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Abstract

Although many anticancer agents for gastric cancer have been developed, the prognosis for

many patients remains poor. Recently, costimulatory immune molecules that reactivate anti-

tumor immune responses by utilizing the host immune system have attracted attention as

new therapeutic strategies. CD137 is a costimulatory molecule that reportedly potentiates

the antitumor activity of tumor-targeting monoclonal antibodies (mAbs) by enhancing anti-

body-dependent cellular cytotoxicity. However, it remains unclear whether CD137 stimu-

lates tumor-regulatory activity in gastric cancer. In this study, we investigated the antitumor

effects of CD137 stimulation on gastric cancer cells administered tumor-targeting mAbs.

Our results showed that human natural killer (NK) cells were activated by expressing CD137

after encountering trastuzumab-coated gastric cancer cells, and that stimulation of activated

NK cells in the presence of trastuzumab and recombinant human CD137 ligand (rhCD137L)

enhanced cytotoxicity and release of cytokines (IFN-γ, TNF, granzyme A, or granzyme B)

as compared with activated NK cells with trastuzumab alone (p < 0.05). By combination

treatment with rhCD137L, similar effects were obtained regarding cancer cell cytotoxicity in

the presence of cetuximab (p < 0.01). Moreover, we revealed that CD137 expression was

dependent upon the affinity between the Fc portion of the antibodies and FcγRIIIa of NK

cells based on results indicating that human IgG1 and IgG3 subclasses enhanced CD137

expression (p < 0.001). These results confirmed that FcγRIIIA polymorphisms (158 V/V)

enhanced CD137 expression to a greater degree than 158 F polymorphisms (p = 0.014).

Our results suggested that CD137 stimulation could promote the effects of tumor-targeting

mAbs in gastric cancer, and that further investigation of antibody binding affinity and in vivo

activities might improve therapeutic strategies related to the treatment of gastric cancer

patients.

Introduction

Gastric cancer remains the fifth most common malignancy and the third leading cause of can-

cer death worldwide [1]. Although its global incidence is declining, it remains highly prevalent

in Asian countries, such as China, Korea, and Japan [1, 2]. The prognosis of patients with
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gastric cancer has been improved by early detection and surgical resection with regional lym-

phadenectomy; however, the mortality associated with advanced gastric cancer remains high

and is mainly a result of recurrence and metastasis. The expected survival period of untreated

stage IV gastric cancer is reportedly 3 to 5 months, and systemic chemotherapy alone has been

reported to extend overall survival by up to 9 to 13 months [3–5]. However, these results have

been mostly unsatisfactory, and more active treatment strategies are required to improve out-

comes for gastric cancer patients.

Tumor-targeting antibodies are among the most important developments in the field of

cancer therapy in the last 20 years. Trastuzumab, a humanized monoclonal antibody (mAb)

targeting human epidermal growth factor receptor 2 (HER2), represents a type of chemother-

apy that is now a standard approach for patients with HER2-positive advanced gastric cancer.

Its antitumor effects involve the direct inhibition of the HER2-mediated signaling pathway

and also the induction of antibody-dependent cell-mediated cytotoxicity (ADCC) via activated

natural killer (NK) cells [6–8]. Trastuzumab reportedly prolonged median overall survival by

13.8 months for strongly HER2-positive patients in a randomized clinical trial [9]. However,

many patients are unable to experience the benefits of trastuzumab treatment, because the

HER2-overexpression rate [immunohistochemistry (IHC) score: 2+; fluorescent in situ
hybridization-positive or IHC score: 3+] in gastric cancer patients ranges only from 12.1% to

15.6% [9, 10]. Therefore, many different strategies, such as combinations of oncolytic viruses,

toll-like receptor (TLR) agonists, and engineered mAbs, are under development to stimulate

immune effector cells implicated to promote ADCC [11–13]. In particular, selective targeting

of activated NK cells might constitute an attractive strategy to improve ADCC without sys-

temic toxicity associated with global NK cell stimulation, which is observed following systemic

interleukin (IL)-2 or IL-12 administration [14, 15].

A recent study reported that CD137 (also known as 4-1BB), a surface glycoprotein belong-

ing to the tumor-necrosis factor receptor superfamily, is upregulated on human NK cells when

they encounter antibody-bound tumor cells, and that the cytotoxicity of these activated NK

cells is enhanced by their exposure to an agonistic mAb against CD137, leading to improved

antitumor activity in xenotransplant models of B cell lymphoma, breast, colon, and head and

neck cancer [16–18]. However, it remains unclear whether CD137 stimulation can regulate

tumor activity in gastric cancer. This study examined the ability of CD137 stimulation to

enhance the anticancer efficacy of ADCC in gastric cancer via tumor-targeting mAbs, includ-

ing trastuzumab. Additionally, we investigated the possibility for CD137 modulation depen-

dent upon the binding affinity between NK cells and mAbs.

Materials and methods

Cell lines and culture

The human gastric cancer cell line TMK-1 was kindly provided by Dr. E. Tahara (Hiroshima

University, Hiroshima, Japan). The NCI-N87 cell line was obtained from American Type Cul-

ture Collection (Manassas, VA, USA). GLM-5S and GLM-4 cells were kindly provided by Dr.

H. Nakanishi (Aichi Cancer Center, Nagoya, Japan), and MKN-1 and MKN-45 cells were

obtained from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). The

GLM-5S and GLM-4 cells were cultured in Dulbecco’s modified Eagle medium (DMEM;

Gibco, Grand Island, NY, USA) on collagen wells, and other gastric cell lines were cultured in

Roswell Park Memorial Institute (RPMI) medium, all supplemented with 10% heat-inactivated

fetal bovine serum (FBS; Sanko Chemical Co., Tokyo, Japan), 100 U/mL penicillin, and

100 μg/mL streptomycin (Gibco). Cells were grown as adherent cultures at 37˚C in 5% CO2

and passaged after detachment by 0.05% trypsin.
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Therapeutic antibodies and proteins

Recombinant human CD137 ligand (rhCD137L) was obtained from PeproTech (Rocky Hill,

NJ, USA). Trastuzumab and rituximab were obtained from Chugai Pharmaceutical Co.

(Tokyo, Japan), and cetuximab was obtained from Merck Serono Co. (Tokyo, Japan). Pertuzu-

mab was obtained from Genentech (San Francisco, CA, USA). IgG subclass mAbs (huIgG1/

G2/G3/G4) were obtained from PeproTech.

Antibodies for flow cytometry

Flow cytometric analyses were performed using a FACS Canto II cytometer (BD Biosciences,

San Jose, CA, USA) to assess the purity and CD137-mediated expression of NK cells. The fol-

lowing mAbs were used for staining human peripheral blood mononuclear cells (PBMCs):

phycoerythrin (PE)-conjugated CD56, PE CD137L, PE NKp30, PE NKp44, PE NKp46, PE

CD122, PE CD117, PE TRAIL, PE CD107a, PE CD158e, PE CCR5, PE CD25, PE CD226, PE

NKG2D, PE FasL, PE NKG2A, PE NKG2C, fluorescein isothiocyanate (FITC)-conjugated

CD3, FITC CD158a, FITC CD158b, allophycocyanin (APC)-conjugated CD137, APC anti-

HER2, APC anti-epidermal growth factor receptor (EGFR), and 7-aminoactinomycin D

(7-AAD); all mAbs were obtained from BD Biosciences. Stained cells were collected on a

FACS Canto II cytometer (BD Biosciences), and data were analyzed using FlowJo version X

software (FlowJo, LLC, Ashland, OR, USA).

CD137 expression on human NK cells from healthy individuals

PBMCs isolated from healthy individuals and purified NK cells isolated by negative magnetic

cell sorting using NK cell-isolation beads (Miltenyi Biotec, Bergisch Gladbach, Germany) were

obtained as described previously [19] at more than 90% purity, as defined by CD3-CD56+ and

confirmed by flow cytometry. This study was conducted with informed consent using a proto-

col approved by the institutional review board of Hiroshima University Hospital (No. Hi-202).

Purified NK cells were cultured with gastric cancer cell lines at a 1:1 ratio in the presence of

trastuzumab (10 μg/mL) or rituximab (10 μg/mL) for 24 h. CD137 expression on NK cells was

confirmed by flow cytometry. Assessment of CD137 on NK cells was performed in triplicate

for each sample from five healthy individuals.

In vitro NK cell functional assays

NK cell cytotoxicity was measured using a chromium-release assay. Target tumor cells were

labeled with 100 μCi 51Cr per 1 × 106 cells for 1.5 h, and purified NK cells were added at vari-

able effector/target-cell ratios from 4:1 to 1:4. The lysis percentage was determined after 18 h

of culture in the following three conditions: medium alone, trastuzumab (10 ng/mL), or trastu-

zumab (10 ng/mL) with rhCD137L (250 ng/mL). All assays were performed in triplicate with

three independent NK cell samples.

To evaluate CD107a mobilization and cytokine release, purified NK cells were cultured

with GLM-4 or MKN-1 cells. First, CD107a mobilization was assayed to evaluate NK cell

degranulation. Purified NK cells were cultured with gastric cancer cells at a ratio of 1:1, with

medium alone, trastuzumab (10 ng/mL), rhCD137L (250 ng/mL), or trastuzumab (10 ng/mL)

with rhCD137L (250 ng/mL). After 24 h, CD56/CD107a double staining was carried out for

analysis by flow cytometry. Phenotypes of NK cells in those conditions were also confirmed by

flow cytometry with staining of NKp30, NKp44, NKp46, CD122, CD117, TRAIL, CD107a,

CD158e, CCR5, CD25, CD226, NKG2D, FasL, NKG2A, NKG2C, CD158a, or CD158b.
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Under conditions similar to those detailed above for NK cell degranulation, cell superna-

tants were analyzed for release of cytokines [human interferon (IFN)-γ, tumor necrosis factor

(TNF), granzyme A, or granzyme B] using cytometric bead array (BD Biosciences) according

to the manufacturer’s instructions. Cetuximab-focused in vitro assays were also performed

under the same conditions in the presence or absence of rhCD137L. In vitro assays, CD107a

mobilization, and cytokine assessment were performed with five independent samples.

CD137 expression on NK cells in combination with two types of HER2

mAbs and in vitro cytotoxicity assay

Purified NK cells were cultured with the same proportion of GLM-4 cells in DMEM plus dif-

ferent concentrations of trastuzumab and pertuzumab (0–10 μg/mL) for 24 h. CD137 expres-

sion on NK cells was confirmed by flow cytometry. NK cell cytotoxicity was measured using a

chromium-release assay in the following five conditions: medium alone, trastuzumab (5 ng/

mL), pertuzumab (5 ng/mL), trastuzumab (5 ng/mL) and pertuzumab (5 ng/mL), or trastuzu-

mab (5 ng/mL) and pertuzumab (5 ng/mL) with rhCD137L (250 ng/mL). All assessments were

performed in triplicate for each of three samples from healthy individuals.

CD137 expression on NK cells with the immobilized IgG subclass

Purified NK cells were plated at a concentration of 4.0 ×104 cells/well in a 96-well flat-bot-

tomed plate in the presence of either pre-coated (immobilized) or soluble monoclonal human

IgG subclass (huIgG1/G2/G3/G4) at a concentration of 2 mg/mL. After 24 h, NK cells were

harvested and analyzed for cell-surface CD137 expression by flow cytometry. Assessment of

CD137 presentation on NK cells was performed in triplicate for each of five samples from

healthy individuals.

Analysis of the FcγRIIIa genotype

Genomic DNA was extracted from the PBMCs of 38 healthy individuals using Wizard SV

genomic DNA purification system (Promega, Madison, WI, USA). Genotyping of FcγRIIIa

158 F/V (rs396991) was performed by polymerase chain reaction restriction-fragment-length

polymorphism analysis as described previously [20]. CD137 expression on NK cells was com-

pared between FcγRIIIa 158 V/V- and 158 F-carrier allele groups by flow cytometry.

Statistical analysis

Statistical significance at the 95% confidence interval was analyzed using the unpaired Stu-

dent’s t test. The correlation between HER2-expressing cells and CD137 upregulation of NK

cells was analyzed by the Spearman correlation test. All statistical data were analyzed with

Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) and JMP 11.2.0 (SAS Institute

Inc., Cary, NC, USA).

Results

Trastuzumab induces CD137 upregulation on human NK cells following

incubation with HER2-positive tumor cells

Purified NK cells from healthy human patients were incubated with various HER2-expressing

gastric cancer cell lines (Fig 1A) in the presence of trastuzumab or rituximab. These cell lines

showed evidence of neither CD137 ligand nor the CD137 receptor (S1 Fig). After a 24-h incu-

bation, we observed minimal changes in CD137 expression on NK cells incubated with cancer
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Fig 1. CD137 expression on NK cells following incubation of gastric cancer cells with trastuzumab. Purified NK cells from PBMCs of healthy

individuals were analyzed for CD137 expression after 24-h culture with gastric cancer cell lines and trastuzumab. (A) HER2 expression on gastric cancer

cell lines (TMK-1, NCI-N87, GLM-5S, and GLM-4). (B) CD137 expression on CD3-CD56+ NK cells from a representative healthy individual after 24-h

culture with the respective gastric cancer cell lines in the presence or absence of trastuzumab. (C) Mean fluorescence intensity (MFI) of CD137 expression

on NK cells from five healthy individuals cultured with the respective gastric cancer cell lines, � p< 0.001. Data are shown as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0204880.g001
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cell lines alone. By contrast, incubation with the combination of trastuzumab and gastric can-

cer cell lines resulted in significantly upregulated CD137 expression and presentation on NK

cells compared with the combination of rituximab and gastric cancer cell lines. Especially, the

enhancement of CD137 expression was dependent upon the degree of HER2 expression in

gastric cancer cell lines (Spearman correlation test; p< 0.001) (Fig 1B and 1C).

rhCD137L increases trastuzumab-mediated NK cell cytotoxicity

To determine whether CD137 is a potential therapeutic target for enhancing NK cell function

against gastric cancer, we investigated whether rhCD137L could enhance trastuzumab-medi-

ated NK cell cytotoxicity (Fig 2). NK cells from healthy individuals were cultured with trastu-

zumab and 51Cr-labeled gastric cancer cell lines (GLM-4, NCI-N87, and TMK-1) to express

CD137. After incubation for 18 h, ADCC following the addition of rhCD137L was measured

to assess the initiation of apoptosis. The incubation time was determined according to the time

required to observe CD137 expression, with CD137 not expressed on resting NK cells, but

reaching a peak at between 18 h and 24 h after incubation. As expected, trastuzumab alone

increased NK cell cytotoxicity against GLM-4 and NCI-N87 cells. Furthermore, the combina-

tion with rhCD137L administration induced significantly higher ADCC activity than trastuzu-

mab alone (Fig 2A and 2B). However, there was little cytotoxicity observed against TMK-1

cells in this condition with or without trastuzumab and rhCD137L (Fig 2C). These results indi-

cated that rhCD137-mediated antitumor activity was dependent upon the HER2 expression

levels in the tumor cells.

rhCD137L enhances cytokine secretion of activated NK cells

Another function of activated NK cells was investigated next by measuring CD107a mobiliza-

tion and secretion of cytokines by incubation with GLM-4 cells. Purified NK cells from five

healthy human patients were incubated with GLM-4 in the following four conditions: medium

alone, trastuzumab, rhCD137L, or trastuzumab with rhCD137L. Although trastuzumab

increased NK cell degranulation compared with medium or rhCD137L alone, CD107a mobili-

zation (Fig 3A) was not observed with the combination of trastuzumab and rhCD137L. Fur-

thermore, another typical activated marker was not upregulated in trastuzumab-treated NK

cells treated with rhCD137L compared with trastuzumab alone (S2 Fig). However, rhCD137L

significantly increased trastuzumab-induced cytokine secretion (human IFN-γ, TNF, gran-

zyme A, or granzyme B) (Fig 3B).

rhCD137L increases cetuximab-mediated NK cell cytotoxicity

We hypothesized that enhanced ADCC activity following rhCD137L administration might

also be mediated by other tumor-targeting mAbs. Cetuximab is a recombinant human-mouse

chimeric mAb against EGFR and exhibits antitumor activity against various cancers [21].

Therefore, we investigated whether cetuximab plus CD137 stimulation could enhance cetuxi-

mab-mediated NK cell cytotoxicity and degranulation in gastric cancer cell lines. Similar to

results observed involving trastuzumab treatment, cetuximab-coated EGFR-expressing cells

induced significant upregulation of CD137 expression and presentation on NK cells. This

CD137 induction was dependent upon EGFR expression levels on gastric cancer cells (Spear-

man correlation test; p< 0.001) (S3 Fig), with NK cells promoting cetuximab-mediated cyto-

toxicity in the EGFR-expressing gastric cancer cell lines MKN-1 and MKN-45. Furthermore,

the combination of cetuximab and rhCD137L enhanced ADCC activity to a degree greater

than that induced by cetuximab alone (Fig 4A and 4B). However, this efficacy was not

observed against gastric cancer cells expressing low levels of EGFR (TMK-1) (Fig 4C). NK cell
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Fig 2. Enhancement of trastuzumab-mediated NK cell cytotoxicity by rhCD137L. To evaluate NK cell cytotoxic

function, purified NK cells from three healthy individuals were incubated with chromium-labeled tumor cells,

including (A) GLM-4, (B) NCI-N87, and (C) TMK-1 for 18 h with medium alone, trastuzumab (10 ng/mL), or

trastuzumab plus rhCD137L (250 ng/mL). The lysis percentages of the target cells cultured with medium alone

(circles), trastuzumab (squares), or trastuzumab plus rhCD137L (triangles) according to chromium release at varying

effector (NK cells):target-cell ratios are shown. (A, �p = 0.03; B, �p< 0.01; C, p = not significant). Data are shown as the

mean ± SEM.

https://doi.org/10.1371/journal.pone.0204880.g002
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Fig 3. Increased cytokine secretion of trastuzumab-treated NK cells by rhCD137L administration. To investigate NK cell

degranulation and cytokine secretion, NK cells were incubated with GLM-4 in the following four conditions: medium alone,

trastuzumab (10 ng/mL), rhCD137L (250 ng/mL), or trastuzumab (10 ng/mL) with rhCD137L (250 ng/mL). (A) A representative flow

cytometric plot of CD56 and CD107a double staining. Percentage and MFI of CD107a-expressing NK cells from five healthy

individuals [p = not significant (NS)]. (B) Cytokine secretion (human IFN-γ, TNF, granzyme A, or granzyme B) determined by the

cytometric bead array (�p< 0.005). Data are shown as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0204880.g003
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Fig 4. Enhancement of cetuximab-mediated NK cell cytotoxicity by rhCD137L administration. Purified NK cells

were analyzed for cytotoxicity with cetuximab (10 ng/mL) plus rhCD137L (250 ng/mL) in a chromium-release assay,

as described previously. NK cells were incubated with gastric cell lines expressing high levels of EGFR [(A) MKN-1 and

(B) MKN-45] or low levels of EGFR [(C) TMK-1] under the same conditions. Lysis percentages of the target cells

cultured with medium alone (circles), cetuximab (squares), or cetuximab and rhCD137L (triangles) according to

chromium release at varying effector (NK cells)/target-cell ratios are shown. (A, B, �p< 0.01; C, p = not significant).

Data are shown as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0204880.g004
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degranulation was also investigated with MKN-1 cells. Similar to trastuzumab treatment,

CD107a mobilization was not observed (Panel A in S4 Fig). Nonetheless, rhCD137L signifi-

cantly increased cytokine secretion of cetuximab-treated NK cells (Panel B in S4 Fig).

Trastuzumab plus pertuzumab induces upregulated CD137 expression on

human NK cells, and rhCD137L increases dual anti-HER2 mAb-mediated

NK cell cytotoxicity

Pertuzumab is also a recombinant humanized immunoglobulin mAb that targets a HER2

dimerization domain different from that targeted by trastuzumab. Treatment with a combina-

tion of trastuzumab and pertuzumab shows antitumor efficacy against HER2-positive breast

cancers via ADCC [22]. Therefore, we hypothesized that the combination of dual anti-HER2

mAbs would activate NK cells more effectively via CD137 stimulation. NK cells from three

healthy individuals were cultured with a HER2-overexpressing gastric cancer cell line (GLM4)

in the presence of different concentrations of trastuzumab and pertuzumab (0–10 μg/mL) (Fig

5A). We observed that each of the anti-HER2 mAbs increased CD137 expression and presen-

tation on NK cells in a concentration-dependent manner, and that the combination of trastu-

zumab and pertuzumab additively enhanced CD137 expression, but not synergistically. The

function of the activated NK cells was investigated next by cytotoxicity assay in the following

five conditions: medium alone, trastuzumab, pertuzumab, trastuzumab and pertuzumab, or

trastuzumab and pertuzumab with rhCD137L. The dual anti-HER2 combination enhanced

cytotoxicity compared with each mAb alone, and the addition of rhCD137L resulted in further

enhancement of ADCC activity (Fig 5B).

Upregulated CD137 expression on NK cells is stimulated by immobilized

IgG subclass

Upregulated CD137 expression occurs following mAb binding to NK cell FcγR [23]. However,

it remains unclear whether Fc-FcγR affinity to these mAbs affects CD137 expression in NK

cells. We investigated changes in CD137 expression initiated by human IgG subclass, which

exhibits different Fc-binding activity. To eliminate the influence of co-stimulatory receptor

effects on tumor cells, NK cells were incubated in the presence of immobilized or soluble

mAbs in the absence of tumor cells. CD137 expression in NK cells was elevated by immobi-

lized IgG1 mAbs, but not at all by soluble IgG1 mAbs (Panel A in S5 Fig). Subsequent culture

of NK cells with various concentrations of immobilized IgG1 to select the most suitable condi-

tions showed that CD137 expression was enhanced in an immobilized-mAb-concentration-

dependent manner, reaching a plateau at 4 mg/mL (Panel B in S5 Fig). Based on these results,

we investigated CD137 expression in NK cells stimulated by immobilized IgG subclass at 2

mg/mL. Our results showed that IgG1 and IgG3 enhanced CD137 expression in NK cells, with

IgG3 resulting in the most significant upregulation, whereas immobilized IgG2 and IgG4

resulted in minimal changes in expression (Fig 6A and 6B).

CD137 expression in human NK cells derived from patients harboring

different single-nucleotide polymorphisms (SNPs)

We then investigated the influence of FcγRIIIA polymorphisms on CD137 expression in NK

cells. IgG1 and IgG3 bind more tightly to FcγRIIIA-158 V/V as compared with 158 F/F,

thereby increasing effector-cell activity in individuals with FcγRIIIA-158 V/V [24]. Therefore,

we examined the relationship between trastuzumab-induced CD137 expression and NK-cell

SNPs (Fig 7). A greater increase in CD137 expression was observed among individuals
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harboring the high-affinity alleles FcγRIIIA-158 V/V as compared with those harboring the

low-affinity 158 F (V/F and F/F) alleles. Specifically, F/F individuals (n = 4) showed lower lev-

els of CD137 expression in NK cells relative to those observed with other alleles.

Fig 5. Upregulated CD137 expression and cytotoxicity of NK cells by treatment with a combination of trastuzumab and

pertuzumab. (A) To evaluate upregulated CD137 expression in NK cells by treatment with the combination of dual anti-HER2

mAbs that bind different domains, purified NK cells were incubated with a HER2-expressing gastric cancer cell line (GLM-4) in

medium containing various trastuzumab and pertuzumab concentrations (0–10 μg/mL) for 24 h. The MFI of CD137-expressing NK

cells from three healthy individuals was analyzed by flow cytometry (�p< 0.05). Data are shown as the mean ± SEM. (B) Purified NK

cells were analyzed for cytotoxicity in a chromium-release assay. Chromium-labeled GLM-4 cells and NK cells cultured with medium

alone (circles), pertuzumab (white diamonds), trastuzumab (black diamonds), pertuzumab and trastuzumab (squares), or dual anti-

HER2 mAbs and rhCD137L (triangles) are shown. (�p< 0.01). Data are shown as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0204880.g005
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Discussion

The prognosis of patients with advanced gastric cancer remains poor due to the lack of effec-

tive chemotherapeutics and tumor-targeted antibodies [9, 25]. Manipulation of co-stimulatory

immune molecules represents a new and attractive strategy for improving therapeutic effica-

cies. Immunomodulatory antibodies, such as CTLA-4-, PD-1-, and PD-L1-specific mAbs, tar-

get the patient immune system to overcome immunosuppression induced by tumor cells and

generate an antitumor immune response [26]. Clinical data validate mAb-mediated cancer

immunotherapy as a valuable therapeutic strategy, and recently, a clinical trial of gastric cancer

patients was conducted using an anti-PD-1 mAb, reporting its ability to significantly prolong

overall survival of gastric cancer patients and reduce the risk of death by 37% as compared

with placebos [27]. In addition to expanding the clinical benefits of this approach, agents

designed to target other immunomodulatory pathways are currently under evaluation, includ-

ing co-stimulatory molecules, such as CD134 and CD137 [28]. In this study, we hypothesized

that CD137 stimulation would enhance the antitumor activity of NK cells against gastric

Fig 6. Upregulated CD137 expression induced by incubation with immobilized IgG subclass. Purified NK cells were incubated for 24 h in the

presence of immobilized IgG subclass (2 mg/mL), and CD137 expression was measured by flow cytometry. (A) CD137 expression on NK cells from a

representative healthy individual after a 24-h culture. Percentages of CD137-expressing NK cells per quadrant are indicated. (B) MFI of

CD137-expressing NK cells from five healthy individuals. ��p< 0.001; �p = 0.016. Data are shown as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0204880.g006
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cancer cells. To test this hypothesis, we first confirmed that trastuzumab- or cetuximab-coated

gastric cancer cells were capable of inducing CD137 expression in NK cells, followed by confir-

mation that CD137 stimulation using rhCD137L enhanced NK cell cytotoxicity and the release

of cytokines toward mAb-coated tumor cells. Moreover, we demonstrated that CD137 expres-

sion was dependent upon differences in IgG subclass and FcγRIIIA polymorphisms.

CD137 is an inducible and co-stimulatory molecule expressed on activated CD4 and CD8 T

cells. The majority of previous work focused on CD137 stimulation to increase T cell prolifera-

tion and survival [29], and preclinical activity subsequently motivated research into anti-

CD137 antibody monotherapy [29–31]. However, CD137 expression is also observed on other

functionally significant immune cells, including NK cells, monocytes, dendritic cells, and non-

hematopoietic cells [32, 33]. Previous studies demonstrated that CD137 stimulation of NK

cells enhances mAb-mediated ADCC functions and works in synergy with anti-CD20, anti-

HER2, and anti-EGFR mAbs in xenotransplant murine models of lymphoma, breast, colon,

and head and neck cancer [16–18].

Here, we demonstrated that the contact of NK cells with trastuzumab-bound, HER2-ex-

pressing gastric cancer cells resulted in significant CD137 expression that directly correlated

with the levels of HER2 expression on tumor cells. Our findings supported previous results

Fig 7. The influence of FcγRIIIa polymorphisms on trastuzumab-induced CD137 expression. Percentage of

CD137-expressing NK cells from 38 healthy individuals after a 24-h incubation with trastuzumab-coated gastric cancer cells

(GLM-4) exhibiting FcγRIIIa 158 polymorphism. CD137 presentation on NK cells was compared between V/V (n = 19) and F

carriers (n = 19). F carriers were also divided into two groups: VF (n = 15, circles) and FF (n = 4, diamonds). �p = 0.014. Data are

shown as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0204880.g007
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using immobilized IgG1 or rituximab-coated lymphoma cells to induce CD137 expression [16,

23]. Moreover, after upregulation of CD137 expression in NK cells, we showed that stimula-

tion of this target with rhCD137L enhanced NK cell activity, as measured by cytotoxicity and

release of cytokines, toward trastuzumab-bound tumor cells. Although the study entailing tras-

tuzumab treatment for gastric cancer showed a survival benefit with trastuzumab plus chemo-

therapy in HER2-positive gastric cancer [9], further synergistic effects could be expected by

the combined use of CD137 stimulation using molecules such as rhCD137L. These phenom-

ena were also observed in cetuximab experiments. EGFR protein expression and overexpres-

sion are reported in 43% and 11% of gastric cancer patients, respectively [34], and EGFR

overexpression is a significant predictor of poor survival in gastric cancer patients; however, a

randomized phase III trial using cetuximab failed to show a significant improvement in patient

survival [35]. Among various mechanisms of resistance to anti-EGFR agents, the frequency of

RAS mutations, which serve as the major predictive biomarker of anti-EGFR treatments in

colorectal cancer, was found to be low in gastric cancer patients [36]. The search for alternative

resistance mechanisms to anti-EGFR agents is currently underway, although these mecha-

nisms do not confer resistance to ADCC. Our results showed that enhancing ADCC along

with CD137 stimulation might offer an opportunity to overcome tumor resistance to cetuxi-

mab treatment.

We also demonstrated that combination treatment of HER2-expressing gastric cancer cells

with trastuzumab and pertuzumab additively enhanced CD137 expression in NK cells, fol-

lowed by confirmation that CD137 stimulation using rhCD137L enhanced NK cell cytotoxic-

ity toward mAb-coated tumor cells. These combination treatments improved progression-free

and overall survival in patients with HER2-positive metastatic breast cancer [22]. Furthermore,

combination therapy showed enhanced antitumor activity in preclinical studies of a HER2-po-

sitive human gastric cancer xenograft model [37] and is being tested for patients with HER2--

positive gastric cancer as part of an international phase III trial [38]. Because trastuzumab and

pertuzumab differ in the HER2-binding sites, it was considered that the total number of Fc-

binding sites increased significantly, and CD137 expression in NK cells would be enhanced.

Other dual anti-HER2 combinations (trastuzumab and lapatinib) have also been found to

enhance ADCC in a synergistic fashion [39, 40]. Higher efficacy might be obtained by combin-

ing CD137 stimulation with those different targeting agents.

In this study, we demonstrated that IgG1 and IgG3 in the IgG subclass induced more effi-

cient CD137 expression in NK cells. Human IgG is classified into four subclasses: IgG1, IgG2,

IgG3, and IgG4. These subclasses differ in their affinity for FcγRIIIA on NK cells, and effector

functions, such as ADCC activity, are higher in the presence of IgG1 and IgG3 relative to other

classes. Therefore, most therapeutic antibodies that require high levels of effector function and

stability in vivo were developed in the form of the human IgG1 subclass. Because ADCC activ-

ity is exerted by binding to FcγRIIIA, it is possible to enhance this activity by increasing the

affinity for FcγRIIIA. Several approaches to enhance this affinity have been reported, including

the introduction of amino acid mutations into heavy chain regions [41, 42] or through glycol

modifications in Fc-linked oligosaccharides [43]. Our results indicated that the affinity

between the Fc portion of IgG and FcγRIIIA located on NK cells was directly associated with

CD137 expression, and that these approaches are expected to increase CD137 expression in

NK cells.

Previous studies reported that an FcγRIIIa polymorphism at position 158 is associated with

the therapeutic efficacy of tumor-targeting mAbs [44–46], and we previously reported that this

polymorphism was found in patients predisposed to infectious complications following liver

transplantation [20]. In this study, CD137 expression in NK cells was also affected by this poly-

morphism, and high affinity for FcγRIIIa-158 (V/V) induced greater CD137 expression as
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compared with that observed in other genotypes. Our results associated with gastric cancer

cell lines support previous results related to breast cancer and colorectal cancer [17, 18].

FcγRIIIa polymorphisms depend upon the stage and type of disease or the race of the patients,

with East Asian subjects exhibiting a relatively higher frequency of the FcγRIIIa-158 (V/V)

genotype than Caucasians [47, 48]. The distribution of FcγRIIIa polymorphisms in gastric can-

cer patients is unclear, although this disease is more common in East Asian populations.

Therefore, changes in CD137 expression due to differences in FcγRIIIa polymorphisms might

be more useful as treatment targets and biomarkers in gastric cancer. Currently, a clinical trial

is underway to identify differences in FcγRIIIa polymorphisms and CD137 expression in NK

cells as predictors for personalized cancer therapy [49], which would also be considered useful

information for gastric cancer treatment.

We acknowledge several limitations in this study. First, we used rhCD137L for stimulating

activation of NK cells instead of agonist CD137-targeting antibodies. Agonist CD137 mAbs

are the most straightforward and extensively studied modality for activating CD137; however,

agonistic mAbs can be associated with severe toxicity, such as hepatitis and inflammatory cyto-

kine production, arising from non-specific and systemic activation of lymphocytes. Previous

studies demonstrated that a soluble CD137L, a chimeric form created by fusing the extracellu-

lar functional domain of CD137L to a modified form of core streptavidin, exhibited improved

efficacy and safety as compared with an agonist antibody [50]. These natural co-stimulatory

ligands might represent compelling alternative agonists for CD137-mAb-mediated stimulation

for tumor immunotherapy. Second, we focused on ADCC mediated by human NK cells. The

effects of CD137 stimulation on non-NK cells will be important for clinical applications. As

suggested by previous studies, trastuzumab- and cetuximab-induced cytotoxicity might trigger

an adaptive immune response, which is improved by CD137 stimulation of activated T cells, B

cells, and dendritic cells [17, 18]. Furthermore, the heterogeneity of gastric cancers complicates

the innate immune microenvironment. To reveal the in vivo effects of CD137 stimulation on

different forms of gastric cancer, our future work will investigate the three-dimensional micro-

environment using organoid techniques.

Conclusions

The results of our study suggested that CD137 stimulation enhanced the anti-gastric-cancer

effects of trastuzumab and cetuximab, and that CD137 expression was dependent upon mAb-

binding affinity with Fc structures and FcγRIIIA polymorphisms. Our results supported those

reported previously and indicated possible applicability to gastric cancer. These results pro-

vided insight into additional avenues for exploiting the power of NK cells for gastric cancer

immunotherapy.

Supporting information

S1 Fig. CD137L and CD137 receptor expression in gastric cancer cell lines. Gastric cancer

cell lines were analyzed for CD137L and CD137 receptor expression by flow cytometry. (A)

CD137L expression in gastric cancer cell lines. (B) CD137 receptor expression in gastric cancer

cell lines.

(TIF)

S2 Fig. Phenotype of trastuzumab- and rhCD137L-treated NK cells. MFI of activated

marker-expressing NK cells from three healthy individuals. p = not significant (NS). Data are

shown as the mean ± SEM.

(TIF)
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S3 Fig. Upregulated CD137 expression in NK cells following incubation with gastric cancer

cells and cetuximab. NK cells from healthy individuals were analyzed for CD137 expression

after a 24-h culture with gastric cancer cell lines and cetuximab. (A) EGFR expression in gas-

tric cancer cell lines (MKN-1, MKN-45, and TMK-1). (B) CD137 expression in NK cells

derived from a representative healthy individual after a 24-h culture with the respective gastric

cancer cell lines in the presence of cetuximab.

(TIF)

S4 Fig. Increased cytokine secretion of cetuximab-treated NK cells by rhCD137L adminis-

tration. (A) A representative flow cytometric plot of CD56 and CD107a double staining. Per-

centage and MFI of CD107a-expressing NK cells from five healthy individuals [p = not

significant (NS)]. (B) Cytokine secretion (human IFN-γ, TNF, granzyme A, or granzyme B) as

determined by cytometric bead array (�p< 0.005). Data are shown as the mean ± SEM.

(TIF)

S5 Fig. Upregulated CD137 expression in NK cells incubated with immobilized mAbs. NK

cells were cultured in the presence of either immobilized or soluble IgG1 mAbs at various con-

centrations. Control wells (immobilized IgG1 mAb: 0 μg/mL) were pre-coated overnight with

RPMI supplemented with 10% FBS. (A) CD137 expression in NK cells obtained from a repre-

sentative healthy individual after a 24-h culture. (B) Percentage of CD137-expressing NK cells

derived from five healthy individuals and incubated with various concentrations of immobi-

lized IgG1.

(TIF)
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