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Introduction

Persistent infection with human papillomavirus (HPV) is

associated with cervical cancer, which is the second leading

cause of cancer-related deaths among women [1, 2]. To

date, more than 40 subtypes of HPVs that infect human

genitals have been reported, and of them, HPV type 16

(HPV16) is found in 50% of cervical cancers [3-6]. Although

prophylactic vaccines are used worldwide for the

prevention of several types of HPV infection, they barely

induce therapeutic effects against persistent infections and

the precancerous stage [3, 7]. Thus, clinical studies of

several therapeutic vaccines have been investigated in

patients with no effective vaccine efficacy [8]. As the E7

protein is expressed in cervical cancer cells, HPV16 E7 is

considered a potential target antigen for therapeutic

vaccines [9, 10]. Effective therapeutic cancer vaccines

induce robust immunogenicity against tumor antigens,

such as activation of cytotoxic T lymphocytes (CTLs) and

natural killer (NK) cells [8]. Targeting HPV16 E7 has been

reported to eradicate HPV-infected cells by inducing

antigen-specific cytotoxic CD8+ T cell responses [8, 11].

Recently, we developed Lactobacillus casei expressing

HPV16 E7 protein on its surface (L. casei-E7) using a surface

display system. Upon oral administration of L. casei-E7 in a

mouse model, we found that it significantly enhanced E7-

Received: June 11, 2019

Revised: July 31, 2019

Accepted: August 1, 2019

First published online

August 7, 2019

*Corresponding author

Phone: +82-42-860-4157;

Fax: +82-42-879-8498;

E-mail: haryoung@kribb.re.kr

pISSN 1017-7825, eISSN 1738-8872

Copyright© 2019 by

The Korean Society for Microbiology 

and Biotechnology

The conventional prophylactic vaccines for human papillomavirus (HPV) efficiently prevent

infection with high-risk HPV types, but they do not promote therapeutic effects against

cervical cancer. Previously, we developed HPV16 E7-expressing Lactobacillus casei (L. casei-E7)

as a therapeutic vaccine candidate for cervical cancer, which induces antitumor therapeutic

effects in a TC-1 murine cancer model. To improve the therapeutic effect of L. casei-E7, we

performed co-treatment with poly-gamma-glutamic acid (γ-PGA), a safe and edible

biomaterial naturally secreted by Bacillus subtilis. We investigated their synergistic effect to

improve antitumor efficacy in a murine cancer model. The treatment with γ-PGA did not show

in vitro cytotoxicity against TC-1 tumor cells; however, an enhanced innate immune response

including activation of dendritic cells was observed. Mice co-administered with γ-PGA and

L. casei-E7 showed significantly suppressed growth of TC-1 tumor cells and an increased

survival rate in TC-1 mouse models compared to those of mice vaccinated with L. casei-E7

alone. The administration of γ-PGA markedly enhanced the activation of natural killer (NK)

cells but did not increase the E7-specific cytolytic activity of CD8+ T lymphocytes in mice

vaccinated with L. casei-E7. Overall, our results suggest that oral administration of γ-PGA

induces a synergistic antitumor effect in combination with L. casei-E7.

Keywords: Poly-gamma-glutamic acid, adjuvant, Lactobacillus casei, HPV16 E7, cervical cancer,

natural killer cells
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specific serum immunoglobulin G (IgG) and mucosal IgA

levels. Additionally, it significantly induced cellular

immune responses by enhancing E7-specific lymphocytes

and interferon-γ (IFN-γ)-secreting cells in splenocytes. In

HPV16 E7-expressing TC-1 tumor-bearing mice, oral

administration of L. casei-E7 was observed to significantly

reduce TC-1 tumor size and remarkably increase the

survival rate of immunized mice compared to those of the

control group (L. casei) mice [4].

Poly-gamma-glutamic acid (γ-PGA) is naturally secreted

by Bacillus subtilis and composed of glutamic acid polymers

bonded via γ-amide linkages [12, 13]. As γ-PGA is an

ingredient of fermented soybean foods, its oral uptake is

considered safe [13, 14]. Specifically, γ-PGA has been

reported to promote activation of dendritic cells (DCs),

leading to an increase in T helper cell type 1 (Th1)-mediated

immune responses [15]. Moreover, oral administration of γ-

PGA has been shown to induce antitumor effects by

stimulating the activation of NK cells. These findings imply

that γ-PGA can have a synergistic effect on the antitumor

effect of L. casei-E7 [13, 15, 16].

In this study, we investigated the synergistic antitumor

effect of γ-PGA on L. casei-E7 vaccination. Compared to

those of mice that were orally administered with L. casei or

L. casei-E7 alone, the tumor size and survival rate of mice

co-administered with γ-PGA and L. casei-E7 were observed

to be alleviated in TC-1 tumor-bearing mice. To understand

the mechanism of antitumor activity, E7-specific cytolytic T

cell frequency was analyzed using HPV16 E749-57 peptide

(RAHYNIVTF) presented with H-2Db MHC I Tetramer.

Additionally, IFN-γ-secreting cells were evaluated in the

spleen by flow cytometry and enzyme-linked immunospot

(ELISPOT) assay. NK cell activation was analyzed by

investigating the surface expression of lysosomal-associated

membrane protein 1 (CD107a), a functional marker to

study NK cell activation. Our results revealed that oral

treatment with γ-PGA enhanced the activities of CD107a-

expressing NK cells but it did not increase the E7-specific

cytolytic T cells in mice administered with L. casei-E7.

Overall, our results showed that γ-PGA markedly enhanced

the antitumor efficacy of L. casei-E7 vaccine. Thus, γ-PGA

may be a promising adjuvant for L. casei-E7 vaccine and

other therapeutic tumor vaccines.

Materials and Methods

Mice, Cells, and Reagents

Six-week-old female C57BL/6 mice were purchased from Orient

Bio Inc. (Korea). Mice were housed in the specific pathogen-free

animal facility at the Korea Research Institute of Bioscience and

Biotechnology (KRIBB, Korea). All animal experiments were

reviewed and approved by the Institutional Animal Care and Use

Committee (IACUC) of KRIBB and experiments were performed

according to the approved guidelines (KRIBB-AEC-16154, KRIBB-

AEC-17036). The primary lung epithelial cells of C57BL/6 mice,

TC-1 cells, were transduced with retroviral vectors expressing

HPV16 E6/E7 and activated c-Ha-ras, which were kindly

provided by TC Wu (Johns Hopkins University, USA). RAW 264.7

cells, mouse macrophage cell line, were purchased from American

Type Culture Collection (ATCC, USA). TC-1 cells and RAW 264.7

cells were maintained in RPMI 1640 (Gibco-BRL, USA) containing

10% heat-inactivated fetal bovine serum (FBS; Gibco-BRL, USA),

100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco-BRL).

To generate bone marrow-derived dendritic cells (BMDCs), bone

marrow cells were incubated with 20 ng/ml granulocyte-

macrophage colony-stimulating factor (GM-CSF) and 10 ng/ml

interleukin 4 (IL-4) (Peprotech, USA) for 7 days, with 50% of

media being changed on days 3 and 6 by substituting half of the

media containing GM-CSF and IL-4. L. casei-E7 (5 × 109 cells/mouse)

was provided by Bioleaders Corporation (Korea), and γ-PGA

(average molecular mass = 2,000 kDa) was purchased from

Bioleaders Corporation (Korea).

Viability Assay

TC-1 cells (2 × 103 cells/well) were seeded in a 96-well culture

plate and treated with 0 to 0.5 mg/ml γ-PGA or 0.5% Triton X-100

as a positive control for 48 h. After the treatment, 20 μl of WST-1

solution (Roche, Switzerland) was added to each well and

incubated for an additional 2 h. Subsequently, the optical density

(OD) was measured at 420 nm using a microplate reader (Molecular

Devices, USA), and the OD of PBS-treated cells (control) was

considered the 100% survival rate for comparative analysis.

Enzyme-Linked Immunosorbent Assay (ELISA)

RAW 264.7 cells were incubated with γ-PGA (200 μg/ml) or

lipopolysccharide (LPS) (1 μg/ml) for 24 h. Culture supernatants

were harvested and assessed to determine tumor necrosis factor-α

(TNF-α) levels using an OptEIA kit (BD Biosciences, USA)

according to the manufacturer’s instructions. Briefly, an anti-TNF-

α antibody-coated plate was blocked with 10% FBS in PBS, and

cultured supernatants were incubated for 2 h. Then, biotinylated

anti-mouse TNF and streptavidin-horseradish peroxidase conjugate

were added for 1 h. The plate was developed with a chromogenic

tetramethylbenzidine substrate (BD Biosciences, USA), and each

well was terminated with stop solution (2 N H2SO4). The OD was

measured at 450 nm using a microplate reader.

Oral Administration and Tumor Challenge

TC-1 cells at a seeding density of 2 × 104 cells in 100 μl of PBS

were subcutaneously injected on the right-side flank of each

C57BL/6 mouse (n = 10 per group). To investigate the therapeutic

efficacy of γ-PGA (2,000 kDa; 800 μg/mouse) and L. casei-E7 (5 ×
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109 cells/mouse), oral administration was initiated one week after

tumor cell challenge. Mice were administered 800 μg of γ-PGA

(2,000 kDa) or PBS five times per week on weeks 0, 3, 5, 6, and 7

via the intragastric route. Oral administration of L. casei (5 × 109

cells/mouse) or L. casei-E7 (5 × 109 cells/mouse) was supplied five

times per week on weeks 1, 2, 4, and 8. Tumor size was measured

three times per week using a digital caliper, and tumor volume

was calculated according to the formula: volume in mm3 = (L ×

W2)/2, where the two-dimensional longest axis is denoted by L

(mm) and the shortest axis by W (mm).

Flow Cytometry

To evaluate the effect of γ-PGA on cytotoxicity, TC-1 cells (5 ×

105 cells/well) were treated with γ-PGA (0, 0.0625, 0.125, 0.25, and

0.5 mg/ml) or puromycin (1 μg/ml; Sigma Aldrich, USA) and

incubated for 48 h. After incubation, the cells were harvested and

stained using a 7-aminoactinomycin D (7-AAD)/Annexin V

staining kit (BD Biosciences, USA). To determine the expression of

surface markers of BMDCs, cells were treated with γ-PGA

(200 μg/ml) or LPS (1 μg/ml) for 24 h and then stained with

fluorescent dye-conjugated anti-mouse clusters of differentiation

40 (CD40), CD80, CD86, and MHC class II (MHC II) antibodies

(BD Biosciences). To investigate the frequency of CD107a-

expressing NK cells, splenocytes (5 × 105 cells) were harvested

from the administered mice and co-cultured with TC-1 cells (5 ×

104 cells) in the presence of Golgiplug (BD Bioscience) for 3 h,

followed by further incubation with PE-conjugated anti-mouse

CD107a antibodies (1 μl/sample; BD Biosciences) for 12 h.

Furthermore, cells were incubated with anti-mouse CD16/CD32

antibodies (BD Biosciences) for blocking Fcγ receptors and stained

with PerCP-conjugated anti-mouse T cell surface glycoprotein

CD3 epsilon chain (CD3ε) (BD Biosciences) and Alexa 647-

conjugated anti-mouse killer cell lectin-like receptor subfamily B

member 1C (NK1.1) antibodies (Biolegend, USA). To evaluate the

percent of antigen-specific CD8+ T cells, splenocytes (1 × 106 cells)

were stained with APC-conjugated HPV16 E749-57 peptide

(RAHYNIVTF) presented with H-2Db MHC I tetramer (MBL,

USA) and FITC-conjugated anti-mouse CD8 antibodies (BD

Biosciences) for 30 min. The stained cells were evaluated using a

FACSCalibur flow cytometer with CellQuest Pro software (BD

Biosciences), and data were analyzed by FlowJo software (Tree

Star, USA).

Enzyme-Linked Immunospot (ELISPOT) Assay

Splenocytes from the orally administered mice (5 × 105 cells/

well) were stimulated with the HPV16 E749-57 peptide-specific CTL

peptide (RAHYNIVTF) (1 μg/ml; AnaSpec Inc., USA) for 72 h.

The number of IFN-γ-producing spot-forming units (SFUs) was

measured using a mouse IFN-γ ELISPOT kit (BD Biosciences)

according to the manufacturer’s instructions.

Statistical Analysis

Statistical differences between the two groups were assessed

using two-tailed Student’s t-test, and one-way ANOVA followed

by Bonferroni correction (ANOVA/Bonferroni) to compare

multiple groups. All data are presented as the mean ± standard

deviation (SD) except for tumor size, survival rate, and tumor-free

mouse rate, which are shown as the mean ± standard error of the

mean (SEM). The log-rank test was used to analyze the survival

rate and tumor-free mouse rate between the two groups. Tumor

size, survival rate, and tumor-free mouse rate analyses were

performed using Prism software (GraphPad, USA). p < 0.05 was

considered a statistically significant difference.

Results

Treatment with γ-PGA Does Not Affect the Viability of

Tumor Cells but Induces the Activation of Innate

Immune Cells In Vitro

To investigate whether γ-PGA directly affects cytotoxicity

of tumor cells, we first examined the effect of γ-PGA on the

viability of tumor cells. TC-1 cells were treated with γ-PGA

(2,000 kDa; 0-0.5 mg/ml) for 48 h. Furthermore, cell

viability and cell death were analyzed by WST-1 assay and

Annexin-V staining, respectively. As shown in Fig. 1A,

treatment with γ-PGA did not affect the viability of TC-1

cells (97.58 ± 1.24%), while treatment with Triton X-100

(control) was observed to significantly decrease the percent

of viability (6.81 ± 2.52%). Further analysis revealed that

the number of apoptotic (Annexin-V+) and necrotic (7-

AAD+/Annexin-V-) cells was lower after treatment with

γ-PGA (9.35 ± 1.53%). However, upon treatment with

puromycin as a control, a considerable increase in the

percent of apoptotic and necrotic cells (46.77 ± 10.99%) was

observed (Fig. 1B). Overall, the results suggested that

γ-PGA does not induce cytotoxicity in tumor cells. In vitro

treatment of γ-PGA has been reported to induce innate

immune responses, such as activation and cytokine

production of macrophage and DCs [13-15]. Thus, we

evaluated the effect of γ-PGA on innate immune responses

using RAW 264.7 cells (macrophage cells) and BMDCs.

RAW 264.7 cells were incubated with γ-PGA (200 μg/ml) or

LPS (1 μg/ml) for 24 h, and the culture supernatants were

then assessed by ELISA to determine the expression level

of TNF-α. As shown in Fig. 1C, γ-PGA induced 13.5-fold

higher TNF-α expression levels than PBS treatment. A

similar trend was observed with TNF-α expression levels

upon LPS treatment (p < 0.001) secreted from RAW 264.7

cells compared to TNF-α levels upon PBS treatment.

Furthermore, the expression levels of co-stimulatory

molecules, such as CD40, CD80, CD86, and MHC II

molecules, were significantly increased in γ-PGA-treated

BMDCs compared to their expression levels in PBS-treated
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cells (Fig. 1D). As hypothesized, our results revealed that

γ-PGA induces innate immunity by activating DCs and

TNF-α production in macrophages.

Oral Administration of γ-PGA Markedly Enhances the

Antitumor Activity of Mice Immunized with L. casei-E7

To evaluate the therapeutic antitumor efficacy of co-

administration of γ-PGA and L. casei-E7 in the mouse

model, TC-1 cells were subcutaneously injected into mice 7

days before oral administration. Then, mice were

administered γ-PGA (2,000 kDa; 800 μg/mouse) five times

per week via the intragastric route on weeks 0, 3, 5, 6, and

7. Oral administration of L. casei-E7 (5 × 109 cells/mouse)

was given five times per week on weeks 1, 2, 4, and 8

(Fig. 2A). Individual administration of L. casei was used as

a negative control. The tumor volume and mouse survival

rate were measured three times per week for 15 weeks after

the first oral administration; the absence of tumors was

also recorded. Fifty days after administration of the first

dose, the tumor volume was found to be significantly

decreased in mice co-treated with γ-PGA and L. casei-E7

(99.82 ± 55.10 mm3) compared to that of PBS (963.84 ±

240.90 mm3) (p < 0.05) or L. casei (778.88 ± 282.35 mm3) (p <

0.05) treated mice (Fig. 2B). Additionally, the survival rate

was observed to be significantly increased in mice co-

treated with γ-PGA and L. casei-E7 (90%) compared to the

survival rate observed in PBS (10%) (p < 0.001), L. casei

(30%) (p < 0.01), or L. casei-E7 (40%) (p = 0.067) treated mice

at day 85 post-first dose administration (Fig. 2C). The

percentage of tumor-free mice was found to be increased in

γ-PGA plus L. casei-E7-treated mice (70%) compared to that

of PBS (10%) (p < 0.01), L. casei (30%) (p = 0.11), or L. casei-E7

(40%) (p = 0.24) treated mice at day 85 after administration

of the first dose (Fig. 2D). Overall, the results suggested

that administration of γ-PGA significantly enhanced the

antitumor effect of L. casei-E7 in a TC-1 tumor mouse model.

Oral Administration of γ-PGA Promotes Activation of

NK Cells but Does Not Induce E7-Specific CTL Activity

in Mice Immunized with L. casei-E7

An earlier study reported that oral administration of

L. casei-E7 induces antitumor effects in a TC-1 tumor-

Fig. 1. The effect of γ-PGA on the viability of tumor cells and the activation of immune cells in vitro.

(A) TC-1 cells were treated with 0 to 0.5 mg/ml γ-PGA or 0.5% Triton X-100 for 48 h. To determine the viability of tumor cells, TC-1 cells were

subjected to a WST-1 assay. (B) To measure the percentages of apoptotic and necrotic cells, TC-1 cells were treated with 0 to 0.5 mg/ml γ-PGA or

1 μg/ml puromycin for 48 h, stained using a 7-AAD/Annexin V staining kit, and analyzed by flow cytometry. (C) RAW 264.7 cells were treated

with γ-PGA (200 μg/ml) or LPS (1 μg/ml) for 24 h. The level of TNF-α was measured in the culture supernatants by ELISA. (D) BMDCs were

treated with γ-PGA (200 μg/ml) or LPS (1 μg/ml) for 24 h. The expression of co-stimulatory molecules and MHC II was analyzed by flow

cytometry. Statistical differences were analyzed by t-test; *** p < 0.001 compared with an untreated control. Data are presented as the mean ± SD

and are representative of three independent experiments with similar results.
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bearing mouse model by increasing antigen-specific CTL

activity [4]. As γ-PGA activated innate immune responses

capable of enhancing adaptive immunity, we hypothesized

that co-treatment of γ-PGA and L. casei-E7 could upregulate

L. casei-E7-mediated CTL activity more than treatment of

L. casei-E7 alone. Thus, we performed an experiment as

shown in Fig. 3A. Three days after the last administration,

splenocytes were isolated and stained with fluorescent

dye-conjugated anti-CD8 antibodies and HPV16 E749-57-

specific Tetramer. As shown in Fig. 3B, flow cytometry

revealed that the percentage of E749-57-specific CD8+ T cells

significantly increased in γ-PGA plus L. casei-E7-treated

mice (1.37 ± 0.36%) compared to that of PBS (0.77 ± 0.18%)

and L. casei (0.81 ± 0.14%) treated mice (p < 0.05). Compared

to L. casei-E7 group, γ-PGA plus L. casei-E7 group showed a

higher percentage of E749-57-specific CD8+ T cells. However,

no significant difference was observed. Furthermore, we

found that L. casei-E7 treated mice had a higher percentage

of E749-57-specific CD8+ T cells (1.05 ± 0.26%) than PBS or

L. casei-treated mice. Next, we examined CTL activity by

stimulating the splenocytes from the immunized mice with

the MHC I-restricted HPV16 E749-57 peptide for 72 h. Then,

the number of IFN-γ-producing SFUs was measured via

ELISPOT assay. As shown in Fig. 3C, the number of HPV16

E749-57-specific IFN-γ-producing cells significantly increased

approximately 5-fold in γ-PGA and L. casei-E7 co-treated

mice (43 ± 5 SFUs) compared to that of PBS (5 ± 2 SFUs)

(p < 0.01) or L. casei (11 ± 4 SFUs) (p < 0.01) treated mice.

Mice treated with L. casei-E7 alone were found to have a

significantly increased number of E7-specific IFN-γ-

producing cells (43 ± 8 SFUs) compared to that of PBS (p <

0.01) or L. casei (p < 0.01) treated mice. However, a similar

Fig. 2. The antitumor efficacy of oral administration with L. casei-E7 and γ-PGA. 

To investigate the therapeutic efficacy of L. casei-E7 and γ-PGA in tumor-bearing mice, (A) TC-1 cells (2 × 104 cells) were injected subcutaneously

into C57BL/6 mice (n = 10/group). One week after tumor cell challenge, mice were orally administered with L. casei-E7 (5 × 109 cells/mouse) and

γ-PGA (2,000 kDa, 800 μg/mouse) five times per week for 9 weeks. (B) Tumor size, (C) survival rate (%), and (D) tumor-free mice (%) were

monitored three times per week and calculated according to the formula (i.e., mm3 = (L×W2)/2 (L: the two-dimensional longest axis (in mm), W:

shortest axis (in mm). Statistical differences were analyzed by t-test (B) or log-rank test (C and D), *, p < 0.05; **, p < 0.01; and ***, p < 0.001. Data

are presented as the mean ± SEM.



Adjuvant Effect of Poly-Gamma-Glutamic Acid 1449

September 2019⎪Vol. 29⎪No. 9

increasing trend was observed in γ-PGA plus L. casei-E7-

treated mice. Overall, these results suggested that oral

administration of γ-PGA partially increased L. casei-E7-

specific CTL activity.

Since NK cells are known as cytolytic effector cells, they

play a critical role in the immunosurveillance of tumor cells

by directly inducing tumor cell death, particularly when

cancer cells evade recognition by CD8+ T cells due to

downregulated expression of MHC I molecules [16].

Previously, we reported that oral administration of γ-PGA

enhances the NK cell population [13]. As there was no

significant difference observed in induction of CTL activity

by oral administration of L. casei-E7 alone and γ-PGA plus

L. casei-E7, we investigated the percentage and activation

of NK cells in tumor-bearing mice. Mice were orally

administered γ-PGA and L. casei-E7 as described above,

and the frequency of NK cells was analyzed by staining

splenocytes with fluorescent dye-conjugated antibodies

specific to NK1.1 and CD3ε and quantitation via flow

cytometry. As shown in Fig. 4A, the percentage of NK1.1+

CD3ε- cells was significantly increased in mice co-treated

with γ-PGA and L. casei-E7 (2.55 ± 0.05%) compared to that

of L. casei (1.98 ± 0.11%) (p < 0.01) and L. casei-E7 (2.22 ±

0.03%) (p < 0.001) treated mice. Thus, the results indicated

that co-treatment with γ-PGA and L. casei-E7 efficiently

increased the frequency of NK cells. CD107a is a known

functional marker for the activity of NK cells, and its

expression correlates with NK cell-mediated lysis of target

cells [17]. Subsequently, we investigated the percentage of

CD107a-expressing NK cells. As shown in Fig. 4B, the

percentage of CD107a-expressing NK cells was higher in γ-

PGA plus L. casei-E7-treated mice (22.37 ± 2.33%) compared

to that of L. casei (18.67 ± 1.12%) (p = 0.096) and L. casei-E7

(19.37 ± 0.64%) (p = 0.067) treated mice. These results

suggested that administration of γ-PGA significantly

enhanced the frequency and activation of NK cells induced

by L. casei-E7 alone. Overall, our results revealed that γ-PGA

may be a potential adjuvant for a L. casei-E7 therapeutic

vaccine to improve the antitumor effect in a TC-1 tumor

mouse model and that the mechanism is mediated by NK

cell activation.

Fig. 3. Antigen-specific CTL responses to oral administration of L. casei-E7 and γ-PGA. 

(A) C57BL/6 mice (n = 10) were orally given L. casei-E7 (5 × 109 cells/mouse) or γ-PGA (2,000 kDa, 800 μg/mouse) five times per week for 9 weeks,

and the spleens were harvested from immunized mice. To determine antigen-specific CD8+ T cells, (B) splenocytes were stained for E7 peptide-

specific (H-2Db-RAHYNIVTF) CD8+ T cells and acquired by flow cytometry, and (C) splenocytes were treated with 1 μg/ml HPV16 E7-specific

CD8-restricted peptide (RAHYNIVTF) for 72 h. Then, the number of IFN-γ-producing SFUs was measured by IFN-γ ELISPOT assay. Statistical

differences were analyzed by t-test, *, p < 0.05; and **, p < 0.01. Data are presented as the mean ± SD.
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Discussion

In this study, we showed that oral administration of γ-

PGA significantly enhanced the antitumor efficacy of

L. casei-E7 in a TC-1 mouse model. Regression of tumor cell

growth and enhanced survival rate was observed for γ-

PGA plus L. casei-E7 treated mice compared to the tumor

growth and survival rate for mice immunized with L. casei-

E7 alone. Furthermore, we showed that the mechanism by

which γ-PGA enhanced the antitumor activity of L. casei-E7

resulted in an increased activation of NK cells rather than

an increase in E7-specific CTL activity. NK cells are

activated by IL-12 cytokine secreted from innate immune

cells (e.g., macrophages and DCs), and we previously

reported that γ-PGA induces the production of IL-12 in

macrophages and DCs and increases NK cell activation in

both mice and humans. [13, 18]. Therefore, γ-PGA-induced

IL-12 production may efficiently support NK cell activation.

In the case of CTL activity, because L. casei-E7 itself can

sufficiently increase antigen-specific CTL activity, combi-

nation treatment with γ-PGA may not induce a significant

increase in CTL activity. Several reports have shown that

NK cells are crucial in promoting antitumor effects [13, 19].

In our study, compared to administration of L. casei-E7

alone, co-administration of γ-PGA and L. casei-E7 showed a

significantly increased frequency of NK cells (p < 0.001).

The expression of the activation marker, CD107a, was

increased in co-administration of γ-PGA and L. casei-E7

compared with that in administration of L. casei-E7 alone

(p = 0.067). NK cell activation includes increases of cell

frequency as well as activation marker expression [20].

When NK cells are activated by tumor antigens, they

effectively eliminate the escape of tumor cells in the tumor

microenvironment [19, 21]. In contrast, when NK cells are

depleted, enhanced tumor cell growth has been reported

[16, 22]. Notably, in MHC I-downregulated tumors, NK

cells are known to be the major compounds of the immune

mechanisms that recognize and kill the infected cells and

mediate adaptive immune responses [16, 23]. As a result,

the development of many cancer vaccines is focused on the

activation of NK cells using immunogenic agents [16].

Similarly, our results suggest that oral administration of γ-

Fig. 4. The increases in NK cells and CD107a-expressing NK cells in response to oral administration of L. casei-E7 and γ-PGA.

(A) To compare the frequencies of NK cells in immunized mice, splenocytes were stained with Alexa 647-conjugated anti-mouse NK1.1 and

PerCP-conjugated anti-mouse CD3ε antibodies, and the percentage of CD3ε- NK1.1+ cells was analyzed using flow cytometry. (B) To investigate

CD107a-expressing NK+ cells, splenocytes were co-cultured with TC-1 cells for 3 h and then cultured with PE-conjugated anti-mouse CD107a

antibodies for 12 h. The cells were stained and analyzed by flow cytometry. Statistical differences were analyzed by t-test, *, p < 0.05; **, p < 0.01;

and ***, p < 0.001. Data are presented as the mean ± SD.
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PGA significantly enhances the antitumor effect of L. casei-

E7, which is mediated via activation of NK cells.

Consistent with previous studies, we found that treatment

with γ-PGA induced innate immunity via increased TNF-α

production by macrophages and increased expression of

co-stimulatory molecules of DCs [13]. In addition, γ-PGA

itself had no cytotoxicity, similar to a previous report on

melanoma [13]. It has been reported that γ-PGA induces

innate immune responses through toll-like receptor 4

(TLR4) signaling that stimulates Th1-biased immune

responses [13, 15]. Thus, as TLR4 signaling promotes innate

and Th1-mediated adaptive immune responses, TLR4 can

be used to improve the efficacy of cancer vaccines [24].

Various TLR4 agonists have been studied as antitumor

immunotherapeutic agents [13, 25], and only mono-

phosphoryl lipid A (MPL) as a TLR4 agonist has been

approved for human use [26]. Furthermore, MPL has been

investigated as a cancer vaccine adjuvant in many clinical

trials [26, 27]. Thus, we suggest that γ-PGA can improve the

efficacy of vaccines by activating innate immune responses.

Our results revealed the improved antitumor efficacy of

L. casei-E7 upon oral administration with γ-PGA.

Administration routes are crucial in determining drug

delivery mechanisms and activation of immune responses

[28]. Notably, oral administration is the most attractive

route due to it being a safe, convenient, and painless

method [4, 28]. Furthermore, oral treatment can induce

mucosal immune responses that also lead to adaptive

immune responses. Several studies have demonstrated that

oral administration of antigens and TLR agonist improves

overall immune responses [4, 13, 28]. Thus, oral

administration of γ-PGA may be beneficial in improving

efficacy. Although prophylactic vaccines have been used

worldwide, HPV infection constantly poses a public threat.

Because prophylactic HPV vaccines are known to exert no

therapeutic effects on pre-existing HPV infections and

associated precancerous stages, there is an urgent need to

develop a therapeutic vaccine with intense immunogenicity.

In this study, oral administration of γ-PGA remarkably

suppressed tumor growth and enhanced the survival rate

in TC-1 tumor-bearing mice. Our results showed the

synergistic antitumor effect of oral administration of γ-PGA

and L. casei-E7. However, further studies are required to

evaluate the therapeutic effect in clinical trials. In conclusion,

our study suggests that γ-PGA via oral administration can

be a potent immunotherapeutic adjuvant to cancer vaccines

that would induce synergistic antitumor activity against

cervical cancer.
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