
Abstract. Background/Aim: Monoclonal antibodies (mAbs)
that target tumor antigens have recently been developed. Their
antitumor activity is mainly achieved through antibody-
dependent cellular cytotoxicity (ADCC) via effector cells such
as tumor-infiltrated macrophages and natural killer (NK) cells.
CpG oligodeoxynucleotides (ODNs) have potent antitumor
activity and are considered to increase the tumor infiltration of
macrophages and NK cells; however, a completely solubilized
novel CpG-schizophyllan (SPG) complex, K3-SPG, displays
more potent antitumor activity. We recently reported the
significant antitumor activity of anti-glypican-1 (GPC1) mAb
against GPC1-positive esophageal squamous cell carcinoma

(ESCC) via ADCC. The aim of this study was to evaluate the
potential synergistic antitumor activity of anti-GPC1 mAb and
K3-SPG and elucidate the underlying mechanisms using a
xenograft model of GPC1-positive human ESCC cells.
Materials and Methods: The established human esophageal
cancer cell line TE14 was subcutaneously injected into SCID
mice. Xenograft mice were treated with anti-GPC1 mAb, K3-
SPG, or their combination. Antitumor activity was evaluated by
measuring the tumor volume. For FACS analysis, agents were
administrated, and tumors were resected 1 day after the final
treatment. Results: Anti-GPC1 mAb or K3-SPG monotherapy
showed dose-dependent antitumor activity, and combination
therapy with anti-GPC1 mAb and K3-SPG showed antitumor
activity (p=0.0859). Flow cytometry revealed significantly
increased numbers of macrophages (p=0.0133) and of the ratio
of activated NK cells/total NK cells (p=0.0058) following K3-
SPG or combination therapy. Conclusion: Combination therapy
with K3-SPG and anti-GPC1 mAb or another antitumor mAb
may represent a new cancer treatment option acting via ADCC. 

Esophageal cancer is the sixth leading cause of cancer-
related deaths worldwide (1). Esophageal squamous cell
carcinoma (ESCC) is the predominant histological type of
esophageal cancer in eastern Asia and Africa (2). Despite
improvements of multimodal therapy, including surgery,
chemotherapy, and radiotherapy, the prognosis of patients
with ESCC remains poor (3). Therefore, there is an urgent
need to identify novel treatment options for ESCC.
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Monoclonal antibodies (mAbs) are increasingly being used
for cancer therapy given their main advantage of high
specificity with their targeted antigens, which results in less
severe side effects than conventional cytotoxic agents (4).
Cancer therapy with an anti-tumor mAb depends on the
antibody-dependent cellular cytotoxicity (ADCC) that is
achieved via interactions with immune effector cells such as
tumor-infiltrating natural killer (NK) cells and macrophages
(5). However, cancer-induced immunosuppression via NK cells
has been reported in various types of cancers, which can reduce
the ADCC effect. Therefore, immunostimulants are promising
agents to enhance the numbers of tumor-infiltrating NK cells
and macrophages to induce efficient ADCC in patients with
cancer. For example, Kohrt et al. reported that stimulation of
NK cells with a CD137 mAb enhanced the efficacy of
trastuzumab in xenograft models of breast cancer (6). 

CpG oligodeoxynucleotides (ODNs) are potent
immunostimulants that are recognized by Toll-like receptor
9 on dendritic and B cells (7). We previously reported that a
CpG ODN exerted synergistic antitumor activity with anti-
bone marrow stromal antigen 2 mAb using xenograft mouse
models (8). Recently, a nanoparticle K CpG ODN (K3)
wrapped by the nonagonistic Dectin-1 ligand schizophyllan
(SPG), K3-SPG, was developed, demonstrating the most
potent anti-tumor activity of all CpG ODN and CpG-SPG
complexes reported to date (9). 

Glypican-1 (GPC1) is a cancer antigen for ESCC that was
identified by a quantitative proteomics approach focused on
cell surface membrane proteins (10). Moreover, GPC1
overexpression was significantly associated with a poor
prognosis and chemoresistance of patients with ESCC (10).
GPC1 is a cell-surface heparan sulphate proteoglycan, which
acts as a co-receptor for the heparin binding of mitogenic
growth factors (11). We previously developed a
chicken/mouse chimeric mAb against human GPC1, which
induced tumor growth inhibition in ESCC xenograft models
via ADCC and showed complement-dependent and -
independent cytotoxicity (12).

The aim of the present study was to evaluate the potential
synergistic antitumor activity of anti-GPC1 mAb and K3-
SPG and to elucidate the underlying mechanisms using a
xenograft model of GPC1-positive human ESCC cells. 

Materials and Methods

Cell lines and culture. The human ESCC cell line TE14 (RCB2101,
RRID: CVCL_3336) was obtained from the RIKEN BRC cell bank
(Tsukuba, Japan). The identity of the cell line was confirmed using
DNA fingerprinting via short tandem repeat profiling. TE14 cells
were mycoplasma free. TE14 cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (HyClone
Laboratories, Logan, UT, USA), 100 U/ml penicillin, and 100 μg/ml
streptomycin (Nacalai Tesque, Kyoto, Japan) at 37˚C under a
humidified atmosphere of 5% CO2. 

ESCC cell xenograft mouse models. To establish the xenograft model,
TE14 cells were implanted in female CB17/Icr-Prkdc<scid>/CrlCrlj
(SCID) mice (6-8 weeks old; Charles River Japan, Yokohama, Japan).
For cell inoculation, 2.0×106 cells in 100 μl of 1:1 (v/v) phosphate-
buffered saline (PBS)/Matrigel (Becton Dickinson, Bedford, MA,
USA) were injected subcutaneously into the flanks of the mice. When
the tumor volume reached approximately 100 mm3, the animals
received anti-GPC1 mAb clone1-12, K3-SPG, combination treatment,
or PBS for 3 weeks twice a week. For anti-GPC1 mAb treatment, the
mice received intraperitoneal (i.p.) injection of 400 μl of mouse IgG2a
or anti-GPC1 mAb (25, 100, and 400 μg in 400 μl of PBS/mouse) (six
to eight per group). For K3-SPG treatment, the mice received
intratumoral (i.t.) injection of PBS or K3-SPG (2.5, 10, and 20 μg in
25 μl of PBS/mouse) (seven per group). For evaluation of the effects
of combination therapy, the mice were divided into four groups (six
per group), treated by i.p./i.t. injection of (a) PBS/PBS, (b) PBS/K3-
SPG (2.5 μg/mouse), (c) anti-GPC1 mAb (25 μg/mouse)/PBS, and (d)
anti-GPC1 mAb (25 μg/mouse)/K3-SPG (2.5 μg/mouse), respectively.
Tumor sizes were measured twice a week throughout the study. Tumor
volumes were determined by measuring the length (L) and width (W),
calculated as (W2 × L)/2.

All animal experiments were conducted according to the ethical
guidelines for animal experimentation of the National Institute of
Biomedical Innovation (Osaka, Japan). The CpG ODNs and the
preparation and characterization of K3-SPG were previously
described (9). Construction of chicken-mouse IgG2a chimeric
antibody and production of anti-human GPC1 mAb clone1-12 were
previously described (12).

Flow cytometric analysis. Xenograft tumor cells were collected on
day 2 and on day 10 during treatment from TE14-bearing female
SCID mice in the four groups, in which treatment was administered
on days 1, 4, and 7. Resected xenograft tumors were washed in PBS
(Nacalai Tesque). Tumor tissues were cut into small pieces by
scissors in RPMI1640 medium (Wako, Osaka, Japan) with 10%
FBS, collagenase D, and DNase I and incubated for 30 min at 37˚C.
Tumor cells were isolated as reported previously (13).

After preparation of the tumors, tumor-infiltrated cells were
stained with anti-CD45 (30-F11), anti-F4/80 (BM8), anti-CD49b
(DX5), and anti-CD69 (H1.2F3) antibodies (Biolegend, San Diego,
CA, USA). Canto II Flow Cytometer (Becton Dickinson, Mountain
View, CA, USA) was used to assess the CD45+ CD49b+ cell
numbers and the CD69+/CD49b+ ratio on day 2, and to determine
the CD45+ F4/80+ cell numbers on day 10. The data were analyzed
using the Flow JO (Tree Star, Stanford, CA, USA)

Statistical analysis. Data are shown as mean±SE values for in vivo
experiments. One-way ANOVA followed by Turkey’s post hoc test
was used to test for statistically significant differences between
groups. Differences were considered significant at p<0.05. All
analyses were performed using BellCurve for Excel (Social Survey
Research Information Co., Ltd. Tokyo, Japan). 

Results

Anti-GPC1 mAb and K3-SPG exhibit dose-dependent
antitumor activity. To determine the optimum concentration
of anti-GPC1 mAb and K3-SPG for combination therapy, we
first evaluated their individual dose-dependent antitumor
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activities. Treatment with 400 μg anti-GPC1 mAb resulted
in reduction in tumor volume and weight compared with
mouse IgG2a treatment (Figure 1A and B), and the effect
seemed to be greater than those observed with lower doses.
Similarly, the K3-SPG at 10 μg and 20 μg groups exhibited
a significant reduction in tumor volume and weight (all
p<0.0001) compared with the PBS group (Figure 1C and D),
and the effects were stronger than that observed with 2.5 μg
K3-SPG. These results demonstrated that both anti-GPC1
mAb and K3-SPG have dose-dependent antitumor activity.

Anti-GPC1 mAb and K3-SPG exhibit synergistic therapeutic
effects. Treatment with combination regimen (d) resulted in
antitumor activity tendency compared with the control
regimen (a) in terms of reductions in tumor volume and
weight (p=0.0859 and p=0.0928, respectively) (Figure 2A
and B). The reductions were also greater than those of the
individual treatments with anti-GPC1 mAb (c) and K3-SPG
(b). These results demonstrate that the combination therapy
exhibits synergistic antitumor activity.

K3-SPG induces tumor macrophage and NK cell infiltration.
The dot plots in Figure 3A show representative results of the
flow cytometric analysis of F4/80+ macrophages. In tumors
treated with regimen (b) and (d), the number of macrophage
cells was significantly higher (p=0.0408 and p=0.0133,
respectively) than that of the control regimen (a) (Figure
3B). The dot plots and histograms in Figure 3C show
representative results of flow cytometry analysis of CD49b+
NK cells and CD69 expression on CD49b+ NK cells. In
tumors treated with regimen (b) and (d), the CD49b+ CD69+
activated NK cells/CD49b+ total NK cells ratio was
significantly higher than that of the control regimen (a)
(p=0.0029 and p=0.0058, respectively) (Figure 3D). 

Discussion

This study represents the first confirmation of the individual
dose-dependent antitumor activity of anti-GPC1 mAb and K3-
SPG. Thus, a high concentration of the mAb is required to
achieve greater efficacy, which may be a concern for increasing
the risk of adverse effects given that slight expression of GPC1
has been observed in the testis, ovary, and heart (12). In
addition, a high therapeutic dose of an antibody requires the
expensive large-scale capacity for antibody production. K3-SPG
also exhibited a stronger antitumor effect at high doses, which
could also pose a risk since a high dose of a K CpG ODN
induced splenomegaly in a mouse model (14). In a human
clinical trial, a CpG ODN showed dose-dependent local
injection reactions or systemic flu-like reactions (15). Thus, the
benefits of a CpG ODN must be balanced against the risk of
adverse reactions. In addition, CpG ODN monotherapy can be
sufficient for relatively small tumors, but often needs to be

combined with other agents such as mAbs to induce antitumor
activity in larger tumors (16). Here, we demonstrated the
significant therapeutic activity of combination therapy with anti-
GPC1 mAb and K3-SPG at low respective doses in a GPC1-
positive ESCC xenograft model. K3-SPG increased the activity
of anti-GPC1 mAb at low doses, suggesting that the
combination therapy may allow the use of a decreased
therapeutic dose of anti-GPC1 mAb to potentially reduce the
possibility of adverse effects.

We used SCID mice to establish the ESCC xenograft
model, which are competent in NK cells and macrophages
but lack B-cells and T-cells. We found that K3-SPG
monotherapy increased the tumor infiltration of macrophages
and activated NK cells. These results suggest that K3-SPG
might potentially augment the ADCC of anti-GPC1 mAb by
inducing an immune response with NK cells and
macrophages without an immune response via B-cells (17). 

In addition to ESCC, increased expression of GPC1 has
been reported in pancreatic cancer, breast cancer, cervical
cancer, and glioma, with common effects of promoting the
mitogenic metastatic and angiogenic properties of these cancers
(11, 18-23). Therefore, anti-GPC1 mAb may have antitumor
efficacy for these GPC1-positive cancers. We previously
reported several clones of anti-GPC1 mAb and found that
clone 01a033 had particularly high internalizing activity (21).
Furthermore, we conjugated the anti-GPC1 mAb clone 01a033
with the cytotoxic agent monomethyl auristatin F (MMAF) and
found that this GPC1-targeted antibody-drug conjugate shad
antitumor activity against GPC1-positive uterine cervical
cancer and pancreatic cancer (21, 23). Anti-GPC1 mAb named
clone 1-12 was found to be the suitable clone in terms of
ADCC, with specific binding to GPC1 positive cell lines and
high binding affinity to GPC1 protein (12). We hypothesize
that K3-SPG augmented the ADCC activity of anti-GPC1 mAb
and the combination therapy had the strongest anti-tumor effect
in this study (Figure 2). Therefore, anti-GPC1 mAb has
potential as a novel therapeutic modality for patients with
GPC1-positive cancers. 

There are several limitations to this study that should be
mentioned. First, we were able to demonstrate an increase in
tumor-infiltrating macrophages and activated NK cells in
xenografted immunodeficient SCID mice; however, the
effects of B-cell or T-cell responses are still unclear. Second,
i.t. injection is required for the effective treatment with K3-
SPG. In ESCC, i.t. injection is possible for localized cancer.
However, a recent study demonstrated the antitumor activity
of the systemic administration of K3-SPG, which suggests
that K3-SPG can also be used for the treatment of advanced
ESCC with metastasis (24).

In summary, combination therapy with anti-GPC1 mAb
and K3-SPG exerts antitumor activity and induces significant
infiltration of macrophages and activated NK cells in K3-
SPG-treated tumors in a xenograft model of ESCC. Thus,
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Figure 1. Anti-GPC1 mAb or K3-SPG monotherapy shows dose-dependent antitumor activity in SCID mice. (A, B) Xenografted SCID mice treated
with 400 μl of mouse IgG2a or anti-GPC1 mAb (25, 100, and 400 μg in 400 μl of PBS/mouse) by intraperitoneal (i.p.) injection. There were 8 mice
in the mouse IgG2a group, 6 mice in the anti-GPC1 mAb 25 μg group, and 7 mice in the rest two groups. (C, D) Xenografted SCID mice treated
with PBS or K3-SPG (2.5, 10, and 20 μg in 25 μl of PBS/mouse) by intratumoral (i.t.) injection. Seven mice were used in each group.



combination therapy with K3-SPG and anti-GPC1 mAb or
other antitumor agents depending on ADCC may represent a
novel treatment option for cancer. 
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Figure 2. Combination therapy with anti-GPC1 mAb and K3-SPG exerted synergistic antitumor activity. (A, B) Xenografted SCID mice were treated
by intraperitoneal/intratumoral injection of (a) PBS/PBS, (b) PBS/K3-SPG (2.5 μg/mouse), (c) anti-GPC1 mAb (25 μg/mouse)/PBS, and (d) anti-
GPC1 mAb (25 μg/mouse)/K3-SPG (2.5 μg/mouse). Six mice were used in each treatment group.
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Figure 3. K3-SPG increases the tumor infiltration of macrophages and NK
cells. Xenografted SCID mice were treated by intraperitoneal/intratumoral
injection of (a) PBS/PBS, (b) PBS/K3-SPG (2.5 μg/mouse), (c) anti-GPC1
mAb (25 μg/mouse)/PBS, and (d) anti-GPC1 mAb (25 μg/mouse)/K3-SPG
(2.5 μg/mouse). Three mice were used in each treatment group. (A) Flow
cytometric analysis of tumor-infiltrated macrophages. Tumor-infiltrated
cells were isolated and gated on CD45+ cells. Representative dot plot data
of F4/80+ macrophages in tumors treated with regimens (a) to (d) are
shown. (B) Significantly higher numbers of macrophages were observed in
tumors treated with regimen (b) than in those treated with regimen (a)
(p=0.0098). (C) Flow cytometry analysis of the tumor-infiltrated NK cells.
Representative dot plot data of CD49b+ NK cells and histogram data of
CD69 expression on CD49b+ NK cells in tumors treated with regimens (a)
to (d) are shown. (D) Significantly higher CD49b+ CD69+ activated NK
cells/CD49b+ total NK cells ratio in tumors treated with regimen (b) than
in those treated regimen (a) (p=0.0354).
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