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Gastric cancer cells inhibit natural killer cell proliferation and induce apoptosis
via prostaglandin E2
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ABSTRACT
Defects in natural killer (NK) cell functions are necessary for tumor immune escape, but their underlying
regulatory mechanisms in human cancers remain largely unknown. Here we showed, in detailed studies of
NK cells from 235 untreated patients with gastric cancer (GC), the NK cell density in GC tissues could
predict improved survival of patients. However, NK cells were significantly decreased in number with
advanced-stage GC. A multivariate Cox analysis revealed that the intratumoral NK cell density was an
independent prognostic factor for overall survival and disease-free survival in the GC patients. Most of the
intratumoral NK cells exhibited a normal phenotype and secreted normal levels of cytokines, but the
expression of Ki67 was decreased compared with NK cells from nontumoral regions. Moreover, the levels
of intratumoral NK cells were negatively correlated with the intratumoral expression of cyclooxygenase-2.
Furthermore, we found that PGE2 derived from GC cells suppressed NK cell proliferation and increased
apoptosis in vitro. These data reveal that tumor-derived PGE2 is critical for inducing NK cell dysfunction in
GC and demonstrate that an extensive infiltration of NK cells predicts a good prognosis in patients with
GC. Our findings suggest that immunosuppressive barriers erected by tumors greatly hamper the
antitumor activity of human NK cells, thereby favoring tumor outgrowth and progression.
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Introduction

Innate immune surveillance plays a critical role in the control
of cancer progression.1,2 NK cells, defined as effector lympho-
cytes of innate immunity, are cytolytic and cytokine-producing
lymphocytes that can directly kill transformed or microbe-
infected cells.3 NK cells also participate in shaping adaptive
immune responses.4,5 Substantial clinical and experimental evi-
dence demonstrates that the dysfunction of NK cells often leads
to advanced disease progression in several types of human solid
tumors.6,7 However, very little is known regarding the nature,
regulation, and functions of NK cells in human GC.

Although NK cells are considered promising effector cells in
the adoptive immunotherapy of cancer,8 NK cell-based immu-
notherapy has yielded limited clinical benefit.9 This reflects the
poor capacity of adoptively transferred NK cells to home to
tumor sites. Additionally, tumor cells under selective pressure
from immune surveillance can undergo a process referred to as
immune editing and thereby develop a phenotype capable of
manipulating immune cells through the secretion of chemo-
kines and cytokines;10 tumor cells thus become resistant to this
first-line of defense.

The overexpression of cyclooxygenase-2 (COX-2) and an
abundance of its enzymatic product, prostaglandin E2 (PGE2),
play key roles in promoting inflammation and tumor progres-
sion.11,12 Multiple mechanisms involving COX-2

overexpression have been proposed to explain the tumor-pro-
moting activity of the COX-2/PGE2 pathway, including the
promotion of tumor cell proliferation, recruitment of myeloid-
derived suppressor cells, induction of angiogenesis, and modifi-
cation of immune cell responses to tumors.13

GC is the fifth most common malignancy worldwide,14 and
the overexpression of COX-2 has been shown to enhance
tumor progression.15 PGE2 has direct inhibitory effects on lym-
phocyte functions. To date, limited information is available on
the effect of GC cells on NK cell function. Our study demon-
strates, that NK cell infiltration is decreased in intratumoral
regions and that this decrease is associated with a decreased
survival in GC patients. The production of PGE2 by GC cells
may play a primary role in suppressing NK cell proliferation
and inducing apoptosis.

Results

Accumulation of functional NK cells in GC tissues
suppresses disease progression and predicts improved
survival

To clarify the role of NK cells in human GC immunopathology,
we first investigated NK cell infiltration in the human GC intra-
tumoral tissues and paired normal gastric tissues.
CD57 antigen, namely human NK-1 (natural killer-1), is
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a carbohydrate. It has been demonstrated that CD57 is a spe-
cific marker for NK cells in hepatocellular carcinoma,6 we thus
assessed the specificity of the enumeration of NK cells by dou-
ble staining with anti-CD3 and anti-CD57. Immunofluorescent
staining revealed that CD57 is a specific marker for NK cells
in GC tissues (Fig. 1A). Therefore, we investigated the enumer-
ation of NK cells by immunohistochemical staining of CD57 in
212 paraffin-embedded GC tissues. As shown in Fig. 1B and C,

NK cells were predominant in normal gastric mucosa, in con-
trast to the intratumoral region (p < 0.0001). A decreased infil-
tration of NK cells into the intratumoral
region occurred mainly in patients with advanced stage GC
[stages I–II (n D 46) versus stages III–IV (n D 166); p <

0.0001; Fig. 1C]. Based on the above observations, we predicted
that the presence of NK cells in GC tissues would have a favor-
able effect on patient survival. We then divided the GC patients

Figure 1. Accumulation of functional NK cells in GC tissues suppresses disease progression and predicts improved survival. (A) Assessment of the specificity of NK cells by
double staining with anti-CD3 and anti-CD57 in GC tissues (n D 10). (B, C) Paraffin-embedded samples were stained with anti-CD57 Ab, the distribution of NK cells in
remote nontumoral tissue and paired intratumoral tissues of GC patients. (D, E) Cumulative OS and DFS curves of the patients. Patients were divided into two groups
according to the median density of CD57 cells in the nontumoral tissue (median: 112) and intratumoral tissue (median: 21). The cumulative OS and DFS time were calcu-
lated using the Kaplan-Meier method and analyzed by the log-rank test.
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into two groups according to the median value of the NK-1C

cell density in the intratumoral region. Remarkably, there was a
striking positive association between the NK-1C cell density in
the intratumoral region and both overall survival (OS) and dis-
ease-free survival (DFS) (p < 0.0001 for both; Fig. 1D). By con-
trast, the number of NK-1C cells in the nontumoral tissue was
unrelated to the prognosis as assessed by either OS or DFS
(Fig. 1E). The NK-1C cell density in the intratumoral region
was also associated with lymph node metastasis, distant metas-
tasis and American Joint Committee on Cancer stage (AJCC,
7th edition. Table 1). Univariate and multivariate analyses

(Tables 2 and 3) revealed that the number of NK-1C cells in the
intratumoral region was an independent prognostic factor for
both OS and DFS.

NK cell percentage, phenotype, functions and proliferation
in GC patients

To investigate the percentage of NK cells in the lymphocyte
population in vivo, we examined the percentage of NK cells
among the CD45C lymphocytes of GC patients. As indicated in
Fig. 2A and B, the ratios of total (CD3¡ CD56C) NK cells were
significantly lower in the intratumoral tissues. The above result
is consistent with the results from the immunohistochemical
analysis, which revealed that the number of NK cells was
remarkably reduced in the intratumoral tissues of GC patients.

NK cells can function as both cytotoxic lymphocytes and
inflammatory cells; the responsiveness of NK cells is fine-tuned
through signals received via inhibitory and activating receptors
expressed on the surface of these cells.16 We subsequently
examined the phenotype of NK cells, and as depicted in
Figure 2C, the mean fluorescence intensities (MFIs) of
NKG2D, NKp46 and CD69 were not altered. CD96, CD226
(DNAM-1) and TIGIT, which belong to the family of receptors
that interact with nectin and nectin-like proteins, were also
unaltered (Fig. 2D). NK cells are major producers of cytokines
such as interferon-gamma (IFNg) and tumor necrosis factor-a
(TNF-a), and the killing of target cells by NK cells is based
mostly on the activity of perforin and granzymes A/B contained
in NK cell granules. The NK cells from both intratumoral and
nontumoral tissues did not reveal any significant difference in
the secretion of TNF-a, IFN-g, perforin (Fig. 2E) or granzyme
B (data not shown).

NK cells derived from peripheral blood and intratumoral
tissues show no difference in cytotoxic activity

Based on the above observations, we predicted that cytotoxic
activity of NK cells in GC tissues would show no difference
with NK cells in peripheral blood. To test this assumption, we
assessed the lytic potential of NK cells derived from peripherial
blood and intratumoral tissues toward AGS cells. Consistent
with our hypothesis, the cytotoxic activity of NK cells derived
from peripheral blood and intratumoral tissues against AGS
cells did not reveal any significant difference at different effec-
tor-to-target (E/T) ratios (Fig. S1).

The above results indicate that although the phenotype,
cytokine production and cytotoxicity of NK cells were not
altered in GC tissues, the number of NK cells in intratumoral
tissues was markedly decreased as evidenced by the immuno-
histochemical and flow cytometric results. Additionally, we
also measured the expression of Ki-67 in NK cells. As shown in
Fig. 2F and G, the expression of Ki-67 was significantly down-
regulated in the NK cells from intratumoral tissues. This result
suggested that NK cell proliferation may be suppressed in intra-
tumoral tissue.

Table 1. Association of intratumoral CD57 cells with clinicopathological
characteristics.

Total Intratumoral CD57 cells

Variable (N D 212) Low (cases) High (cases) P-value

Total study 212 125 87
Gender 0.321

Male 148 84 64
Female 64 41 23

Age(years) 0.074
<55 91 60 31
�55 121 65 56

Tumor size(cm) 0.315
�4 118 66 52
>4 94 59 35

Tumor location 0.300
Cardia of
stomach

98 57 41

Body of
stomach

31 15 16

Antrum of
stomach

51 30 21

Whole 32 23 9
Differentiation

status
0.223

Low 125 78 47
Well and
Moderate

87 47 40

CEA 0.278
Elevated 52 34 18
Normal 160 91 69

CA199 0.453
Elevated 62 39 23
Normal 150 86 64

Depth of invasion 0.163
T1 C T2 46 23 23
T3 C T4 166 102 64

Lymph node
metastasis

0.003

pN0 62 27 35
pN1 C pN2 C
pN3

150 98 52

Distant
metastasis

0.003

M0 175 95 80
M1 37 30 7

AJCC stage 0.001
I 25 8 17
II 45 24 21
III 103 61 42
IV 39 32 7

Intratumoral
COX-2
expression

0.000

Low 104 39 65
High 108 86 22

CEA: carcino-embryonic antigen; CA199: carbohydrate antigen 199;
COX-2: Cyclooxygenase-2.
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The density of NK cells and COX-2 expression are
negatively associated in GC patients

COX-2 levels are normally low but are induced in inflamma-
tion and cancer. Therefore, we next examined a potential asso-
ciation between COX-2 expression and NK cells in GC patients
using immunohistochemical staining of serial sections of GC
tissues. As depicted in Fig. 3A, we found that 108 samples
(51%) had moderate or strong COX-2 expression (i.e., were
COX-2-positive), whereas 104 samples (49%) had weak or
absent COX-2 expression (i.e., were COX-2-negative). The den-
sity of NK cells was negatively correlated with the expression of
COX-2 in the same areas of the GC tissues (Fig. 3A and B, p D
0.007). Our results also revealed that the expression of COX-2
was a prognostic factor for both OS and DFS (Fig. 3C and D).
The COX-2 expression in the intratumoral region was also
associated with depth of invasion, lymph node metastasis and
AJCC stage (Table S1).Taken together, the above results dem-
onstrate a negative association between the density of NK cells
and COX-2 expression in GC patients. PGE2 is a key mediator
of immunopathology, and its production is tightly controlled
by COX-2 expression,17,18 suggesting that NK cell density in
vivomay be modulated by GC cells via PGE2.

Soluble factors derived from GC cells are involved in
modulating the number of NK cells

To determine whether GC cells could affect the proliferation of
NK cells and induce NK cell apoptosis, purified human NK
cells were cultured in medium with 30% tumor culture super-
natants (TSNs) derived from three GC cell lines (i.e., SGC-

7901, AGS, or KATO-III) for 60 h. The expression of Ki-67 by
these NK cells was decreased compared with those cultured in
complete medium alone (Fig. 4A and B). Furthermore, an anal-
ysis of the survival of these NK cells revealed that approxi-
mately 50% of the NK cells were positive for Annexin V,
implying the cells were undergoing apoptosis (Fig. 4A and B).
A previous report suggested that PGE2 acts via the prostaglan-
din receptors EP2 and EP4 to impair the function of immune
cells.19,20 We next analyzed the expression of the PGE2 recep-
tors EP2 and EP4 on NK cells. As shown in Fig. 4C, the NK
cells constitutively expressed high levels of the EP2 and EP4
proteins. The addition of the EP2 agonist butaprost and the
EP4 agonist misoprostol markedly inhibited NK cell prolifera-
tion; therefore, the actions of butaprost and misoprostol were
synergistic. The addition of PGE2 strongly suppressed the pro-
liferation of NK cells and induced NK cells apoptosis (Fig. 4D
and E).

TTCS suppresses NK cell proliferation and induces
apoptosis

To further address our hypothesis, we cultured NK cells with
30% tumor tissue culture supernatants (TTCS) or nontumor
tissue culture supernatants (NTCS). The proliferation of the
NK cells was remarkably suppressed by TTCS (Fig. 5A and B,
n D 3). We also observed that TTCS induced the apoptosis of
NK cells significantly more than NTCS (Fig. 5C and D, n D 3).
These functional data further confirmed that soluble factors
derived from GC tissues were involved in modulating the num-
ber of NK cells.

Table 3. Multivariate analysis of factors associated with overall survival (OS) and disease-free survival (DFS) for gastric cancer.

OS DFS

Variable HR 95%CI P HR 95%CI P

Intratumoral CD57 cells ( high vs. low) 0.528 0.358–0.779 0.001 0.556 0.383–0.807 0.002
Stage(IIICIV vs. ICII) 4.522 2.727–7.499 0.000 4.909 3.029–7.955 0.000

Table 2. Univariate analysis of factors associated with overall survival (OS) and disease-free survival (DFS) for gastric cancer.

OS DFS
Univariate Univariate

Variable HR 95%CI P HR 95%CI P

Age(years) (�55 vs. <55) 1.188 0.835–1.691 0.339 1.311 0.932–1.846 0.120
Gender (female vs. male) 0.962 0.654–1.414 0.843 0.965 0.664–1.404 0.854
Tumor size (>4 cm vs. �4 cm) 1.314 0.924–1.869 0.129 1.386 0.985–1.952 0.061
Tumor location(higher vs. lower) 1.250 0.877–1.783 0.217 1.351 0.956–1.910 0.088
Differentiation status(low vs. wellCmoderate) 1.815 1.243–2.651 0.002 2.048 1.414–2.967 0.000
CEA(ng/mL) (elevated vs. normal) 1.128 0.751–1.694 0.561 1.148 0.780–1.689 0.485
CA199(U/mL) (elevated vs. normal) 1.493 1.026–2.172 0.036 1.600 1.115–2.295 0.011
Depth of invasion(T3C4 vs. T1C2) 2.692 1.590–4.559 0.000 2.915 1.748–4.861 0.000
Lymph node metastasis(pN1CpN2CpN3 vs. pN0) 4.755 2.765–8.178 0.000 4.885 2.925–8.157 0.000
Stage(IIICIV vs. ICII) 4.899 2.960–8.106 0.000 5.242 3.241–8.479 0.000
Intratumoral COX2 express (high vs. low) 1.676 1.172–2.397 0.005 1.507 1.068–2.217 0.020
Nontumoral CD57 cells (high vs. low) 0.809 0.566–1.156 0.244 0.786 0.557–1.109 0.170
Intratumoral CD57 cells (high vs. low) 0.453 0.307–0.666 0.000 0.479 0.330–0.693 0.000

CEA: carcino-embryonic antigen; CA199: carbohydrate antigen 199; COX-2: Cyclooxygenase-2.
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Blocking PGE2 activities in GC cells restores NK cell
function

Based on the above observations, we predicted that the PGE2
derived from TSNs would modulate NK cell function. To test

this prediction, we used the specific inhibitor NS398 to block
PGE2, and found that the dysfunction of NK cells was effec-
tively attenuated, as indicated by the up-regulation of Ki-67
(Fig. 6A) and decrease in the level of NK cell apoptosis

Figure 2. NK cell percentage, phenotype, functions and proliferation in GC patients. For the measurement of intracellular cytokine production, mononuclear cells were
isolated from blood, nontumoral tissues and intratumoral tissues. Per 2£ 106 mononuclear cells were cultured in 500 uL of complete medium with 2 uL Leukocyte Activa-
tion Cocktail (BD Bioscience) in 48 well plates in a 37�C humidified CO2 incubator for 4 h. Following activation, cells were stained with surface markers, fixed and permea-
bilized with IntraPre Reagent (Beckman Coulter), and finally stained with anti-TNF-a, anti-IFN-g , anti-perforin and anti-granzyme B. (A, B) Representative image and
statistical data of the percentages of total NK cells in lymphocytes as determined by flow cytometry. (C, D) Statistical results of the surface receptors expressed on the NK
cells. (E) Statistical results of the assay for IFNg , TNF-a and granzyme B secreted by the NK cells. (F, G) Representative image and statistical data of the percentage of Ki-
67C cells among the total NK cells. Results are expressed as the means § SEM; � p < 0.05; �� p < 0.01; ��� p < 0.001.

ONCOIMMUNOLOGY e1069936-5



(Fig. 6B). To confirm our findings, we further analyzed the con-
centration of PGE2 in the TSNs. In support of our hypothesis,
higher levels of PGE2 were found in the TSNs from SGC-7901
and AGS cells than in the TSN from KATO-III cells (Fig. 6C),
and the concentration of PGE2 in TTCS was higher than that
in NTCS (n D 5) (Fig. 6D). These data, together with the asso-
ciation between the density of NK cells and the expression of
COX-2 in the same GC tissue area (Fig. 3), indicate that PGE2
derived from GC tissue plays a predominant role in modulating
the functions of NK cells in intratumoral tissues.

Discussion

NK cell dysfunction has been recognized as an important
mechanism of tumor immune escape in both mice and can-
cer patients.6,21 The present study demonstrated that a high
infiltration of functional NK cells in GC intratumoral
regions predicts an improved survival; NK cells were signifi-
cantly decreased in advanced stage GC, and the level of NK
cells was negatively correlated with the expression of COX-
2 in intratumoral tissue. We also found that soluble tumor-
derived factors, including PGE2, dampen NK cell prolifera-
tion and induce apoptosis. These observations are in accord
with the growing evidence that tumor cells have a fine-
tuned mechanism to foster immune privilege and escape
from innate immunity.2,22

It is generally accepted that immune surveillance plays a key
role in the control of tumor development.23,24 NK cells are con-
sidered promising effector cells in the adoptive immunotherapy
of cancer, and infiltration by these cells is associated with a bet-
ter prognosis in many solid tumors.6,25,26 It has been reported
that the NK cell phenotype and cytotoxic activity are altered in
solid tumors.6,27 Our present study provided evidence that the
NK cell phenotype and cytotoxic activity are at least partly nor-
mal compared with the NK cells from nontumoral tissue or
blood. Several of our observations support this notion. First,
the number of NK cells in the intratumoral region was an inde-
pendent prognostic factor. Second, NK-cell functions are regu-
lated by a series of surface receptors, but the activating and
inhibitory receptors we studied were not altered. Third, the per-
centages of TNF-a- and IFNg-positive NK cells in the intratu-
moral tissues were similar to those in the nontumoral tissues.
Finally, the lytic potential of NK cells derived from peripherial
blood and intratumoral tissues toward tumor cell lines showed
no difference in vitro. These results suggest that the survival
status of GC patients depends partly on the number of infiltrat-
ing NK cells and that these NK cells in the intratumoral tissues
can function normally, once activated, to produce cytokines to
stimulate themselves or other types of immune cells.

COX-2 expression is elevated in many cancers and correlates
with a poor prognosis.17 A recent study suggests that Aspirin
and COX-2 inhibitor use may be associated with improved

Figure 3. The density of NK cells and COX-2 expression are negatively associated in GC patient samples. (A) Serial sections of paraffin-embedded GC samples stained with
anti-CD57 or anti-COX-2 Ab. Different levels of COX-2 expression can be observed in the intratumoral regions: a, strong or positive; c, none, slight or negative. Serial sec-
tions stained with anti-CD57 Ab: b, low density; d, high density. (B) Statistical analysis of the number of NK cells infiltrated into the intratumoral region with different lev-
els of COX-2 expression. (C, D) Cumulative OS and DFS curves of the patients positive or negative for COX-2 expression.
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outcomes in stage III colon cancer patients.13 It is evident that
the phenotype and functional profile of effector lymphocytes in
cancer are dramatically impacted by PGE2. The results of three
sets of experiments provide evidence that the PGE2 derived
from GC tissues is essential for NK cell dysfunction. First,
immunohistochemical staining for CD57 indicated that the
expression of COX-2 in tumor tissue negatively correlated with
the number of NK cells. Second, blocking the PGE2 present in
TSN restored NK cell proliferation and decreased the level of
NK cell apoptosis. Third, TTCS and NTCS differed significantly
in the NK cell dysfunction these supernatants induced. The
research of other investigators also supports the notion that
PGE2 production by cancer cells may promote local
immunosuppression.17,27,28

The current knowledge of the effect of PGE2 on tumor
immunity strongly supports our findings.18 Our research had
limitations: first, the level of NK cell apoptosis was not examined
in vivo. Second, we did not use carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE)-labeled NK cells to examine the impaired
capacity for proliferation induced in the dysfunctional NK cells,
in addition to measuring Ki-67 production. Third, tumor-
derived PGE2 plays a pivotal role in inducing recruitment of
myeloid suppressor cells in cancer,28-30 and further studies are

needed to elucidate the molecular basis of PGE2-regulated accu-
mulation of myeloid suppressor cells and their functional conse-
quence on NK cell activity in GC. Unfortunately, we were
unable to perform this type of experiment in the current study.

In summary, the results of this study suggest that NK cells in
intratumoral tissue contribute to immunosurveillance with a
normal phenotype and cytotoxic function. At the same time,
the ability of these NK cells to proliferate has been damaged by
GC cells, accounting for the paradox that intratumoral NK cells
can be activated and cytotoxic but are unable to control GC
development once a tumor arises. These findings provide
important new insight into the mechanisms by which PGE2
derived from cancer cells may perform a suppressive role by
regulating NK cell functions. In view of this immunosuppres-
sive effect, new strategies might be developed to prevent the
inhibition of potentially efficient antitumor effector cells.

Materials and methods

Patients and specimens

Control blood samples were obtained from 15 healthy blood
donors at the Guangzhou Blood Center, and tumor samples

Figure 4. Soluble factors derived from GC cells are involved in modulating the number of NK cells. (A) Representative data showing that TSNs derived from SGC-7901,
AGS and KATO-III suppressed NK cell proliferation and induced NK cell apoptosis. (B) Statistical results of the GC cell lines that suppressed NK cell proliferation and induced
NK cell apoptosis (n D 3). (C) Representative data of EP2 and EP4 receptor expression in NK cells. (D) Representative data of butaprost, misoprostol and PGE2 suppression
of Ki-67 expression in NK cells (n D 3). (E) Representative data of butaprost, misoprostol and PGE2-induced NK cell apoptosis (n D 3).
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were obtained from 235 patients with pathologically confirmed
GC at the Nanfang Hospital of Southern Medical University.
None of the patients received anticancer therapy before sam-
ples were obtained. Individuals with an autoimmune disease,
HIV or syphilis were excluded. Blood and paired intratumoral
and nontumoral (at least 3 cm from the tumor site) tissues
from patients (Group 1) who received therapy in 2014–2015
were processed for the isolation of peripheral and fresh tissue-
infiltrating lymphocytes (n D 18, 15 patients for detection of
NK cells percentage, surface markers and cytokines; three
patients for examination of NK cells cytotoxic assays) or for the
preparation of tumor and nontumor tissue-conditioned
medium (n D 5). Another 212 patients (Group 2) who had
undergone curative resection between 2005 and 2007 and had
complete follow-up data were identified. Tissues from this
group of patients were used for immunohistochemistry and for

the analysis of OS and DFS. Clinical stages were classified
according to the guidelines of the AJCC (7th edition). The clini-
cal characteristics of all the patients are summarized in
Table S2. All the samples were coded for anonymity in accor-
dance with local ethical guidelines (as stipulated by the Declara-
tion of Helsinki). Written informed consent was obtained from
the patients, and the protocol was approved by the Review
Board of Southern Medical University.

Tumor cell lines and preparation of tumor cell line culture
supernatants

The human GC cell line, SGC7901, was purchased from the
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). The KATO III and AGS cell lines were
obtained from the American Type Culture Collection

Figure 5. TTCS suppressed NK cell proliferation and induced apoptosis. (A, B) Representative image and statistical results of TTCS- and NTCS-induced suppression of NK
cell proliferation. (C, D) Representative image and statistical results of TTCS- and NTCS-induced NK cell apoptosis.
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(Manassas, VA, USA). All these cell types were tested for myco-
plasma contamination using a single-step polymerase chain
reaction (PCR) method31 and maintained in complete medium
composed of Dulbecco’s modified Eagle’s medium (DMEM,
Life Technologies) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; GIBCO, Australia). TSNs were pre-
pared by plating 5 £ 106 tumor cells in 10 mL of complete
medium in 100-mm dishes, incubating the dishes for 24 h, and
then changing the medium to complete medium with or with-
out 5 mM NS398 (Cayman Chemicals). After 48 h, the

supernatants were harvested, centrifuged and stored in aliquots
at ¡80�C.

Tissue culture and preparation of tumor tissue and
nontumor tissue culture supernatants

Gastric tissues were obtained from five independent cases of
pathologically confirmed GC by gastroscopy. The tumor tis-
sues were selected from minimally necrotic regions of the
tumor mass. TTCS or NTCS were prepared as reported.32,33

Figure 6. Role of PGE2 in the immunoregulatory activity of NK cells. (A) Statistical results for the restoration of Ki-67 expression and (B) the level of apoptosis with TSNs
derived from SGC-7901 treated with NS398. (C) The concentration of PGE2 in TSNs as determined with an ELISA. (D) The concentration of PGE2 in TTCS and NTCS derived
from five patients; white:NTCS; black:TTCS.
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Briefly, the tissues were cut into small pieces and then digested
with collagenase type IV (1 mg/mL; Sigma, USA) and hyal-
uronidase (125 units/mL; Sigma, USA) at 37�C with agitation
for 1 h in DMEM with 10% heat-inactivated FBS. The dissoci-
ated tissues were centrifuged, resuspended in DMEM with
10% FBS and cultured using one 25-cm2

flask per 1 g of tissue.
After a 48-h culture period, the supernatants were harvested,
centrifuged and stored.

Isolation of lymphocytes from peripheral blood and tissues

Peripheral lymphocytes were isolated by Ficoll density gradient
centrifugation. Tumor- and nontumor-infiltrating lymphocytes
were obtained from paired fresh tissue samples as described.33

Briefly, the human GC tissue was cut into small pieces and pre-
incubated twice in RPMI 1640 (Life Technologies) containing
10% FBS, 1 mM DTT (Sigma, USA), 10 mM EDTA, 50 mg/mL
gentamycin, 100 U/mL penicillin and 0.1 mg/mL streptomycin
(PAA Laboratories, Germany) for 15 min. Next, the tissue was
cut into fine pieces and digested in RPMI 1640 in the presence
of 1 mg/mL type IV collagenase and 0.5 mg/mL DNAse (both
from Sigma, USA) for 1 h. After digestion, the cell suspension
was filtered, and the mononuclear cells were isolated by Ficoll
(GE, USA) density gradient centrifugation. The lymphocytes
were washed and resuspended in medium supplemented with
1% FBS for fluorescent-activated cell sorter (FACS) analysis.

Immunohistochemistry and Immunofluorescence

Paraffin-embedded and formalin-fixed samples were cut into
4-mm sections, which were then processed for immunohis-
tochemistry as described.34 Following incubation with antibod-
ies (Abs) directed against human CD57 (Abcam, Cambridge,
MA; catalog number: ab187274) and COX-2 (Abcam, Cam-
bridge, MA; catalog number: ab15191), the sections were
stained in an Envision System (Dako Cytomation). At low
power (£200), the tissue sections were screened using an
inverted research microscope (Leica DM IRB, Germany), and
the five most representative fields were selected. The extent of
COX-2 staining was graded, and the number of nucleated NK-
1C NK cells per field were counted in each area. This analysis
was performed by two independent observers who were
blinded to the clinical outcome. For immunofluorescence anal-
ysis, tissues were stained with Abs against CD3 (Abcam, Cam-
bridge, MA; catalog number: ab5690) and CD57, followed by
Alexa Fluor 555–conjugated anti–mouse IgG and Alexa Fluor
488–conjugated anti–rabbit IgG (Molecular Probes, Carlsbad,
CA). Nuclei were stained with 40-6-diamidino-2-phenylindole
(DAPI). Images were viewed and assessed using a fluorescence
microscope (Leica DMI 4000B, Germany) and analyzed by
Leica Application suite software (version 4.0).

Isolation and culture of NK cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from the buffy coats of blood from healthy donors by Ficoll
density gradient centrifugation as described previously.22 The
NK cell isolation kit was from Miltenyi Biotec GmbH (Bergisch
Gladbach, Germany). The cells were cultured in RPMI 1640

containing 20% heat-inactivated FBS and 100 U/mL IL-2
(R&D Systems) in the presence of 30% TSN or complete
medium supplemented with 10 mM human PGE2 (Sigma-
Aldrich), 10 mM butaprost (an EP2 agonist), and 20 mM miso-
prostol (an EP4 agonist; Cayman Chemical) for 60 h.

Flow cytometry

Leukocytes were stained for surface markers, fixed, permeabi-
lized with IntraPreReagent (Beckman Coulter, Fullerton, CA),
and further stained with Abs directed against intracellular
markers. The data were acquired with a Gallios Flow Cytometer
(Beckman Coulter, Brea, CA). To measure intracellular cyto-
kine production, the cells were stimulated with Leukocyte Acti-
vation Cocktail (BD, Bioscience) at 37�C for 4 h before staining
as described previously.22 The fluorochrome-conjugated mono-
clonal Abs are listed in Table S3. EP2 receptor (Item Number:
101750) and EP4 receptor (Item Number: 10479) were both
from Cayman chemical, USA. Apoptosis of NK cells was quan-
tified using an Annexin V apoptosis detection kit according to
the manufacturer’s instructions (R & D Systems; Abingdon,
UK).

Cytotoxicity assays

AGS cells (2 £ 104) were seeded in 48 wells and cultured in
complete medium for 6 h. Mononuclear cells were purified
from blood and intratumoral tissues; and the NK cell isolation
kit was from EasySepTM Human CD56 Positive Selection Kit
(Stem cell technologies, Canada). The lytic potential of NK cells
derived from blood or intratumoral tissues were mixed with
AGS cells at 5:1 and 10:1 effector-to-target (E/T) ratios respec-
tively. Cells were cocultured in RPMI 1640 containing 20%
heat-inactivated FBS and 100 U/mL IL-2 for 3 h, and then were
washed three times to remove NK cells. Apoptosis of AGS cells
was detected by morphological examination and was further
confirmed by terminal deoxynucleotidyl transferase-mediated
nick-end labeling (TUNEL) staining. For morphological exami-
nation, cells were stained with DAPI and those with condensed
or fragmented nuclei were considered to be apoptotic cells.
TUNEL staining was conducted using the In Situ Cell Death
Detection kit, POD (Roche Diagnostics, Pleasanton, CA),
according to the manufacturer’s protocol.

ELISA

The concentrations of PGE2 (Enzo Life Sciences) in the TSNs,
TTCS and NTCS were determined using ELISA kits according
to the manufacturer’s instructions.

Statistical analysis

The results are expressed as the mean § SEM. The statistical
significance of differences between groups was determined
using Student’s t test or a one-way ANOVA. The cumulative
survival time was calculated using the Kaplan–Meier method,
and survival was measured in months from the resection to
either recurrence or the last review. The log-rank test was
applied to compare the groups. Univariate and multivariate
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analyses of the prognostic factors for OS and DFS were per-
formed using the Cox proportional hazards model. SPSS statis-
tical software (version 19.0, IBM) and GraphPad Prism
Version 5.0a (GraphPad) were used for all the statistical analy-
ses. All the data were analyzed using two-tailed tests unless oth-
erwise specified, and p < 0.05 was considered statistically
significant.
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