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Abstract. In the treatment of human epidermal growth 
factor receptor 2  (HER2)-positive advanced gastric or 
gastroesophageal junction cancer, it has been reported 
that the combination of trastuzumab with capecitabine 
plus cisplatin, or with 5‑fluorouracil (5‑FU) plus cisplatin, 
significantly increased overall survival compared with 
chemotherapy alone  (ToGA  trial). In addition, adjuvant 
therapy with capecitabine plus oxaliplatin  (XELOX) 
improved the survival of patients who received curative 
D2 gastrectomy (CLASSIC trial). However, the efficacy of the 
combination of trastuzumab with XELOX for patients with 
HER2‑positive gastric cancer remains unknown. The aim of 
this study, was to investigate the efficacy of the combination of 
trastuzumab with XELOX in a HER2‑positive human gastric 
cancer xenograft model. Combination treatment with these 
three agents (trastuzumab 20 mg/kg, capecitabine 359 mg/kg 
and oxaliplatin 10 mg/kg), was found to exhibit a significantly 
stronger antitumor activity in NCI‑N87 xenografts 
compared with either trastuzumab or XELOX alone. In this 
model, treatment with trastuzumab alone or trastuzumab 
plus oxaliplatin enhanced the expression of thymidine 
phosphorylase (TP), a key enzyme in the generation of 5‑FU 
from capecitabine in tumor tissues. In in vitro experiments, 
trastuzumab induced TP mRNA expression in NCI‑N87 cells. 
In addition, NCI‑N87  cells co‑cultured with the natural 
killer (NK) cell line CD16(158V)/NK‑92 exhibited increased 
expression of TP mRNA. When NCI‑N87 cells were cultured 
with CD16(158V)/NK‑92 cells in the presence of trastuzumab, 
the mRNA expression of cytokines reported to have the ability 
to induce TP was upregulated in tumor cells. Furthermore, 
a medium conditioned by CD16(158V)/NK‑92  cells also 

upregulated the expression of TP mRNA in NCI‑N87 cells. 
These results suggest that trastuzumab promotes TP expression, 
either by acting directly on NCI‑N87 cells, or indirectly via a 
mechanism that includes trastuzumab‑mediated interactions 
between NK and NCI‑N87 cells. Therefore, the combination 
of trastuzumab with XELOX may be a potent therapy for 
HER2-positive gastric cancer.

Introduction

Gastric cancer is one of the most prevalent malignancies 
and the second leading cause of cancer‑related mortality 
worldwide (1). Although the mainstay of treatment is curative 
surgery (2), several patients develop recurrence, even following 
surgery. Various adjuvant therapies have been developed to 
prevent postoperative recurrence (3‑5). However, the efficacy 
of these therapies is limited and there is a need for more effec-
tive treatments for gastric cancer.

Human epidermal growth factor receptor  2  (HER2) is 
known to be involved in the complex signaling pathways 
controlling cell proliferation, differentiation and apoptosis 
through the activation of signaling cascades (6). The over-
expression of HER2 is associated with increased metastatic 
potential and poor clinical outcome  (7,8). Trastuzumab, a 
humanized anti‑HER2 antibody, exerts its antitumor activity 
via several mechanisms, including blockade of constitutive 
HER2 signaling, antibody‑dependent cell‑mediated cytotox-
icity (ADCC) by tumor‑infiltrating FcR‑expressing immune 
effector cells and suppression of tumor angiogenesis (9‑13). 
Trastuzumab is widely used as a standard therapy for patients 
with HER2‑overexpressing metastatic breast cancer (14‑16). In 
addition to its effect in breast cancer, trastuzumab is reported 
to exhibit strong antitumor activity in HER2‑overexpressing 
human gastric cancer mouse xenograft models  (17). In a 
phase  III clinical trial of trastuzumab in HER2‑positive 
advanced and inoperable gastric cancer (ToGA trial), compared 
with chemotherapy alone, treatment with trastuzumab in 
combination with chemotherapy (capecitabine plus cisplatin) 
significantly prolonged the overall survival of patients with 
HER2‑positive advanced gastric or gastroesophageal junction 
cancer (18). Therefore, anti‑HER2 therapy with trastuzumab is 
highly recommended for HER2‑overexpressing gastric cancer.
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Capecitabine (N4‑pentyloxycarbonyl‑5'‑deoxy‑5-
fluorocytidine) is an oral fluoropyrimidine that undergoes 
a 3‑step enzymatic activation process in hepatic and tumor 
tissues. The final step that generates 5‑fluorouracil  (5‑FU) 
occurs selectively within tumor tissues, due to the higher 
expression of thymidine phosphorylase  (TP) in tumors 
compared with that in normal tissues (19‑21). As regards the 
metabolism of 5‑FU, it is deactivated enzymatically by dihy-
dropyrimidine dehydrogenase (DPD), which is also expressed 
in tumor tissues. By using human tumor xenograft models, 
it has been demonstrated that the sensitivity to capecitabine 
correlates with the expression of TP and DPD, specifically the 
TP/DPD ratio (22,23). It has also been demonstrated in clinical 
studies that the levels of TP and DPD in tumors correlate with 
the efficacy of capecitabine (24‑26). Several antitumor modali-
ties, such as cyclophosphamide, taxanes, oxaliplatin, erlotinib, 
or radiation, have been reported to increase the levels of TP 
in tumors in xenograft models and, when these modalities are 
used in combination with capecitabine, they exhibit a signifi-
cantly higher antitumor activity compared with each agent or 
treatment used as monotherapy (27‑31).

Oxaliplatin is an alkylating drug that forms compounds 
between two adjacent guanines or a guanine and an adenine 
residue, leading to inhibition of DNA synthesis and repair (32). 
Several phase II trials have demonstrated that the combination 
of oral capecitabine with intravenous oxaliplatin (XELOX) is 
an effective and well‑tolerated treatment for advanced gastric 
cancer  (33‑35). In addition, the CLASSIC trial compared 
XELOX with surgery alone in patients who underwent 
D2 gastrectomy. The interim results of that study demonstrated 
that XELOX improved 3‑year disease‑free survival compared 
with surgery alone (36). It has also been reported that XELOX 
exhibited a superior antitumor activity over either single agent 
in human gastrointestinal cancer xenograft models (30).

Considering the aforementioned findings, we hypothesized 
that a combination treatment with trastuzumab and XELOX 
may be a potent therapy for HER2‑positive gastric cancer. 
However, thus far there have been no preclinical or clinical 
studies investigating the efficacy of this combination in gastric 
cancer. The aim of the present study was to assess the anti-
tumor effect of the combination of trastuzumab with XELOX 
and analyze its mechanism of action from the aspect of the 
induction of the capecitabine‑activating enzyme TP.

Materials and methods

Antitumor agents. Capecitabine and trastuzumab were 
obtained from Chugai Pharmaceutical Co., Ltd (Tokyo, 
Japan). Oxaliplatin was purchased from Wako Pure Chemical 
Industries (Osaka, Japan). Human IgG (HuIgG) was purchased 
from MP Biomedicals, Inc. (Aurora, OH, USA).

Animals. A total of 254, 5‑week‑old male CAnN.
Cg‑Foxn1nu/CrlCrlj mice were obtained from Charles River 
Laboratories Japan, Inc. (Yokohama, Japan). The mice had an 
average body weight of 26.3 g on the day of treatment initiated. 
The health of the mice was monitored by daily observation. 
Chlorinated water and irradiated food (CE‑2; Clea Japan, Inc., 
Tokyo, Japan) were provided ad libitum and the animals were 
kept under a controlled light/dark cycle (12 h light; 12 h dark). 

All the mice were allowed to acclimatize and recover from 
shipping‑related stress for at least 1 week prior to the study. All 
the animal experiment protocols were reviewed and approved 
by the Institutional Animal Care and Use Committee at Chugai 
Pharmaceutical Co., Ltd.

Cell lines and culture conditions. The HER2‑positive human 
gastric cancer cell line NCI‑N87 was purchased from the 
American Type Culture Collection (Manassas, VA, USA) 
and maintained in RPMI‑1640 medium supplemented with 
10% (v/v) fetal bovine serum (FBS) at 37˚C under 5% CO2. 
CD16(158V)/NK‑92  cells were constructed as previously 
described  (37) and maintained in MEMα medium  (Wako 
Pure Chemical Industries) supplemented with 12.5%  FBS, 
12.5% horse serum, 0.02 mmol/l folic acid, 0.1 mmol/l 2‑mercap-
toethanol, 0.2 mmol/l inositol, 0.5 mg/ml G418 and 20 ng/ml 
recombinant human interleukin (IL)‑2 at 37˚C under 5% CO2.

In  vivo tumor growth inhibition studies. Each mouse 
was inoculated subcutaneously into the right flank with 
5x106 NCI‑N87 cells. The tumor volumes (V) were estimated 
from the equation V = ab2/2, where a and b are the tumor length 
and width, respectively. Several weeks after tumor inoculation 
and once tumors had reached a volume of ~160 mm3, the mice 
were randomized into 7‑8 mice per treatment group, and treat-
ment with capecitabine (359 mg/kg), oxaliplatin (10 mg/kg), 
trastuzumab (20 mg/kg) or HuIgG (20 mg/kg) was initiated 
(day 1). Capecitabine was suspended in 40 mmol/l citrate 
buffer (pH 6.0) containing 5% gum arabic as the vehicle and 
was administered orally once a day for 14 days. Oxaliplatin 
was dissolved in 5% glucose and administered intravenously 
on day 1. Trastuzumab and HuIgG were diluted with saline 
and administered intraperitoneally once a week for 3 weeks. 
The tumor volume was measured twice a week and the degree 
of tumor growth inhibition was evaluated on day 22. In order 
to determine the levels of TP and DPD in the tumor and for 
immunohistochemistry (IHC), the mice bearing NCI‑N87 
tumors were randomized into 6 mice per treatment group and 
treated once with oxaliplatin and once a week with trastu-
zumab or HuIgG. The tumors were excised on day 15.

Measurement of TP and DPD protein levels in tumor 
tissues. The tumor samples obtained on day  15 were 
immediately frozen in liquid nitrogen and stored at 
-80˚C until use. The tumor tissues were homogenized in 
10 mmol/l Tris‑buffer (pH 7.4) containing 15 mmol/l NaCl, 
1.5 mmol/l MgCl2 and 50 µmol/l potassium phosphate and 
were then centrifuged at 10,000 x g for 20 min at 4˚C. The 
protein concentration of the supernatant was determined by 
using Direct Detect Spectrometer (Merck KGaA, Darmstadt, 
Germany). The levels of TP and DPD were measured by 
ELISA with monoclonal antibodies specific to human TP and 
DPD, as described previously (38,39).

IHC for TP in tumor tissues. The tumors were excised on day 15 
and 4‑µm sections were prepared from paraffin‑embedded 
formalin‑fixed tissues. IHC for TP was performed by using 
anti‑TP antibody (anti‑TYMP antibody produced in rabbit; 
cat. no. HPA001072, Sigma‑Aldrich, St. Louis, MO, USA) and 
peroxidase‑labeled polymer‑horseradish peroxidase (HRP) 
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conjugated goat anti‑rabbit immunoglobulins (Envision+ kit, 
HRP‑DAB; cat. no. K4003; Dako, Tokyo, Japan).

IHC was evaluated by scoring the positive staining strength 
in each mouse in the HuIgG‑treated control, trastuzumab, 
oxaliplatin and oxaliplatin plus trastuzumab groups, and the 
scores were as follows: 1, weakly positive; 2, moderately posi-
tive; 3, markedly positive.

In vitro reverse transcription quantitative polymerase chain 
reaction (RT‑qPCR). To determine the direct effect of trastu-
zumab on the expression of capecitabine‑activating enzymes, 
NCI‑N87 cells were seeded on 6‑well plates at 8x105 cells/well 
and treated with 100 µg/ml HuIgG or trastuzumab for 6, 24 
and 48 h (n=3).

In the co‑culture study, NCI‑N87  cells were seeded 
on 6‑well plates at 8x105  cells/well. Following adhesion, 
8x105 CD16(158V)/NK‑92 cells/well were transferred to the 
NCI‑N87 plates and treated with 2 ng/ml HuIgG or trastu-
zumab in NCI‑N87 medium [CD16(158V)/NK‑92 medium 
without G418 (1:1)] for 6 and 24 h (n=3). Prior to extracting 
total RNA from NCI‑N87 cells, the CD16(158V)/NK‑92 cells 
were removed by washing with phosphate‑buffered saline.

To evaluate the effects of soluble factors from 
CD16(158V)/NK‑92 cells, these cells were seeded on 6‑well 
plates at 8x105 cells/well and treated with HuIgG or trastu-
zumab (2 ng/ml) in CD16(158V)/NK‑92 cell medium without 
G418. After 24 h, the culture medium was collected, centri-
fuged and filtered. NCI‑N87 cells were seeded on 6‑well plates 
at 8x105 cells/well. Following adhesion, the NCI‑N87 cells 
were cultured in the filtered CD16(158V)/NK‑92 cell culture 
medium [new NCI‑N87 medium (1:1)] for 24 h (n=3).

After culturing, total RNA from the cells was extracted by 
using an AS2000 Maxwell 16 Instrument (Promega, Madison, 
WI,  USA). The cDNA was synthesized from total RNA 
by a Transcriptor First Strand cDNA Synthesis kit  (Roche 
Diagnostics, Indianapolis, IN, USA). The expression of TP 
was detected by using SYBR‑Green (Roche Diagnostics). The 
expression of GAPDH, interferon (IFN)‑γ, tumor necrosis factor 
(TNF)‑α and IL‑1α was detected by using the Universal Probe 
Library (Roche Diagnostics). GAPDH was used as control.

Statistical analysis. Data are presented as the mean ± standard 
deviation. For in vivo studies with three or four groups, statis-
tical differences between individual groups were evaluated 
with Steel‑Dwass tests. For in vivo studies with two groups, 
statistical comparisons between the control and trastuzumab 
groups were performed by t‑tests. In in vitro studies, the mRNA 
levels of the control or treatment groups were compared to that 
at 0 h by using the Dunnett's test. The mRNA levels of the 
treatment groups were compared to that of the control group 
at the same time point using t‑tests. For all the tests, P<0.05 
was considered to indicate statistically significant differences. 
The statistical analysis was performed using a SAS preclinical 
package (SAS Institute, Cary, NC, USA).

Results

Combination of trastuzumab with XELOX. The antitumor 
activity of trastuzumab  (20  mg/kg) in combination with 
capecitabine [359  mg/kg, 2/3  maximum tolerated dose 

(MTD)]  (22) and oxaliplatin  (10  mg/kg, 2/3  MTD)  (30) 
was evaluated in a HER2‑positive human gastric cancer 
NCI‑N87 xenograft model. The tumors in all the treatment 
groups were significantly smaller compared with those in 
the HuIgG‑treated control group on day 22. Combined treat-
ment with trastuzumab and XELOX achieved a significantly 
stronger inhibition of tumor growth compared with either 
trastuzumab or XELOX alone on day 22 (Fig. 1A). In addition, 
no augmentation of toxicity, as shown by body weight loss, 
was observed in any of the treatment groups (Fig. 1B).

Effect of trastuzumab on TP expression in tumor tissues. 
ELISA was used to investigate the effects of trastuzumab on 
the TP/DPD protein ratio in whole tumor tissues sampled from 
the NCI‑N87 xenograft models on day 15. However, there was 
no significant difference in the TP/DPD ratio between tumor 
tissues obtained from mice treated with trastuzumab and those 
treated with HuIgG alone (Fig. 2A). As whole tumor tissues 
are composed of vital as well as necrotic areas, measuring 
TP/DPD using whole tumor tissues may not return accurate 
results. In order to evaluate the TP/DPD ratio more accurately, 
we performed an IHC examination of TP and measured 
the TP expression level in the vital tumor cell area. The 
number of TP‑positive cells (brown‑tinged cells) in tumors 
from trastuzumab‑treated mice were increased compared 

Figure 1. Effect of trastuzumab in combination with capecitabine and 
oxaliplatin on tumor growth in NCI-N87 xenograft model. (A) Antitumor 
activity in terms of tumor volume reduction and (B) treatment toxicity in 
terms of body weight reduction with the combination of trastuzumab and 
XELOX in a xenograft model of human HER2‑positive gastric cancer. 
The values represent the mean ± standard deviation (n=7‑8 per treatment 
group). aP<0.05 vs. HuIgG‑treated control; bP<0.05 vs.  trastuzumab; and 
cP<0.05 vs. XELOX (Steel‑Dwass test). HuIgG, human immunoglobulin G; 
Tras, trastuzumab; XELOX, capecitabine plus oxaliplatin.
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with the respective number in tumors from HuIgG‑treated 
mice (Fig. 2B). The score of positive staining strength was 
significantly higher in the trastuzumab group compared with 
that in the HuIgG‑treated control group (Fig. 2C).

We next used ELISA to investigate the effects of oxaliplatin 
monotherapy and oxaliplatin in combination with trastuzumab 
on the TP/DPD ratio in whole tumor tissues obtained from the 
NCI‑N87 models on day 15. The TP/DPD ratio was increased 
in the oxaliplatin monotherapy group and in the oxaliplatin plus 
trastuzumab combination group, as compared with the ratio in 
the HuIgG‑treated control group, although the difference was 
not significant (Fig. 3A). However, in IHC, the TP immunos-
taining intensity was very strong in tumors obtained from mice 
treated with the combination of trastuzumab plus oxaliplatin, 
whereas the staining intensity of tumor tissues from oxalipl-
atin‑treated or HuIgG‑treated mice was weaker and of a similar 
level (Fig. 3B). The score of positive staining strength for TP 
was significantly higher in the combination group compared 
with that in the HuIgG‑treated control or oxaliplatin groups. 
There was no significant difference in the score between the 
HuIgG‑treated control and oxaliplatin groups (Fig. 3C).

Effects of trastuzumab on TP mRNA expression. We first 
examined the effects of trastuzumab treatment on the expres-
sion of TP by using qPCR. In a 48‑h culture, the TP mRNA 
expression level in NCI‑N87 cells was significantly increased 
compared with the initial level, irrespective of the presence 
of trastuzumab (100 µg/ml). However, trastuzumab treatment 
significantly increased the TP mRNA expression compared 
with that without trastuzumab (Fig. 4A).

Second, in the in  vitro co‑culture study of NCI‑N87 
and CD16(158V)/NK‑92 cells, the TP  mRNA expression 

Figure 2. Upregulation of TP expression by trastuzumab in tumors of human HER2‑positive gastric cancer xenografts. (A) Mean TP/DPD value in tumors 
treated with trastuzumab or HuIgG. The open circles represent individual data (n=6/group); (B) anti‑TP antibody‑stained tumor tissues (TP/IHC) from xeno-
graft models treated with trastuzumab or HuIgG; (C) quantified immunostaining intensity of TP/IHC. The values represent the mean ± standard deviation 
(n=6/group); aP<0.05 vs. HuIgG‑treated control by Wilcoxon test. TP, thymidine phosphorylase; DPD, dihydropyrimidine dehydrogenase; HuIgG, human 
immunoglobulin G; IHC, immunohistochemistry.

Figure 3. Upregulation of TP expression by trastuzumab plus oxaliplatin in 
tumors of human HER2‑positive gastric cancer xenografts. (A) Mean TP/DPD 
ratio in tumors from mice treated with HuIgG, oxaliplatin, or oxaliplatin plus 
trastuzumab. The open circles represent individual data; (B) TP/IHC of tumor 
tissues obtained from xenograft models treated with HuIgG, oxaliplatin, 
or oxaliplatin plus trastuzumab; (C) quantified immunostaining intensity 
of TP/IHC. The values represent mean ± standard deviation (n=6/group); 
aP<0.05 vs. HuIgG‑treated control; and bP<0.05 vs. oxaliplatin (Steel‑Dwass 
test). TP, thymidine phosphorylase; DPD, dihydropyrimidine dehydrogenase; 
HuIgG, human immunoglobulin G; IHC, immunohistochemistry.
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in NCI‑N87 cells was significantly higher at 6  and  24  h 
compared with that at 0 h, regardless of the presence of trastu-
zumab (2 ng/ml). The addition of trastuzumab did not affect 
the TP mRNA expression at either 6 h or 24 h (Fig. 4B).

Third, we used the co‑culture system to investigate the 
effects of trastuzumab on the mRNA expression of three 
cytokines known to induce TP in tumor cells; the mRNA 
expressions of IFN‑γ, TNF‑α and IL‑1α at 6 h were signifi-
cantly higher in trastuzumab‑treated NCI‑N87 cells compared 
with the HuIgG‑treated cells (Fig. 5).

Finally, we investigated the effects of soluble factors 
from CD16(158V)/NK‑92 cells on TP mRNA expression in 
NCI‑N87 cells. Treatment for 24 h with a medium conditioned 

by CD16(158V)/NK‑92 cells significantly increased TP mRNA 
expression in NCI‑N87 cells. There was no significant difference 
in TP mRNA expression between conditioned media prepared 
with trastuzumab, HuIgG, or without antibodies (Fig. 4C).

Discussion

In the present study, using the HER2‑positive human gastric 
cancer NCI‑N87 xenograft model, we investigated the efficacy 
of the combination of trastuzumab with XELOX and analyzed 
the mechanism underlying the effects of this combination in 
terms of capecitabine activation. We observed that, in this 
model, combination treatment with trastuzumab and XELOX 
exerted a significantly stronger antitumor effect compared with 
either agent alone. This effect was considered to be synergistic. 
In the trastuzumab group, there was an obvious antitumor 
effect similar to that previously reported  (17). However, 
XELOX exerted a weaker antitumor effect compared with 
that previously reported in a study using human colon cancer 
and HER2‑negative gastric cancer xenograft models (30). This 

Figure 4. Effects of trastuzumab on the expression of capecitabine‑acti-
vating enzymes in in vitro culture. (A) NCI‑N87 cells were treated with 
100 µg/ml HuIgG (control) or trastuzumab for 6, 24 and 48 h. Total RNA 
was prepared from the cells and subjected to quantitative polymerase chain 
reaction (qPCR) analysis for TP. The values represent the mean ± standard 
deviation (SD) (n=3 for each treatment group); aP<0.05 vs. 0 h control by 
Dunnett's test; and bP<0.05 vs. 48 h control by t‑test. (B) NCI‑N87 and 
CD16(158V)/NK‑92 cells were treated with 2 ng/ml HuIgG (control) or 
trastuzumab for 6 and 24 h. Total RNA was prepared from the NCI‑N87 cells 
and subjected to qPCR for TP. The values represent the mean ± SD (n=3 for 
each treatment group); aP<0.05 vs. 0 h control by Dunnett's test. (C) NCI‑N87 
cells were treated for 24 h with medium alone (M), medium conditioned by 
CD16(15 V)/NK‑92 cells alone (CM), conditioned medium prepared in the 
presence of 2 ng/ml HuIgG (HuIgG), or conditioned medium prepared in the 
presence of trastuzumab (2 ng/ml) (Tras). Total RNA was prepared from the 
NCI‑N87 cells and subjected to qPCR for TP. The values represent the mean 
± SD (n=3 for each treatment group); aP<0.05 vs. M by t‑test. TP, thymidine 
phosphorylase; HuIgG, human immunoglobulin G.

Figure 5. Effects of trastuzumab on the expression of cytokines with 
known ability to upregulate thymidine phosphorylase (TP), in the 
co‑culture of NCI‑N87 and CD16(158V)/NK‑92 cells. NCI‑N87 and 
CD16(158V)/NK‑92 cells were treated with 2 ng/ml HuIgG (control) or 
trastuzumab for 6 or 24 h. Total RNA was prepared from NCI‑N87 cells and 
subjected to a quantitative polymerase chain reaction analysis for (A) INF‑γ, 
(B) TNF‑α and (C) IL‑1α. The values represent the mean ± SD (n=3 for 
each treatment group). aP<0.05  vs.  0  h  control by Dunnett's test; and 
bP<0.05 vs. HuIgG control by t‑test. HuIgG, human immunoglobulin G; IL, 
interleukin; INF, interferon; TNF, tumor necrosis factor.
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discrepancy between the results of that study and ours may be 
due to the different XELOX administration schedules and the 
different types of cancer.

To elucidate the mechanism underlying the potent anti-
tumor effect of the combination therapy with trastuzumab and 
XELOX in our model, we conducted experiments focusing on 
factors that facilitate the generation of 5‑FU from capecitabine. 
For this purpose, we measured TP and DPD levels in the tumors.

In the present study, the results of IHC, which was performed 
with the utmost care, revealed that the administration of 
trastuzumab alone or trastuzumab plus oxaliplatin signifi-
cantly increased the TP levels in the tumor tissues. However, 
no significant difference in the TP/DPD protein ratio was 
observed between the HuIgG‑treated control and the trastu-
zumab groups (Fig. 2A), or between the HuIgG‑treated control, 
oxaliplatin and trastuzumab plus oxaliplatin groups (Fig. 3A). 
Similar results regarding this mismatch between the results 
obtained by IHC and those obtained by ELISA have been 
previously reported  (30). The discrepancy between the 
two methods may be explained as follows: In ELISA, the TP 
protein expression is represented as a value relative to the 
total protein in whole tumor tissues. Accordingly, the samples 
used for ELISA may contain proteins from connective tissue 
and necrotic areas, along with the vital tumor cells. On the 
other hand, in the IHC assay, evaluation of TP is performed by 
means of immunostaining intensity specifically focusing on 
the vital tumor cell area in the tumor tissues. Thus, we consider 
the results of IHC to be more reliable compared with those of 
ELISA for explaining the antitumor mechanism of the combi-
nation therapy. Therefore, the superior antitumor activity of 
the trastuzumab plus XELOX combination may be, at least in 
part, attributable to the increased TP levels in tumors induced 
by trastuzumab or trastuzumab plus oxaliplatin, which conse-
quently facilitated the generation of 5‑FU from capecitabine.

The mechanism through which TP is upregulated by 
trastuzumab or trastuzumab plus oxaliplatin is of great interest. 
We considered two possible mechanisms through which TP 
may be upregulated by trastuzumab: Trastuzumab acting 
directly on tumor cells to upregulate the expression of TP; or 
trastuzumab acting on other cells to release soluble factors, 
thereby indirectly upregulating TP expression in tumor cells. 
We performed several in vitro experiments to analyze these 
mechanisms and obtained results that may support either or 
both mechanisms.

When NCI‑N87 cells were cultured in the presence of a 
relatively high concentration of trastuzumab  (100 µg/ml), 
upregulation of TP mRNA in NCI‑N87 cells was observed after 
48 h of culture compared with TP mRNA in NCI‑N87 cells 
cultured without trastuzumab, suggesting that trastuzumab 
acts directly to upregulate TP in HER2‑positive NCI‑N87 cells 
in vitro (Fig. 4A).

To analyze indirect upregulation of TP by trastuzumab, we 
conducted the following experiments focusing on tumor‑infil-
trating NK cells, as it is considered that ADCC is one of the 
key mechanisms underlying the antitumor activity of trastu-
zumab (40). Studies using the human NK cell line NK‑92 and 
the CD16‑transfected human NK cell line CD16(158V)/NK‑92 
as effector cells have indicated that trastuzumab triggers 
ADCC against HER2‑positive human breast cancer and 
human gastric cancer cell lines (37,41); in addition, in clinical 

studies, increased numbers of tumor‑infiltrating NK cells have 
been detected in breast cancer tissues following trastuzumab 
treatment (42,43). In light of these reports, we performed a 
co‑culture experiment to determine whether NK cells affect 
TP  expression in tumor cells. Specifically, NCI‑N87 and 
CD16(158V)/NK‑92 cells were co‑cultured in the presence or 
absence of 2 ng/ml trastuzumab. The concentration of trastu-
zumab used in our study was the concentration used in the 
ADCC assay reported previously (37). It was observed that 
co‑culture significantly increased the expression of TP mRNA 
in NCI‑N87 cells by as early as 6 h of culture, and more 
strongly increased TP mRNA expression at 24 h. However, 
the effect that co‑culture without trastuzumab exerted on 
increasing TP mRNA expression was almost identical to that of 
co‑culture with trastuzumab (Fig. 4B). This may be due to the 
strong TP‑inducing effect of CD16(158V)/NK‑92 cells alone, 
or due to the low trastuzumab concentration used in this assay. 
The results suggested that CD16(158V)/NK‑92 cells spontane-
ously produce soluble factors that may act on NCI‑N87 cells to 
upregulate TP. To investigate this hypothesis, we next examined 
the TP‑inducing activity of CD16(158V)/NK‑92‑conditioned 
medium. As expected, TP mRNA expression in NCI‑N87 cells 
was significantly increased by culturing in a medium condi-
tioned by CD16(158V)/NK‑92 cells (Fig. 4C). Interestingly, 
the induction of TP mRNA in NCI‑N87 cells was similar 
in the conditioned medium prepared in the presence as well 
as in the absence of trastuzumab. These results suggested 
that soluble factors responsible for inducing TP  mRNA 
expression in NCI‑N87 cells were constitutively produced 
by CD16(158V)/NK‑92 cells and their production was not 
affected by trastuzumab.

As regards the soluble factors that induce TP, it has been 
reported that the expression of TP in tumor cells is induced by 
treatment with cytokines, such as IL‑1α, TNF‑α and IFN‑γ (44). 
Therefore, we measured the mRNA levels of these cytokines 
in NCI‑N87 cells co‑cultured with CD16(158V)/NK‑92 
cells (Fig. 5). Of note, when co‑culture was performed with 
trastuzumab for 6 h, the mRNA levels of IFN‑γ, TNFα and 
IL‑1 were significantly increased compared with those in 
the co‑culture without trastuzumab (P<0.05). In the 24‑h 
co‑culture, the mRNA level of each of the cytokines decreased 
from that in the 6‑h co‑culture (Fig. 5). There appears to be 
some inconsistency between these results and the induction of 
TP in the co‑culture experiment (Fig. 4B) in two respects: The 
first is the lag between cytokine production and TP induction; 
the second is the inconsistency in the effects of trastuzumab, 
i.e., although the levels of production of the three cytokines 
were higher in the presence of trastuzumab, the TP mRNA 
expression level was almost identical in the presence as well as 
in the absence of trastuzumab. With respect to the first issue, 
it may be considered that there is a delay for NCI‑N87 cells 
to produce TP in response to the cytokines produced after 
~6 h of co‑culture. Albanell et al (45) reported that IFN‑γ, 
TNF‑α, or IL‑1 upregulated TP when the WiDr and MKN45 
human gastric cancer cell lines were cultured for 1 h with 
these cytokines, either as single agents or in combination. The 
second issue may be interpreted as a result of the co‑culture 
period; the difference in TP mRNA expression in NCI‑N87 
cells co‑cultured with or without trastuzumab may become 
clearer when the culture period is shorter or longer than 24 h. 
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Taken together, these data suggest that the tumor‑infiltrating 
NK cells play an important role in the expression of TP.

In this study, we clearly demonstrated that the antitumor 
activity achieved with the combination of trastuzumab and 
XELOX was significantly greater compared with that with 
trastuzumab or XELOX alone in this HER2‑positive human 
gastric cancer xenograft model. This synergistic effect was 
considered to be attributable, at least in part, to the upregulation 
of TP levels in tumors caused by trastuzumab or trastuzumab plus 
oxaliplatin, as the upregulation of TP facilitates the conversion of 
capecitabine into 5‑FU in tumors. In addition, our study revealed 
two mechanisms through which trastuzumab upregulated TP in 
tumor cells: One was a direct mechanism, in which trastuzumab 
binding to HER2‑positive tumor cells directly upregulated TP 
in the target tumor cells; the other was an indirect mechanism, 
in which trastuzumab‑mediated release of soluble factors from 
tumor‑infiltrating immune cells promoted the upregulation of 
TP in the HER2‑positive gastric tumor cells. Thus far, it remains 
unclear which of these two is the principal mechanism and 
which is the pathway to TP upregulation. Although these issues 
remain to be addressed, it is expected that trastuzumab will be 
clinically used in combination with XELOX for HER2‑positive 
gastric cancer in the foreseeable future.
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