author also examined the apoptotic activity of these agents by measuring caspase 3/7 activity. 

Treatment with both pertuzumab and T-DM1 significantly induced caspase 3/7 activity compared to treatment with 

either single agent, indicating that pertuzumab in combination with T-DM1 significantly enhanced the 

apoptosis-inducing activity of T-DM1 (Fig. 2B). Then, the author evaluated the growth inhibition and apoptotic 

activity induced by T-DM1 in combination with pertuzumab in NCI-N87 cells when stimulated with HRG α. 

A B

C D

Figure 2. In vitro efficacy of T-DM1 combined with pertuzumab on cell proliferation and apoptosis. A, 

C, Inhibition of cell growth induced by pertuzumab (40 μg/mL), T-DM1 (5 μg/mL), or both in the presence 

of EGF (A) or HRG α (C) was examined in NCI-N87 cells. Control cells were treated with human IgG. Cell 

proliferation was examined 2 days after treatment. Data points are mean + SD (n = 5). B, D, Caspase 3/7 

activity in cells treated with pertuzumab and trastuzumab combination was measured in the presence of EGF 

(B) or HRG α (D). Caspase 3/7 activity in NCI-N87 cells was measured 24 h after treatment with pertuzumab

(20 μg/mL), T-DM1 (10 μg/mL), or both. Data points are mean + SD (n = 5). Statistically significant 

differences are shown as *: P < 0.05 using the t-test.
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Similar to the stimulation with EGF, combining pertuzumab and T-DM1 significantly enhanced the 

anti-proliferative activity in HRG α-stimulated cells. Likewise, the increased caspase 3/7 activity seen with 

pertuzumab and T-DM1 as single agents was further enhanced by their combination under HRG α (Fig. 2C, D). 

These results suggest that T-DM1 in combination with pertuzumab has the potential to suppress ligand-dependent 

cell growth by inducing apoptosis. 

 

 Effect of T-DM1 in combination with pertuzumab on HER2 signal transduction 

To examine whether pertuzumab and T-DM1 could inhibit HER2 signal transduction, the author examined the 

phosphorylation status of the molecules in HER2-EGFR or HER2-HER3 signaling pathways. Under EGF 

stimulation, only T-DM1 combined with pertuzumab strongly suppressed phosphor(p)-EGFR, pERK, and pAKT 

(Fig. 3A). Under HRG α stimulation, pertuzumab alone strongly inhibited pHER3 and, in combination with T-DM1, 

almost completely suppressed pHER3 and downstream pAKT. T-DM1 in combination with pertuzumab further 

reduced pERK in comparison with pertuzumab or T-DM1 alone (Fig. 3B). To confirm whether the HER family 

signaling pathway was also inhibited by this therapy in xenografted tumors, tumor specimens collected 4 days after 

A

B

C

Figure 3. Effect of T-DM1 in combination with 

pertuzumab on the signal transduction mediated by 

HER family proteins. A, B, NCI-N87 cells were treated 

with pertuzumab (40 µg/mL), T-DM1 (5 µg/mL) or both 

for 1 h followed by 100 ng/mL of EGF stimulation for 1 

min (A) or 100 ng/mL of HRG α stimulation for 5 min 

(B). The phosphorylation levels of HER family proteins 

and their downstream factors in the cell lysates were 

detected by Western blotting. C, Tumor samples were 

homogenized in lysis buffer 4 days after treatment with 

pertuzumab (40 mg/kg), T-DM1 (5 mg/kg), or both. The 

phosphorylation levels of HER family proteins in the cell 

lysates were detected by Western blotting. 
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treatment were tested for the phosphorylation level of HER family receptors: pHER2, pEGFR, and pHER3. pHER2 

and pEGFR were slightly reduced whereas pHER3 was clearly reduced by the combination of T-DM1 with 

pertuzumab compared to either T-DM1 or pertuzumab alone (Fig. 3C). 

 

ADCC activity of T-DM1 in combination with pertuzumab 

One way to interpret the different antitumor potency observed in vitro and in vivo is to consider an immune 

effector-mediated activity, such as ADCC. Hence, the author examined whether T-DM1-induced ADCC activity in 

NCI-N87 cells was further enhanced by pertuzumab, using a real-time cell analyzer. In the wells without effector 

cells, the addition of pertuzumab and T-DM1 did not reduce the Normalized Cell Index (Fig. 4A). With effector 

cells, however, the Normalized Cell Index was significantly reduced by the addition of each single agent. 

Furthermore, T-DM1 in combination with pertuzumab significantly enhanced the reduction of the Normalized Cell 

Index induced by either T-DM1 or pertuzumab (Fig. 4B), indicating that the combination treatment of T-DM1 and    

pertuzumab enhanced ADCC activity in in vitro experiments.  

 

A

B

Figure 4. Effect of T-DM1 in 

combination with pertuzumab

on ADCC activity. A, B, ADCC 

activity was examined using 

RTCA (A) without or (B) with NK 

cells. NCI-N87 cells were treated 

with T-DM1 (1 ng/mL), 

pertuzumab (10 ng/mL), or both. 

Cell Indices were normalized at 

the treatment point (at the point of 

arrows). Red: Control (HuIgG-

treatment) group; Blue: T-DM1 

group; Green: Pertuzumab group; 

and Magenta: Combination group. 

Data points are mean ± SD (n = 

3). Statistically significant 

differences are shown as *: P < 

0.05 vs. the control group; †: P < 

0.05 vs. the T-DM1 group; and ‡: 

P < 0.05 vs. the pertuzumab group 

using the t-test.
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Discussion 

 

First, the author clarified whether the relationship between HER2 expression level and T-DM1 efficacy in a 

gastric cancer model was comparable to that of trastuzumab. In breast cancer cells, it is known that T-DM1 shows 

great antitumor potency to cancer cells with high HER2 expression but less efficacy to those with low HER2 status 

(78). This study using gastric cancer xenograft models similarly showed that T-DM1 demonstrated significant 

antitumor activity only in cancers in which HER2 status was positive (the IHC score was 3+ or 2+, and the FISH 

ratio was >2.0), suggesting that, as with trastuzumab, efficacy of T-DM1 is associated with HER2 status. On the 

other hand, antitumor potency of T-DM1 for NCI-N87 (TGI% was 133%) was much higher than that of 

trastuzumab administered at the maximum effective dose in the previous study (TGI% was 89%) (9). Even in SCH, 

in which trastuzumab did not show significant antitumor activity, T-DM1 showed clear antitumor efficacy (TGI% 

was 109%). Also T-DM1 was efficacious to trastuzumab-insensitive xenograft tumors which expressed HER2 (78). 

These results confirmed that T-DM1 has more potent antitumor activity than trastuzumab. Further research both in 

clinical and preclinical studies, however, is required to examine the efficacy of T-DM1 for tumors expressing low 

levels of HER2 or that are trastuzumab-refractory. 

There were some clinical reports that the combination of pertuzumab and trastuzumab was active and well 

tolerated in patients with metastatic HER2-positive breast cancer (55). In addition, the CLEOPATRA trial showed 

that pertuzumab significantly improved PFS of breast cancer patients in combination with trastuzumab plus 

docetaxel (86) and the combination was thus approved by the FDA. Meanwhile, T-DM1 was reported to have 

significantly improved the PFS of the combination of trastuzumab and docetaxel (87). In addition, the potency of 

T-DM1 and pertuzumab in combination as a first line treatment in HER2-positive metastatic breast cancers is 

currently being investigated in the MARIANNE trial. Also, in the ToGA trial investigating gastric cancer, patients 

with HER2-positive gastric cancer who received trastuzumab in addition to chemotherapy achieved a significant 

improvement in overall survival compared to treatment with chemotherapy alone (10). From these lines of clinical 

evidence, next, the author studied the combined efficacy of T-DM1 and pertuzumab in HER2-positive gastric 

cancers. In this in vivo study, the combination treatment of T-DM1 with pertuzumab showed significantly stronger 
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antitumor activity compared to either single agent in the HER2-positive NCI-N87 model, similarly to trastuzumab 

in combination with pertuzumab (85). T-DM1 in combination with pertuzumab may show strong efficacy in 

HER2-positive gastric cancer.  

The present study demonstrated that the combination of two different anti-HER2 antibodies with different 

HER2-binding sites enhanced the inhibition of HER2 signal transduction in cultured NCI-N87 cells. Under EGF 

stimulation, the combination strongly reduced the phosphorylation of EGFR and its downstream factors, ERK and 

AKT compared to either single agent. Similar results were shown in the author’s previous study in which the 

combination of trastuzumab and pertuzumab suppressed pEGFR and pHER2 and their downstream pERK and 

pAKT by inhibiting the EGFR-HER2 heterodimerization more strongly than either single agent (85). These results 

suggest that T-DM1 in combination with pertuzumab also suppressed heterodimer formation of EGFR-HER2.  

In the NCI-N87 cells stimulated with HRG α, concomitant treatment of T-DM1 and pertuzumab almost 

completely reduced the phosphorylation of HER3 and AKT, and more potently inhibited cell growth and increased 

apoptotic cells. Furthermore, in the xenografted NCI-N87 tumors, Western blot analysis revealed that the 

combination suppressed the phosphorylation of HER3 not but EGFR. Considering the studies that HER2-HER3 

heterodimer is the most active signal transducer among HER family complexes (57, 67), it is possible that 

disruption of the signal of HER3 rather than EGFR may play an important role in the antitumor efficacy of the 

combination treatment, even though HER3 expression levels were low in NCI-N87 tumors. Although further study 

is required to elucidate the mechanism of action, suppression of AKT signal followed by apoptosis induction in 

tumor may contribute to the enhanced antitumor efficacy by pertuzumab combined with T-DM1.  

T-DM1 retains the ADCC that is reported as a key mechanism of trastuzumab (72), and pertuzumab also had 

ADCC (56, 73). The results of the present study, which are consistent with the enhanced ADCC activity of 

pertuzumab combined with trastuzumab in the author’s previous study (85), demonstrate that in the combination 

treatment using T-DM1 with pertuzumab the ADCC activity was significantly enhanced compared to either single 

agent alone. On the other hand, a report has shown that the simultaneous binding of trastuzumab and pertuzumab 

onto target cells did not mediate a synergistic effect on ADCC when they were used at maximum effective doses 

(56). The authors showed that the level of ADCC of the combination of trastuzumab and pertuzumab was the same 
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as those of the single antibodies, when the final total antibody concentration was identical. The difference may arise 

from the difference in materials and methods; that is, the author used a real-time cell analyzer to measure ADCC 

and the sum of the concentration of each antibody was used as the combinational concentration. The results of the 

present study confirm that, in addition to enhanced inhibition of HER2 signaling, ADCC may be another 

mechanism of action that explains the increased efficacy of the combination. 

In conclusion, T-DM1 in combination with pertuzumab achieved significant antitumor activity by enhancing 

HER family signal inhibition and ADCC activity in a HER2-positive human gastric cancer model. These findings 

suggest that T-DM1 in combination with pertuzumab is a rational and promising treatment option for 

HER2-positive gastric cancer. 

  



 

58 

 

References 

 

1. Kovtun YV, Goldmacher VS. Cell killing by antibody-drug conjugates. Cancer Lett. 2007;255:232-40. 

2. Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E, et al. Targeting HER2-positive 

breast cancer with trastuzumab-DM1, an antibody-cytotoxic drug conjugate. Cancer Res. 2008;68:9280-90. 

3. Erickson HK, Lewis Phillips GD, Leipold DD, Provenzano CA, Mai E, Johnson HA, et al. The effect of 

different linkers on target cell catabolism and pharmacokinetics/pharmacodynamics of trastuzumab maytansinoid 

conjugates. Mol Cancer Ther. 2012;11:1133-42. 

4. Oroudjev E, Lopus M, Wilson L, Audette C, Provenzano C, Erickson H, et al. Maytansinoid-antibody 

conjugates induce mitotic arrest by suppressing microtubule dynamic instability. Mol Cancer Ther. 2010;9:2700-13. 

5. Lopus M, Oroudjev E, Wilson L, Wilhelm S, Widdison W, Chari R, et al. Maytansine and cellular 

metabolites of antibody-maytansinoid conjugates strongly suppress microtubule dynamics by binding to 

microtubules. Mol Cancer Ther. 2010;9:2689-99. 

6. Junttila TT, Li G, Parsons K, Phillips GL, Sliwkowski MX. Trastuzumab-DM1 (T-DM1) retains all the 

mechanisms of action of trastuzumab and efficiently inhibits growth of lapatinib insensitive breast cancer. Breast 

Cancer Res Treat. 2011;128:347-56. 

7. Barok M, Tanner M, Koninki K, Isola J. Trastuzumab-DM1 is highly effective in preclinical models of 

HER2-positive gastric cancer. Cancer Lett. 2011;306:171-9. 

8. LoRusso PM, Weiss D, Guardino E, Girish S, Sliwkowski MX. Trastuzumab emtansine: a unique 

antibody-drug conjugate in development for human epidermal growth factor receptor 2-positive cancer. Clin 

Cancer Res. 2011;17:6437-47. 

9. Yamashita-Kashima Y, Iijima S, Yorozu K, Furugaki K, Kurasawa M, Ohta M, et al. Pertuzumab in 

combination with trastuzumab shows significantly enhanced antitumor activity in HER2-positive human gastric 

cancer xenograft models. Clin Cancer Res. 2011;17:5060-70. 

10. Fujimoto-Ouchi K, Sekiguchi F, Yasuno H, Moriya Y, Mori K, Tanaka Y. Antitumor activity of 

trastuzumab in combination with chemotherapy in human gastric cancer xenograft models. Cancer chemotherapy 



 

59 

 

and pharmacology. 2007;59:795-805. 

11. Fujimoto-Ouchi K, Sekiguchi F, Tanaka Y. Antitumor activity of combinations of anti-HER-2 antibody 

trastuzumab and oral fluoropyrimidines capecitabine/5'-dFUrd in human breast cancer models. Cancer 

chemotherapy and pharmacology. 2002;49:211-6. 

12. Baselga J, Gelmon KA, Verma S, Wardley A, Conte P, Miles D, et al. Phase II trial of pertuzumab and 

trastuzumab in patients with human epidermal growth factor receptor 2-positive metastatic breast cancer that 

progressed during prior trastuzumab therapy. J Clin Oncol. 2010;28:1138-44. 

13. Baselga J, Cortes J, Kim SB, Im SA, Hegg R, Im YH, et al. Pertuzumab plus trastuzumab plus docetaxel 

for metastatic breast cancer. N Engl J Med. 2012;366:109-19. 

14. Hurvitz SA DL, Kocsis J, Gianni L, Lu MJ, Vinholes J, Song C, Tong B, Chu Y-W, Perez EA. 

Trastuzumab emtansine (T-DM1) vs trastuzumab plus docetaxel (H+T) in previously untreated HER2-positive 

metastatic breast cancer (MBC): primary results of a randomized, multicenter, open-label phase II study 

(TDM4450g/BO21976). European Multidisciplinary Cancer Congress. 2011:Abstract.5001. 

15. Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki A, et al. Trastuzumab in 

combination with chemotherapy versus chemotherapy alone for treatment of HER2-positive advanced gastric or 

gastro-oesophageal junction cancer (ToGA): a phase 3, open-label, randomised controlled trial. Lancet. 

2010;376:687-97. 

16. Baselga J, Swain SM. Novel anticancer targets: revisiting ERBB2 and discovering ERBB3. Nat Rev 

Cancer. 2009;9:463-75. 

17. Olayioye MA, Neve RM, Lane HA, Hynes NE. The ErbB signaling network: receptor heterodimerization 

in development and cancer. EMBO J. 2000;19:3159-67. 

18. Spector NL, Blackwell KL. Understanding the mechanisms behind trastuzumab therapy for human 

epidermal growth factor receptor 2-positive breast cancer. J Clin Oncol. 2009;27:5838-47. 

19. Scheuer W, Friess T, Burtscher H, Bossenmaier B, Endl J, Hasmann M. Strongly enhanced antitumor 

activity of trastuzumab and pertuzumab combination treatment on HER2-positive human xenograft tumor models. 

Cancer Res. 2009;69:9330-6. 



 

60 

 

20. El-Sahwi K, Bellone S, Cocco E, Cargnelutti M, Casagrande F, Bellone M, et al. In vitro activity of 

pertuzumab in combination with trastuzumab in uterine serous papillary adenocarcinoma. Br J Cancer. 

2010;102:134-43. 

 

 

  



 

61 

 

Chapter III: Importance of formalin fixing conditions for HER2 testing in gastric 

cancer: immunohistochemical staining and fluorescence in situ hybridization 

 

Introduction 

 

The addition of the HER2-targeted agent trastuzumab to these standard chemotherapy regimens has been 

investigated for patient with HER2-positive disease. HER2, a member of the HER family proteins, regulates cell 

proliferation, differentiation, and apoptosis. These functions are triggered by the formation of HER2 homodimers 

or heterodimers with other HER family proteins (1) and subsequent activation of downstream signaling. In breast 

cancer, HER2 overexpression is a prognostic factor (2-4) and an important predictive marker for determining which 

patients are likely to benefit from treatment with trastuzumab. In gastric cancer, there is controversy around 

whether HER2 status provides prognostic information (5). However, it is necessary to determine HER2 status in 

order to determine whether trastuzumab will be a beneficial option for patients. 

The ToGA trial, an open-label, international, phase III, randomized controlled trial, demonstrated that patients 

with HER2-positive gastric cancer assigned to receive trastuzumab plus standard chemotherapy had significantly 

longer overall survival (OS) (hazard ratio: HR 0.74, 95% CI 0.60-0.91) compared with patients with HER2-positive 

gastric cancer assigned to receive chemotherapy alone (6). The improvement in OS in the trastuzumab arm was 

more apparent in patients whose tumors had high HER2 expression (IHC 3+, or IHC 2+ and FISH positive), with a 

HR of 0.65 (95% CI 0.51-0.83). Based on the results of the ToGA study, regimen that include trastuzumab plus 

chemotherapy became a new standard treatment modality for HER2-positive gastric cancer. 

IHC analysis which evaluates protein expression and FISH analysis which evaluates gene amplification are 

major methods for HER2 testing. Although assessing HER2 status accurately and reliably is of great importance to 

determine whether patients have HER2-positive breast or gastric cancer, there is variability of sample preparation 

for HER2 testing (7). A number of reports show discordance in HER2 testing results between laboratories (8, 9). 

Perez et al have shown the importance of using high-volume, experienced laboratories for HER2 testing to improve 

the process of selecting patients likely to benefit from trastuzumab therapy(10). To ensure accurate evaluation, the 
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American Society of Clinical Oncology (ASCO) and College of American Pathologists (CAP) implemented 

guidelines for HER2 evaluation in breast cancer in 2007 (11). 

By virtue of the ASCO/CAP guidelines, the method of preparing specimens has been standardized in breast 

cancer. In Japan, HER2 testing guidelines for gastric cancer were defined by the Trastuzumab pathological advisory 

board for gastric cancer in line with ASCO/CAP guidelines. Paraffin sections are prepared, and the IHC scoring 

system is used according to these criteria which aimed to develop a validated HER2 scoring system for gastric 

cancer (12). However, inter-laboratory differences in the results of HER2 testing are still a big problem in gastric 

cancer. One cause of this may be inappropriate preparation of formalin-fixed paraffin-embedded tissues. In the 

present study, the author investigated the effect of formalin fixing conditions, including time to fixation, fixation 

time and composition of fixatives, on IHC and FISH for HER2 using human gastric cancer cell line xenografted 

tumor tissues with different HER2 status.   

 

Materials and methods 

 

Animals 

Five-week-old male BALB-nu/nu mice (CAnN.Cg-Foxn1<nu>/CrlCrlj nu/nu) were obtained from Charles 

River Laboratories Japan (Yokohama, Japan). All animals were housed in a pathogen-free environment under 

controlled conditions (temperature 20-26°C, humidity 40-70%, light/dark 12h/12h). Chlorinated water and 

irradiated food were provided ad libitum. 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. 

All animal experiments were conducted in accordance with the Guidelines for the Accommodation and Care of 

Laboratory Animals promulgated in Chugai Pharmaceutical Co., Ltd. 

 

Cell lines and culture conditions 

Three human gastric cancer cell lines were used in the present study. NCI-N87 and SNU-16 cells were 

purchased from American Type Culture Collection (ATCC) (Rockville, MD, USA). SCH cells were purchased 



 

63 

 

  

from Japan Health Sciences Foundation (Osaka, Japan). NCI-N87, SNU-16 and SCH were maintained in 

RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal bovine serum at 37°C under 

5% CO2. The histological type of each cell line was shown in Table 1. 

 

Preparation of specimens 

Each mouse was inoculated subcutaneously into the right flank with either 5 × 10
6
 cells/mouse of human 

gastric cancer cell lines NCI-N87, SCH or SNU-16. Tumor xenograft tissues were collected and allowed to stand at 

room temperature for 0, 6, or 24 hours before being fixed with 10% NBF for 24 hours, 5, 7, or 10 days and then 

embedded in paraffin. To compare the effect of fixing solution on HER2 IHC, 10% NBF, 20% NBF, 10% 

non-buffered formalin and 20% non-buffered formalin were used. Specimens were prepared from two separate 

tumors from NCI-N87 and SNU-16 inoculated mice and three tumors from SCH inoculated mice. 

 

IHC, gene amplification of HER2, and histological assessment  

HER2 protein expression and HER2 gene amplification in tumors were examined by IHC using HercepTest
TM

 

(DAKO, Glostrup, Denmark) and by FISH using PathVysion
®
 HER2 DNA Probe 

 
(Abbott Molecular, Abott Park, 

IL), respectively, at SRL Inc. (Tokyo, Japan) as described previously (13). Histological assessment was performed 

under light microscope. 

Table 1   Histological type and HER2 status of three gastric tumor tissues

*: The histological type was described according to the information of each cell line distributor.

 

Tumor name Histological type 
*
 HER2 IHC score HER2/CEP17 ratio (FISH) 

NCI-N87 
Differentiated / intestinal type 

epithelial carcinoma 
3+ 8.4 (13) 

SCH 
Undifferentiated / diffuse type 

choriocarcinoma 
2+ 2.3 

SNU-16 
Undifferentiated / diffuse type 

epithelial carcinoma 
1+ 1.4 (13) 
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Results 

 

IHC and FISH status of tumor tissues used 

Three tumor tissues with different HER2 status were used in this study. The HER2 status of these tumor tissues 

were assessed by IHC and FISH, using specimens fixed with 10% NBF for 24 hours immediately after 

the resection of the tumors. The IHC scores for NCI-N87, SCH, SNU-16 were 3+, 2+, 1+, and HER2/CEP17 

ratios by FISH were 8.4, 2.3, 1.4, respectively (Table 1).  

 

Effect of time to fixation and fixation time on IHC staining for HER2 

Firstly, the author examined the effect of time to fixation and length of fixation on IHC staining for HER2 in 

NCI-N87, SCH, and SNU-16 tumor tissues. Leaving specimens for 6 or 24 hours before fixation at room 

temperature promoted shrinkage in the tumor tissue periphery and decreased immunostaining intensity at the 

shrinkage area in tumors from all of the cell lines irrespective of HER2 status and fixation time (Fig. 1A, and 

Tables 2 and 3). In SCH or SNU-16 tumors, leaving the specimens for 24 hours before fixation also induced 

autolysis and decreased the number of stained cells in the center of tumor tissues (Fig. 2 and Table 3). As a result, 

the total staining intensity and total staining area was decreased in these two tumors. In SCH tumors, a decrease of 

the HER2 IHC score to 1+ was observed in two of three specimens left for 24 hours and then fixed for 24 hours 

(Table 2). 

Secondly, the author examined the effect of fixation time on IHC staining for HER2. In  

NCI-N87 specimens from tumors with a HER2 IHC 3+ score, there was no change in HER2 IHC score (Fig. 3A 

and Table 2). However, in SCH or SNU-16 specimens from tumors with HER2 IHC 2+ or 1+ scores, the scores 

were decreased to 1+ or 0, respectively, in one of three or one of two specimens by fixing for 10 days even when 

fixation was started immediately after the tumor collection (Fig. 3B and 3C, and Table 2). Moreover, in SNU-16 

◄ Figure 1. Effect of time to fixation on IHC staining for HER2 in tumor tissue periphery. Tumor tissue 

specimens of (A) NCI-N87, (B) SCH, or (C) SNU-16 were collected and allowed to stand for 0, 6, or 24 h 

before fixing with 10% NBF for 24 h. Upper panels: HER2 IHC staining. Lower panels: hematoxylin-eosin 

staining. Arrows: shrunk and decreased-staining intensity areas. ▬ represents 50 mm.
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tumor specimens which were left for 24 hours before fixation, prolonged fixation time (10 day-fixation) promoted 

the decrease of HER2 staining intensity at the shrunk area and a decrease in HER2-positive cells (Table 3). HER2 

IHC scores for these specimens were 0 in all specimens (two of two) (Table 2). 

 

Effect of time to fixation and fixation time on FISH results 

The author also investigated whether delay to formalin fixation or prolonged fixation time affects FISH results. 

SCH specimens in which time to fixation and fixation time were i) 0 h and 24 h, ii) 0 h and 10 days, iii) 6 h and 24 

h, iv) 24 h and 24 h, or v) 24 h and 10 days, were assessed by FISH (HER2/CEP17 ratio). The mean of the 

 

Time to 

fixation 

NCI-N87  SCH  SNU-16 

Fixation time  Fixation time  Fixation time 

24 h 5 d 7 d 10 d  24 h 5 d 7 d 10 d  24 h 5 d 7 d 10 d 

0 h 3+ 3+ 3+ 3+ 
 

2+ 
a
 2+

 a
 2+

 a
 1+/2+ 

 
1+ 1+ 1+ 0/1+ 

6 h 3+ 3+ 3+ 3+ 
 

2+ 2+/3+ 2+ 2+ 
 

1+ 1+ 1+ 0/1+ 

24 h 3+ 3+ 3+ 3+ 

 

1+/2+ 1+
 a
 1+/2+ 1+/2+ 

 
1+ 0/1+ 1+ 0 

Table 2   Effect of fixation conditions on HER2 IHC score in human gastric cancer xenografted tumors

HER2 IHC was performed by HercepTestTM.

The tests were performed in duplicate for NCI-N87 and SNU-16, in triplicate or duplicate (a) for SCH. If the 

test results of duplicate sample were different, both values were indicated.

Table 3   Effect of fixation conditions on the detailed histological assessment of HER2 IHC staining in 

human gastroc cancer xenografted tumors

Histological assessment on the decrease in staining was performed in terms of the following criteria and 

judged in a comprehensive manner: a) tumor periphery shrinkage (dry), b) decrease of staining intensity at 

shrinkage area, c) autolysis, d) decrease in positive cells, e) decrease of total staining intensity, f) decrease of 

total staining area. –: no change, ±: very slightly decreased, +: slightly decreased, ++: moderately decreased, 

+++: markedly decreased

The assessments were performed in duplicate for NCI-N87 and SNU-16, in triplicate or duplicate (g) for 

SCH. If the results of duplicate or triplicate sample were different, all results were indicated.

 

Time to 

fixation 

NCI-N87  SCH  SNU-16 

Fixation time Fixation time Fixation time 

24 h 5 d 7 d 10 d 24 h 5 d 7 d 10 d 24 h 5 d 7 d 10 d 

0 h – – – – 
 

– 
g
 – 

g
 – 

g
 –/+ 

 
– + + +/++ 

6 h ± ± ± ± 
 

–/± ± –/± –/± 
 

± ±/+ + +/++ 

24 h ± ±/+ ±/+ ± 
 

+ + ±/+ ±/+ 
 

+ +/++ + 
++/++

+ 
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HER2/CEP17 ratios of specimens of i), ii), iii), iv), and v) were 2.3, 2.6, 1.3, 1.2, and 1.1, respectively, suggesting 

that prolonged fixation time did not affect the FISH results but delay to fixation strongly reduced the FISH score 

(Table 4). 

 

Effect of fixative type on IHC staining for HER2 

The type of fixative used for the preparation of specimens may be another important factor that affects the 

concordance of HER2 testing results. Therefore, the author next examined the effect of fixative type on IHC 

staining for HER2. In this experiment, firstly, the author used the specimens of SCH tumor (HER2 IHC score 2+) 

A

B
0 h 24 h

0 h 24 h

Figure 2. Effect of 

time to fixation on 

IHC staining for 

HER2 in tumor 

tissue centre. Tumor 

tissue specimens of 

(A) SCH and (B) 

SNU-16 were 

collected and 

allowed to stand for 

0 or 24 h before 

fixing with 10% 

NBF for 24 h. Upper 

panels: HER2 IHC 

staining. Lower 

panels: hematoxylin-

eosin staining. 

Arrows: advanced 

autolysis areas. ▬
represents 50 mm.
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A

B

C

24 h 10 d

24 h 10 d

24 h 10 d

Figure 3. Effect of 

fixation time on 

IHC staining for 

HER2. Tumor tissue 

specimens of (A) 

NCI-N87, (B) SCH, 

and (C) SNU-16 

were collected and 

immediately fixed 

with 10% NBF for 

24 h or 10 days . 

Upper panels: HER2 

IHC staining. Lower 

panels: hematoxylin-

eosin staining. ▬

represents 50 mm.
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because, in clinical, specimens judged as HER2 IHC score 2+ are considered as equivocal and recommended to 

conduct FISH test in order to make a final diagnosis for trastuzumab application. Therefore, it makes sense to 

examine whether fixative type affect the result of HER2 IHC test in tumor tissue specimens of HER2 IHC score 2+. 

For this purpose, the author used 10% NBF, 20% NBF, 10% and 20% non-buffered formalin. The tumor tissues 

were fixed with each fixative immediately after collecting. Fixing with 20% NBF, 10% non-buffered formalin or 

20% non-buffered formalin for 24 hours reduced the staining intensity of HER2 and reduced the HER2 IHC score 

from 2+ to 1+ in one of three specimens compared to fixing with 10% NBF (Fig 4 and Table 5). When tumor 

tissues were fixed for 10 days, the reduction in HER2 staining intensity was more apparent and an HER2 IHC score 

reduction was observed in two of three specimens in 20% NBF and 10% non-buffered formalin, and in three of 

three specimens in 20% non-buffered formalin (Table 5). These results indicate that all formalin fixatives used 

10% NBF 10% non-buffered formalin

20% NBF 20% non-buffered formalin

Figure 4. Effect of 

fixative type on 

IHC staining for 

HER2. SCH tumor 

tissues were 

collected and 

immediately fixed 

with 10% NBF, 20% 

NBF, 10% non-

buffered formalin, or 

20% non-buffered 

formalin for 24 h. ▬
represents 100 mm.z

Time to fixation Fixation time 
HER2/CEP17 ratio 

(FISH) 

0 h 24 h 2.3 

0 h 10 d 2.6 

6 h 24 h 1.3 

24 h 24 h 1.2 

24 h 10 d 1.1 

 

Table 4   Effect of fixation conditions on HER2 FISH in SCH xenografted tumors
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other than 10% NBF could negatively affect the results of HER2 IHC staining in tumors with HER2 IHC score 2+. 

Secondly, the author examined the effect of fixative type on HRE2 IHC staining using specimens of NCI-N87 

tumor (HER2 IHC score 3+) in the same way as above. As a result, the author found that all of the four fixatives 

did not affect the results of HER2 IHC staining in both 24 hours- and 10 days-fixation (Table 6). 

Table 5   Effect of fixative type on HER2 IHC staining and histological assessment in SCH xenografted tumors

a: HER2 IHC was performed by HercepTestTM.
b: Histological assessment on the decrease in staining was performed in terms of the following criteria and judged 

in a comprehensive manner: a) autolysis, b) decrease in positive cells, c) decrease of total staining intensity, d) 

decrease of total staining area. –: no change, ±: very slightly decreased, +: slightly decreased, ++: moderately 

decreased, +++: markedly decreased.

The tests and assessments were performed in triplicate. If the test results of triplicate sample were different, all 

results were indicated.

Fixation time Evaluation 

Fixatives 

10% NBF 
10% non-buffered 

formalin 
20% NBF 

20% non-buffered 

formalin 

24 h 

HER2 IHC score
a
 2+ 1+/2+ 1+/2+ 1+/2+ 

Histological assessment / 

decrease in staining
b
 

– –/+ –/+ –/+ 

10 d 

HER2 IHC score
a
 2+ 1+/2+ 1+/2+ 1+ 

Histological assessment / 

decrease in staining
b
 

– –/+ –/+ + 

 

Table 6   Effect of fixative type on HER2 IHC staining and histological assessment in NCI-N87 xenografted tumors

Histological assessment on the decrease in staining was performed in terms of the following criteria and judged in 

a comprehensive manner: a) autolysis, b) decrease in positive cells, c) decrease of total staining intensity, d) 

decrease of total staining area. －: no change, ±: very slightly decreased, ＋: slightly decreased, ++: moderately 

decreased, +++: markedly decreased.

The tests and assessments were performed in duplicate.

Fixation time Evaluation 

Fixatives 

10% NBF 
10% non-buffered 

formalin 
20% NBF 

20% non-buffered 

formalin 

24 h 

HER2 IHC score 3+ 3+ 3+ 3+ 

Histological assessment / 

decrease in staining 
– – – – 

10 d 

HER2 IHC score 3+ 3+ 3+ 3+ 

Histological assessment / 

decrease in staining 
– – – – 

 



 

71 

 

 

Discussion 

 

In breast cancer, ASCO/CAP issued guidelines to standardize fixation for increased HER2 testing accuracy. In 

addition, many investigations into the optimal conditions for accurate HER2 testing have been conducted(14-17). 

Delay to formalin fixation after specimen collection and extended fixation times may affect HER2 testing results. 

Several reports have shown the effect of time to fixation, fixation time, or fixative type on IHC or FISH for HER2. 

Khoury et al reported that more than a 1 hour delay to formalin fixation negatively affected the HER2 IHC and 

FISH results (15). On the other hand, Moatamed et al showed that ischemic time (with a delay in fixation of 4 days 

at 4°C) , fixation time (0–168 hours), and fixative type did not significantly alter HER2 IHC and FISH results (17). 

Thus, even in breast cancer, it may be considered that more studies are required to determine the most appropriate 

procedure for HER2 testing which can be applied in every laboratory. Needless to say, it is also important in gastric 

cancer to assess HER2 status accurately and reliably. However, there are no reports which analyze the formalin 

fixing conditions on HER2 testing in gastric cancer. In the present study, the author investigated how the fixation 

conditions of specimens affected HER2 IHC and FISH results using paraffin-embedded gastric cell line 

xenografted specimens prepared using various fixation conditions. To prepare the specimens in 

guideline-recommended conditions, the author made paraffin-embedded specimens in accordance with HER2 

testing guidelines defined by the Trastuzumab pathological advisory board for gastric cancer. 

In the present study, leaving specimens at room temperature for more than 6 hours before fixation led to 

shrinkage at the tumor periphery and decreased the staining intensity at the shrinkage area in all of the tumors 

assessed, irrespective of HER2 status. However, a decrease in HER2 IHC score was observed only in SCH 

specimens with a 24-hour delay to fixation. However, HER2/CEP17 ratio of FISH in SCH was decreased from 2.3 

to 1.3 if the tumor sample was left at room temperature for only 6 hours before fixation. In breast cancer, it has 

been reported that a delay to formalin fixation affects FISH results but not IHC scores (15). Therefore, the author 

would expect that FISH results would be more vulnerable to delayed fixation than IHC in gastric cancer specimens.  

With regard to fixation time, prolonged fixation did not affect the HER2 IHC scores of NCI-N87 tumors 
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( HER2 3+ score ) (Table 2). However, in the specimens where HER2 scores were 2+ (SCH) or 1+ (SNU-16), 

prolonged fixation reduced the HER2 IHC score (Table 2). These results corresepond well to the report of 

Hashizume et al (14) who showed that prolonged fixation affects HER2 IHC score in 2+ or 1+ breast cancer 

specimens. These results suggest that considerable attention should be paid to the time from excision to fixation 

and fixation time of tumor tissues in gastric cancer as well as breast cancer.  

The present study using several types of fixatives showed that with fixatives other than 10% NBF IHC staining 

of HER2 in SCH (IHC score 2+) was reduced. The author also examined the effect of fixatives in NCI-N87 (IHC 

score 3+), however, there were no differences in staining between fixatives. Staining of specimens which 

moderately express HER2 protein may therefore be affected more easily by the type of fixative used compared to 

staining of specimens with HER2 high expression. In the present study, the author did not examine the effect of 

fixative type on FISH results. This is because, for gastric cancer, IHC testing is recommended as a first examination 

for HER2 followed by confirmative testing by FISH for IHC score 2+ specimens. 

In the clinical setting, it is important to take unique HER2 staining characteristics into consideration when 

standardizing HER2 testing in gastric cancer. One is the heterogeneity defined as <30% of tumor cells staining 

positive or only focal staining of tumor cells (12, 18) . Gastric cancer exhibits heterogeneity in up to 30% of 

HER2-positive cases (18). The other consideration is that HER2-positive gastric carcinomas are usually of the 

gland-forming, intestinal type and may show incomplete, basolateral, or lateral membranous staining (19). In the 

present study, the author used xenografted tumors from mouse models as specimens which did not reflect the 

heterogeneity or other staining features of human gastric cancer. Therefore, in clinical cases, the impact of the 

formalin fixing condition on the result of IHC staining or FISH for HER2 may not be the same as in the present 

study. Further study is required in clinical setting. 

In conclusion, the results of the present study indicate that the delay to fixation and length of fixation, may 

affect the HER2 IHC score in a gastric cancer model. Non-buffered formalin or high concentrations of NBF may 

also affect IHC results. These results highlight how it is of critical importance to optimize the sample preparation 

conditions for HER2 testing in gastric cancer. 
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Chapter IV: Biomarkers for antitumor activity of bevacizumab in gastric cancer 

models 

 

Introduction 

 

Vascular endothelial growth factor (VEGF), a diffusible glycoprotein produced by normal and neoplastic cells, 

is an important regulator of physiologic and pathologic angiogenesis. Increased VEGF levels in serum or tumor 

tissue have been reported to correlate with poor survival; therefore, efficacy of anti-VEGF therapy is expected in 

clinical application(1, 2).  

Bevacizumab is a humanized monoclonal antibody to human VEGF that inhibits VEGF-mediated angiogenesis 

in many types of tumors. Although bevacizumab improves progression-free survival (PFS) in these cancers, it is 

not effective for all patients. Predictive markers of bevacizumab efficacy have been assessed in many clinical 

trials(3), however, no validated biomarker is available to predict bevacizumab efficacy and identify the patients 

who could benefit from bevacizumab. Therefore, it is important to investigate the biomarker of bevacizumab 

efficacy from the phase of clinical development for other cancer types. 

Gastric cancer is one of the most malignant cancers and second leading cause of cancer death in the world (4). 

The incidence is reportedly highest in Asia, South America, and Southern Europe(5). Increased levels of VEGF 

expression have been found in gastric cancers as well as in tumors of lung, breast, thyroid, gastrointestinal tract, 

kidney, bladder, ovary, cervix, and pancreas, angiosarcomas and glioblastomas(6, 7). A previous report suggests 

the possibility of VEGF as a prognostic factor of gastric cancer(8). Therefore, bevacizumab may also be effective 

against gastric cancers (9). In the present study, the relationship between the efficacy of bevacizumab, selected 

biomarkers in gastric cancers and various histological types of gastric cancer has been examined.  

 

Materials and methods 

 

Test agents 
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Bevacizumab was provided by F. Hoffman-La Roche (Nutley, NJ, USA) as a liquid and diluted with saline. 

Human immunoglobulin G (HuIgG) was purchased from MP Biomedicals, Inc. (Aurora, OH, USA) and was 

reconstituted with water and diluted with saline.  

 

Animals 

Male 5-week-old BALB/c-nu/nu mice (CAnN.Cg-Foxn1<nu>/CrlCrlj nu/nu) were obtained from Charles 

River Japan (Yokohama, Japan). All animals were allowed to acclimatize and recover from shipping-related stress 

for one week prior to the study. The health of the mice was monitored by daily observation. Chlorinated water and 

irradiated food were provided ad libitum, and the animals were kept in a controlled light-dark cycle (12h-12h). 

Animal procedures were approved by the Institutional Animal Care and Use Committee at Chugai Pharmaceutical 

Co., Ltd.. 

 

Cell lines and culture conditions 

Nine human gastric cancer cell lines and two human colorectal cancer cell lines were used in the present study. 

MKN-45 and MKN-28 were purchased from Immuno-Biochemical Laboratories Co., Ltd. (Fujioka, Japan). 

NCI-N87, SCH, and HUVEC were obtained from the American Type Culture Collection (Rockville, MD, USA), 

the Japan Health Science Foundation (Osaka, Japan), and KURABO (Osaka, Japan), respectively. MKN-45 was 

maintained in TIL Media medium (Immuno-Biochemical Laboratories) supplemented with 10% (v/v) FBS, and 

MKN-28, NCI-N87, and SCH were maintained in RPMI-1640 supplemented with 10% (v/v) FBS at 37°C under 

5% CO2. HUVEC was maintained in HuMedia-EG2 (KURABO) at 37°C under 5% CO2. Cell lines 4-1ST, 

SC-08-JCK, SC-09-JCK, SC-10-JCK and COL-16-JCK were purchased from the Central Institute for Experimental 

Animals (Yokohama, Japan). GXF97 and CXF280 were kindly provided by Prof. H. H. Fiebig (University of 

Freiberg, Freiberg, Germany). 4-1ST, SC-08-JCK, SC-09-JCK, SC-10-JCK, GXF97 and CXF280 were maintained 

in BALB/c-nu/nu mice by subcutaneous (sc) inoculation of pieces of the tumor tissue.  

 

In vivo tumor growth inhibition studies 
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Each mouse was inoculated sc into the right flank with either 5 × 10
6
 cells/mouse of human gastric cancer cell 

line MKN-45, MKN-28, NCI-N87 or SCH, or an 8-mm
3
 piece of 4-1ST, SC-08-JCK, SC-09-JCK, SC-10-JCK, 

GXF97 or CXF280 tumor tissue. Several weeks after tumor inoculation, the mice were randomly allocated to 

control and treatment groups. The administration of anticancer agents was started when tumor volumes reached 

approximately 0.2 to 0.3 cm
3
. To evaluate the antitumor activity of the test agents, tumor volume and body weight 

were measured twice a week. Tumor volumes (V) were estimated from the equation V = ab
2
/2, where a and b are 

tumor length and width, respectively. The percentage of tumor growth inhibition (TGI%) was calculated as 

described previously(10). 

 

Treatment of animals 

Bevacizumab was administered intraperitoneally (ip) once a week for 3 weeks.  

 

Histological classification by hematoxylin-eosin staining 

Xenograft tumor tissues were collected, formalin-fixed, and paraffin-embedded. Slide specimens were 

prepared by sectioning the tissue and staining with hematoxylin-eosin stain. The histological classification was 

determined according to the Japanese Classification of Gastric Carcinoma (13th Edition, June 1999, Japanese 

Gastric Cancer Association). 

 

IHC, and gene amplification of HER2 

HER2 protein expression and HER2 gene amplification in tumors were examined by IHC using HercepTest
®
 

and FISH using Pathvysion
®

 respectively as described previously(11). 

 

Measurement of microvessel density in tumor tissues 

Microvessel density (MVD) in tumor tissue was evaluated immunohistochemically using a monoclonal 

anti-mouse CD31 antibody (rat anti-mouse CD31 monoclonal antibody, clone MEC 13.3; BD Biosciences, NJ, 

USA). Tumor samples were collected 24 h, 96 h or 21 days after bevacizumab administration. 
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Immunohistochemical staining was performed as described previously(12). MVD (%) was calculated from the ratio 

of the CD31-positive staining area to the total observation area in the viable region. Three to six fields per section 

(0.4856 mm
2
 each) were randomly analyzed, excluding necrotic areas. Positive staining areas were calculated using 

imaging analysis software (Win Roof; Mitani Corporation, Fukui, Japan).  

 

Quantification of human or mouse VEGF and other angiogenic proteins in tumor tissues and mouse serum 

Blood and tumor samples were taken when tumors had reached a volume of approximately 0.3 to 0.5 cm
3
. 

Blood serum was immediately retrieved and tumors were immediately frozen in liquid nitrogen and stored at -80°C. 

Tumor samples were homogenized in PBS containing 0.05% Tween 20 and centrifuged (4°C, 10,000 × g, 20 min.). 

The resultant supernatant was used for the assays. Human VEGF, placental growth factor (PlGF), interleukin-8 

(IL-8) and basic fibroblast growth factor (bFGF) were quantified using Quantikine
®
 ELISA kits (R&D Systems, 

Minneapolis, MN, USA). Human VEGF165b was quantified using the DuoSet
®
 ELISA Development System 

(R&D Systems). Mouse VEGF was quantified using a Mouse VEGF Assay Kit (Immuno-Biochemical 

Laboratories). Total protein levels in the samples were quantified using a DC protein assay kit (BioRad 

Laboratories, Hercules, CA, USA). 

 

VEGF genotyping 

DNA was extracted from the cultured cells. VEGF polymorphisms (-2578, -1154, -634 and 936 on VEGF 

genomic DNA) were genotyped with two fluorescent hybridization probes using LightCycler
TM

 software. Briefly, 

the analysis is based on PCR amplification of the region surrounding the polymorphism sites, followed by slowly 

melting off the polymorphism-covering hybridized probe while continuously detecting the fluorescence. Melting 

off the hybridized probe from its target sequence causes the fluorescent signal to disappear, and this allows a 

narrow and reproducible estimation of the melting-point temperature. Subtle differences in melting points between 

a completely matched hybrid duplex and a duplex with a single nucleotide mismatch are detectable using 

LightCycler.  
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HUVEC pVEGFR2 assay 

Tumor samples were homogenized in HuMedia-EB2 (KURABO) and centrifuged (4°C, 10,000 × g, 20 min). 

The supernatant was retrieved and used as the assay medium. VEGF concentration in the samples was measured as 

described above. HUVEC was seeded at a density of 3 × 10
5
 cells/well into 6-well plates in HuMedia-EG2 and 

incubated for one day at 37°C under 5% CO2. After that, the medium was changed to a serum-starved medium 

(HuMedia-EB2 containing 0.5 % FBS). After overnight incubation, the medium was changed to an assay medium 

which had been pre-treated with bevacizumab or human IgG at 37°C for 30 min. After 5-min incubation at 37°C 

under 5% CO2, the plates were immediately placed on ice and the cells washed with PBS. The cells were then lysed 

with ice-cold lysis buffer #9 (R&D systems). Lysates were centrifuged at 14,000 × g for 20 min at 4°C. The 

pVEGFR2 was detected using western blot method and DuoSet IC
®
 ELISA Development System (R&D Systems). 

For western blot, antibodies against VEGFR2 and pVEGFR2 (Tyr1175) (#2479 and #2478 respectively, Cell 

Signaling Tschnology, Beverly, MA, USA) were used as the first antibodies. The proteins were detected by 

horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 

visualized using ECL plus (GE Healthcare Life Science, Buckinghamshire, UK). 

 

Statistical analysis 

The statistical analysis was carried out using a SAS preclinical package (SAS Institute, Inc., Tokyo, Japan). 

 

Results 

 

Sensitivity to bevacizumab in human gastric cancer xenograft models.   

The author examined the antitumor activity of bevacizumab in the MKN-45 human gastric xenograft model. 

Bevacizumab showed significant antitumor activity against MKN-45 tumors at doses ranging from 1.25 mg/kg to 

20 mg/kg (Fig. 1A). On day 22 (21 days after starting treatment), tumor growth inhibition rates (TGI%) were 62%, 

76%, and 79% at doses of 1.25, 5, and 20 mg/kg, respectively. The maximum effective dose was 5 mg/kg. Then the 

author investigated 5 mg/kg of bevacizumab antitumor activity against human gastric cancer xenografts of various 
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degrees of differentiation as shown in Figure 1B. Bevacizumab showed significant antitumor activity in GXF97, 

MKN-28, 4-1ST, SC-08-JCK and SC-09-JCK, with TGI% values on day 22 of 78%, 56%, 68%, 75%, and 55%, 

respectively. Meanwhile, bevacizumab did not show significant antitumor activity in NCI-N87, SCH and 

SC-10-JCK, with TGI% values on day 22 of 21%, 3% and 11%, respectively (Fig. 1C). The author also tested the 

antitumor activity of bevacizumab against two colorectal tumors, COL-16-JCK and CXF280, as the control 

because bevacizumab is approved for clinical use in colorectal cancers, and the author found the TGI% to be 59% 

and 40%, respectively (Fig. 1D). The degree of antitumor activity of bevacizumab in the gastric cancer models was 

comparable to that in the colorectal cancer models. No weight loss (>20%) was observed for any of the doses tested 

in either model (data not shown). 

 

Histological types of tumor tissues.   

The degree of differentiation among the tumors was examined by using hematoxylin-eosin staining (Fig. 1B). 

GXF97, MKN-28, SC-09-JCK, and NCI-N87 were categorized as tubular adenocarcinoma, known as a well 

differentiated type. MKN-45, 4-1ST and SCH were categorized as poorly-differentiated adenocarcinoma and all of 

them were solid-type. SC-08-JCK and SC-10-JCK were categorized as signet-ring cell carcinoma. There was no 

correlation between the efficacy of bevacizumab and the degree of differentiation of the tumors, and bevacizumab 

showed antitumor activity against every differentiation type of tumor the author tested as shown in figure 1. 

 

HER2 status of tumor tissues.   

HER2 status of tumor tissues which the author examined bevasizumab sensitivity was shown in Table 1. There 

◄Figure 1. Antitumor activity of bevacizumab as a single agent in human gastric cancer xenograft

models. A, Mice bearing MKN-45 tumors were randomly divided into groups and HuIgG or bevacizumab

(1.25, 5, 20 mg/kg) was administered intraperitoneally, once a week for 3 weeks. □: human IgG 20 mg/kg, 

●: bevacizumab1.25 mg/kg, ■: bevacizumab 5 mg/kg, ▲: bevacizumab 20 mg/kg. B, Differentiation 

degree of each tumor was determined by hematoxylin-eosin staining. C, Antitumor activity of bevacizumab

(5 mg/kg) was evaluated in various types of gastric cancer xenograft models: GXF97, MKN-28, NCI-N87, 4-

1ST, SCH, SC-08-JCK, SC-09-JCK, SC-10-JCK. □: human IgG 20 mg/kg, ■: bevacizumab 5 mg/kg. D,

Antitumor activity of bevacizumab (5 mg/kg) was evaluated in two colorectal cancer xenograft models, COL-

16-JCK and CXF280. □: human IgG 20 mg/kg, ■: bevacizumab 5 mg/kg. Data points are mean + SD of 

tumor volume (mm3). Statistically significant differences were shown as *: P < 0.05 vs. control group by 

Wilcoxon test. (n = 5 - 7/group)
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also no relevancy between the efficacy of bevacizumab and the HER2 status, as shown by the observation that the 

HER2-positive tumor 4-1ST was sensitive to bevacizumab but HER2-positive tumors NCI-N87, and SCH were 

insensitive to bevacizumab. 

 

Expression of human VEGF.   

There is a possibility that the level of expression of human VEGF in tumor tissue is involved in the efficacy of 

bevacizumab, because bevacizumab is an anti-human VEGF monoclonal antibody. The author quantified the 

expression level of human VEGF and VEGF165b in several gastric and colorectal tumor tissues (Fig.2A). The 

author found that human VEGF was hardly expressed in bevacizumab-insensitive tumors SCH and NCI-N87 but, 

in the insensitive tumor SC-10-JCK, human VEGF was expressed. VEGF165b is reported to be an anti-angiogenic 

factor(13) and thus, could inhibit bevacizumab activity. However, it was not expressed to any extent in the tumors 

the author investigated. Therefore, the effect of VEGF165b was considered to be negligible in the examined tumor 

models. Angiogenic human VEGF was more significantly expressed in bevacizumab-sensitive tumors compared 

with bevacizumab-insensitive tumors (Fig. 2B, p=0.0485). The correlation coefficient (r
2
) between TGI% and the 

log concentration of human VEGF per mg protein in tumor tissue was 0.5312. The author also quantified the 

expression level of mouse VEGF in the tumors, but the correlation coefficient between TGI% and mouse tumor 

 HER2 status 

Cell line IHC FISH 

NCI-N87 2+ 8.4 

4-1ST 3+ 5.3 

SCH 2+ 2.0 

SC-09-JCK 0 1.2 

SC-10-JCK 0 1.2 

MKN-45 0 1.1 

MKN-28 0 1.0 

SC-08-JCK 0 1.0 

GXF97 0 0.9 

 

Table. 1  HER2 expression in gastrointestinal cancer cell lines

HER2 protein expression and HER2 gene amplification in tumors were examined by IHC using 

HercepTestTM and FISH using Pathvysion® respectively.
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VEGF was not observed (r
2
=0.0098). The author also quantified human and mouse VEGF in serum, but the level of 

expression was below the limit of detection (<31.25 pg/mL). 

 

Polymorphisms of VEGF.   

In clinical breast cancer patients, the efficacy of bevacizumab is reported to correlate to the status of VEGF 

polymorphism, the -2578A allele. Hence, the author tried to examine the correlation of VEGF polymorphisms and 

efficacy, but statistical analysis could not be done because the A/A allele was only observed in the MKN-45 tumor. 

The level of VEGF in MKN-45 was not high, even though the -2578 allele exists in the VEGF promoter (Table 2).  

 

Bioactivity of VEGF in SC-10-JCK.   

The author examined whether the VEGF expressed in SC-10-JCK was bioactive. Tumor tissue lysates of two 

bevacizumab-sensitive models, GXF97 (high VEGF expression) and 4-1ST (VEGF level equivalent to SC-10-JCK), 

A B

Figure 2. Expression of human VEGF proteins in tumor tissues of gastric and colorectal cancer 

xenograft models. A, The level of human VEGF (black bar) and VEGF165b (open bar) protein in 

bevacizumab-sensitive and bevacizumab-insensitive tumor tissues was quantified by ELISA (n = 4/group). B,

The quantity of VEGF was compared between the two groups. The averages were shown as bars and numeric 

values. *: P < 0.05 vs. sensitive group by Wilcoxon test. 
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and one bevacizumab-insensitive model, SC-10-JCK, with or without bevacizumab, were added to HUVEC, and 

the phosphorylation level of VEGFR2 in HUVEC was tested by western blot (Fig. 3A). VEGF levels of the lysates 

of GXF97, 4-1ST and SC-10-JCK were 24.7, 8.0 and 4.7 ng/mL respectively. VEGF derived from 

bevacizumab-sensitive tumors (GXF97 and 4-1ST) phosphorylated VEGFR2. The VEGF diluted to 4.7 ng/mL (a 

concentration equal to SC-10-JCK-derived VEGF) still phosphorylated VEGFR2. All phosphorylation of VEGFR2 

by VEGF from bevacizumab-sensitive tumors was reduced by bevacizumab. On the other hand, 

SC-10-JCK-derived VEGF did not phosphorylate VEGFR2 both in western blot and ELISA (Fig. 3B). These 

results suggest that the VEGF in SC-10-JCK was not bioactive. 

 

Anti-angiogenic activity of bevacizumab.   

The author also examined changes in MVD in bevacizumab-sensitive and -insensitive tumors after 

bevacizumab treatment using CD31-staining (Fig. 4A). In the bevacizumab-sensitive tumor models, GXF97 and 

SC-08-JCK, a significant decrease of MVD was observed at 96 h after single-treatment of bevacizumab and at 21 

days after the 3-week treatment (Figs. 4B and C). On the other hand, MVD had not changed at any time point after 

 Genotype 

 Polymorphic site 

Cell line -2578 -1154 -634 936 

MKN-45 A/A A/A G/G T/T 

4-1ST C/A G/A G/G C/C 

GXF97 C/A G/A C/G C/C 

MKN-28 C/C G/A C/C C/C 

SC-09-JCK C/C G/A G/G C/C 

SC-08-JCK C/C G/A C/C T/T 

NCI-N87 C/A G/A G/G C/C 

SC-10-JCK C/A G/A G/G C/T 

SCH  C/C G/A C/G C/C 

 

Table. 2  VEGF polymorphisms in gastrointestinal cancer cell lines

VEGF polymorphisms (-2578, -1154, -634 and 936 on VEGF genomic DNA) were examined by 

using LightCyclerTM.
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bevacizumab treatment in the bevacizumab-insensitive tumor models, SC-10-JCK and SCH (Fig. 4D  and E). The 

decrease of MVD was corresponded to the antitumor activity of bevacizumab, but was detected earlier than the 

decrease of tumor volume (Fig. 4F-I). The author also examined the change in MVD in the GXF97 tumor samples 

at the lower dose (1 mg/kg), at which bevacizumab had not shown efficacy on day 22 (Fig. 4J). In correlation with 

the efficacy of bevacizumab, MVD had not changed in GXF97 tumor tissue 96 h after bevacizumab treatment at 

the low dose. Therefore the author considered that bevacizumab showed antitumor activity by inhibiting tumor 

angiogenesis.  

 

Other angiogenic factors as the bevacizumab resistance factor in tumor tissues.   

The MVD results after bevacizumab treatment suggested that angiogenic factors other than VEGF are involved 

in angiogenesis in bevacizumab-insensitive tumors. Therefore, the author investigated the expression levels of 

angiogenic factors bFGF, IL-8 and PlGF in tumor tissues, all of which are reported to be angiogenic factors for 

tumors (Table 3). Each one as a single factor did not significantly correlate with bevacizumab efficacy (Fig. 5A). 

However, the VEGF/bFGF ratio in bevacizumab-insensitive tumors was significantly lower than that in 

bevacizumab-sensitive tumors  (1.30% vs. 12.4%, Fig. 5B, p=0.0242).  

A

B

Figure 3. Differences in the 

bioactivity of human VEGF in 

bevacizumab-sensitive tumors and 

bevacizumab-insensitive tumor SC-

10-JCK. The bioactivity of VEGF in 

tumors was determined by the 

VEGFR2 phosphorylation of HUVEC 

treated with tumor tissue homogenate 

administered with bevacizumab or 

human IgG using western blot (A) and 

ELISA (B). Each VEGF level in the 

homogenate was shown in figure 3A 

and B.z
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Discussion 

 

Gastric cancer has long been classified according to degree of differentiation and histopathologic type. 

A

B C D E

F G H I

J

Figure 4. Change in MVD after bevacizumab treatment. A, CD31 immunostaining in tumor tissue at 96 h 

after treated with HuIgG (Ctrl) and bevacizumab (BV) in GXF97, SC-08-JCK, SC-10-JCK and SCH models. 

B-E, The MVD in tumor tissue was determined by calculating the ratio of CD31-immunostaining positive 

area to the total observation area at 24 h, 96 h and 21 days (21 d) after bevacizumab treatment (n = 3-6/group). 

F-I, Tumor volumes were measured on the day of MVD evaluation. (J) MVD after treatment of bevacizumab

at 1 mg/kg was evaluated in GXF97 (n = 4). *: P < 0.05 vs. control group by Wilcoxon test.
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Recently, HER2 expression has been included as a classification method in response to the positive results of a 

phase III study showing that addition of trastuzumab to a combination of capecitabine (or 5FU) and CDDP in 

patients with HER2-overexpressing gastric cancers prolonged overall survival(14). In light of this, the author 

attempted to clarify the types of gastric cancers for which bevacizumab would be effective. The author used human 

cancer xenograft models developed by inoculating human gastric cancer cells into T-cell–deficient mice to 

investigate the efficacy of bevacizumab. Human VEGF secreted from human cancer cells is known to have an 

effect on mouse endothelial cells and results in angiogenesis in xenograft tumor tissues. In MKN-45, bevacizumab 

showed significant antitumor activity, although the dose dependency was not strong. A low dose of bevacizumab 

(1.25 mg/kg) was sufficient to produce antitumor activity. The author examined the antitumor activity of 

bevacizumab in 9 human gastric cancer xenograft models of various degrees of differentiation, tumor types, and 

HER2 expression. However, the sensitivity of the gastric cancer models to bevacizumab was found to be unrelated 

to the histological type or the HER2 status of the tumors. The antitumor activity of bevacizumab in the gastric 

cancer xenograft models was similar to that observed in colorectal cancer(15), for which bevacizumab has shown 

survival and clinical benefit.  

 Sensitivity to      

Cell line bevacizumab VEGF PlGF IL-8 bFGF 

COL-16-JCK + 4430 ± 991 <15.6 360 ± 171 268 ± 75.3 

SC-08-JCK + 2330 ±402 <15.6 <31.3 145 ± 25.9 

GXF97 + 1950 ± 753 <15.6 362 ± 134 107 ± 63.6 

MKN-45 + 1560 ± 310 <15.6 65.9 ± 9.38 183 ± 43.0 

CXF280 + 1480 ± 290 <15.6 <31.3 77.6 ± 16.5 

SC-09-JCK + 1020 ± 163 <15.6 165 ± 60.3 151 ± 13.3 

4-1ST + 706 ± 106 <15.6 <31.3 87.7 ± 5.47 

MKN-28 + 577 ± 285 16.4 ± 8.22 <31.3 200 ± 27.8 

SC-10-JCK - 760 ± 80.2 <15.6 198 ± 96.5 231 ± 105 

NCI-N87 - 171 ± 52.5 <15.6 34.4 ± 10.8 1090 ± 328 

SCH - <31.3 1210 ± 205 <31.3 38.4 ± 18.6 

                                                       Mean ± SD (pg/mg protein) 

The expression of human VEGF, PlGF, IL-8 and bFGF in tumor tissues were examined by ELISA.

Table. 3   Expression of angiogenic factors in gastrointestinal cancer cell lines
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Next, the author examined other biomarker candidates of bevacizumab efficacy using sensitive and insensitive 

gastric tumor models. Because VEGF is the molecular target of bevacizumab, the tumor level of VEGF is thought 

to influence the sensitivity to bevacizumab. Tumor VEGF levels were significantly lower in the xenograft models 

insensitive to bevacizumab than in the sensitive models; however, mouse tumor VEGF showed no differences 

between sensitive and insensitive tumors. Human and mouse blood VEGF were lower than the detection limit in 

these models, and thus they were of little concern. In the SC-10-JCK model, in spite of VEGF expression, 

bevacizumab did not exhibit efficacy. To clarify the role of VEGF as a biomarker candidate of bevacizumab 

sensitivity, the author investigated subtypes of VEGF in more detail. Various isoforms of VEGF are known such as 

A

B

Figure 5. Expression of human bFGF protein in tumor tissues of gastric and colorectal cancer 

xenograft models. A, The level of human bFGF, PlGF, and IL-8 proteins in tumor tissues sensitive (9 

models) or insensitive (3 models) to bevacizumab was quantified by ELISA (n = 4). Open circle means less 

than the detection limit of ELISAs. The averages were shown as bars and numeric values. B, The ratio of 

VEGF to bFGF was compared between the two groups. *: P < 0.05 vs. sensitive group by Wilcoxon test.
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the reportedly anti-angiogenic VEGF, VEGF165b(13). VEGF165b binds to bevacizumab(16) . In this study, 

VEGF165b exhibited 100% cross-reactivity to VEGF ELISA (data not shown) so we thought that VEGF165b 

expression would be high in SC-10-JCK. However, the level of VEGF165b was low in the SC-10-JCK model. 

Additionally, VEGF165b expression was low in all of the tumor tissues the author examined. In the gastrointestinal 

models tested, VEGF165b is not a concern. Because bevacizumab binds to all angiogenic isoforms of VEGF, such 

as VEGF121, VEGF165, and VEGF189(17), identification of these isoforms is not necessary. In clinical breast 

cancer treatment, polymorphisms of VEGF have been found to correlate with the efficacy of the bevacizumab and 

paclitaxel combination(18). The survival time of patients with the 2578 AA allele or 1154 A allele of VEGF was 

longer than that of others. However, VEGF 2578 and 1154 of SC-10-JCK were CA and GA, respectively, and the 

type of allele was the same as with the sensitive tumors 4-1ST and GXF97. The VEGF allele did not distinguish 

sensitivity to bevacizumab in these models. Next, to clarify whether the VEGF of SC-10-JCK had biological 

activity, the effect of a tumor homogenate of SC-10-JCK on the induction of VEGFR phosphorylation on HUVEC 

was examined. The tumor homogenate of SC-10-JCK did not have phosphorylation activity in contrast to that of 

4-1ST or GXF97. Furthermore, the MVD in the SC-10-JCK xenograft model treated with bevacizumab was not 

reduced, indicating that the VEGF of SC-10-JCK did not show angiogenic activity. These results suggest the 

possibility of existence of non-active VEGF in tumors. 

The author attempted to clarify both the biomarker for and the mechanisms of bevacizumab. The inhibition of 

MVD in tumor tissue is reported to be a major mechanism of bevacizumab efficacy, and so the author compared 

MVD inhibition with efficacy in bevacizumab-sensitive and -insensitive tumor models. The existence of MVD 

inhibition corresponded with antitumor efficacy. In the present study, the MVD inhibition prior to antitumor 

efficacy was shown, and MVD inhibition was found to be a mechanism of bevacizumab efficacy. This results 

indicated that other angiogenic factors except for VEGF are involved in biomarkers for bevacizumab resistance. 

The author examined tumor bFGF, IL-8 and PlGF, all of which are reported to be angiogenic factors for 

tumors(19-21). When the author compared the ratio of bFGF to VEGF with bevacizumab efficacy to clarify the 

extent of the role of VEGF in angiogenesis, the ratio of VEGF to bFGF in bevacizumab-insensitive tumors was 

clearly lower than that in bevacizumab-sensitive tumors. It is thought that an intimate cross-talk of bFGF and 



 

90 

 

VEGF family is exist during angiogenesis and bFGF increases neuroplin-1, a co-receptor for VEGF, expression in 

human vascular smooth muscle cell that in turn enhance the effect of VEGF on cell migration and promote 

neovascularizaion(22). In the present study, the author did not examine the bioactivity of bFGF in the bevacizumab 

insensitive tumors. It is necessary to investigate the effect of bFGF on VEGF-dependent angiogenesis and on its 

inhibition by bevacizumab in the future. Neither VEGF/PlGF nor VEGF/IL-8 showed significant results (data not 

shown). PlGF has been reported to form a homodimer or heterodimer with VEGF and bind the resulting VEGFR in 

angiogenesis(23). However, the cell lines the author examined did not express PlGF, except for SCH, so the author 

examined the relationship between PlGF and bevacizumab in SCH in vitro. HUVEC growth induction with a 

PlGF/VEGF heterodimer was inhibited by bevacizumab (data not shown), suggesting that the number of 

heterodimers of PlGF and VEGF would also be a biomarker for bevacizumab sensitivity. Further examination is 

needed. PlGF homodimers did not show HUVEC growth induction, and the author did not examine the effect of 

bevacizumab on HUVEC growth.   

Some reports have indicated that bevacizumab exhibits direct cell growth inhibition against tumor cells(24, 25). 

However, in the gastric cancer cell lines the author examined, no direct antitumor activity was observed in spite of 

the growth inhibition shown by bevacizumab in the xenograft model of the same cancer cell line (data not shown).    

In the present study of gastric cancer treatment, the author found that levels of VEGF and the VEGF/bFGF 

ratio have a close correlation with sensitivity to bevacizumab in the tested cell lines. There was no correlation 

between sensitivity to bevacizumab and the histological classification according to the degree of differentiation or 

HER2 status of the tumor cells. Clinical evidence is expected. 
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Conclusions 

 

Although cancer treatment has been greatly improved by molecular-targeted agents including antibodies, 

numerous problems persist. To conquer cancer, it is necessary to develop therapies that are more effective by 

improving the administered agents and patient selection. In the present study, the author has focused on anticancer 

antibodies and investigated: I) the treatment after disease progression during trastuzumab therapy; II) new 

anti-HER2 treatments for gastric cancer; III) formalin fixing conditions for HER2 testing, which determine whether 

trastuzumab will be a beneficial option for patients; and IV) a predictive marker for bevacizumab, to maximize the 

potential of antibodies against tumors. 

In Chapter I, the author established in vivo trastuzumab PD models, in which trastuzumab monotherapy ceases 

to have antitumor activity during the treatment. The mechanisms of PD with trastuzumab are considered to involve 

both reversible changes in the gene expression profiles in tumor tissues and a decrease of ADCC activity in the host. 

These results demonstrate that trastuzumab shows antitumor activity in combination with taxanes or capecitabine, 

even though it showed no antitumor activity as a monotherapy, thereby suggesting the clinical relevance of 

treatment with trastuzumab as a combination therapy beyond PD. 

In Chapter II, the author first investigated the usefulness of pertuzumab in combination with trastuzumab as a 

new therapy for HER2 over-expressing gastric cancer. The author demonstrated the significantly enhanced efficacy 

of pertuzumab combined with trastuzumab through the potentiation of cell-growth inhibition, apoptosis activity, 

cell-killing activity by ADCC, and anti-angiogenic activity. This study suggests the clinical benefit of combination 

therapy with pertuzumab and trastuzumab for patients with HER2-positive gastric cancers. The author also 

examined the combination therapy of pertuzumab and T-DM1 for HER2-positive gastric cancers as a further new 

potential therapy, and suggested that T-DM1 in combination with pertuzumab shows significant antitumor activity 

by increasing AKT-signal inhibition and ADCC. These results show the potential of the combination therapy of two 

different anti-HER2 drugs for HER2-positive gastric cancers. 

In Chapter III, the author examined the impact of formalin fixing conditions on HER2 IHC and FISH in 

xenografted tumor tissues in order to show how it is of critical importance to optimize the sample preparation 
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conditions for HER2 testing in gastric cancer. The time to and length of fixation of tumor specimens could affect 

HER2 IHC and FISH scores. The fixative used could affect IHC results. 

In Chapter IV, the author attempted to identify predictive markers for efficacy of bevacizumab in gastric cancer 

patients by using bevacizumab-sensitive and insensitive tumor models. VEGF levels and VEGF/bFGF ratios in 

tumors were related to the bevacizumab sensitivity of the xenografts tested. Further clinical investigation into 

useful predictive markers for bevacizumab sensitivity is warranted. 

The results of these studies enhance the potential of antibody drugs for antitumor therapy and might lead to 

maximizing the value of antibody drugs against tumors. 
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