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isolated and cytokine production and cytotoxic activities 
were determined. Oral administrations of B. longum 420 
significantly inhibited WT1-expressing tumor growth and 
prolonged survival in mice. Immunohistochemical study 
and immunological assays revealed that B. longum 420 sub-
stantially induced tumor infiltration of CD4+T and CD8+T 
cells, systemic WT1-specific cytokine production, and 
cytotoxic activity mediated by WT1-epitope specific cyto-
toxic T lymphocytes, with no apparent adverse effects. Our 
novel oral cancer vaccine safely induced WT1-specific cel-
lular immunity via activation of the gut mucosal immune 
system and achieved therapeutic efficacy with several prac-
tical advantages over existing non-oral vaccines.
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CAR	� Chimeric antigen receptor
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DC	� Dendritic cell
FCM	� Flow cytometry

Abstract  Several types of vaccine-delivering tumor-
associated antigens (TAAs) have been developed in basic 
and clinical research. Wilms’ tumor 1 (WT1), identified as 
a gene responsible for pediatric renal neoplasm, is one of 
the most promising TAA for cancer immunotherapy. Pep-
tide and dendritic cell-based WT1 cancer vaccines showed 
some therapeutic efficacy in clinical and pre-clinical stud-
ies but as yet no oral WT1 vaccine can be administrated in 
a simple and easy way. In the present study, we constructed 
a novel oral cancer vaccine using a recombinant Bifido-
bacterium longum displaying WT1 protein. B. longum 420 
was orally administered into mice inoculated with WT1-
expressing tumor cells for 4 weeks to examine anti-tumor 
effects. To analyze the WT1-specific cellular immune 
responses to oral B. longum 420, mice splenocytes were 
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GAM	� Gifu Anaerobic Medium
GLBP	� Galacto-N-biose/lacto-N-biose I binding protein
HLA	� Human leukocyte antigen
ICCS	� Intracellular cytokine staining
IFN	� Interferon
IL	� Interleukin
MALT	� Mucosa-associated lymphoid tissue
MHC	� Major histocompatibility complex
RT	� Room temperature
TAA	� Tumor associated antigen
Th1	� T helper type 1
TNF	� Tumor necrosis factor
WT1	� Wilms’ tumor 1

Introduction

Several significant breakthroughs in cancer immunotherapy 
have been made, including immune checkpoint inhibi-
tors and CAR-T cells [1, 2]. The major principle of can-
cer immunotherapy involves the induction or activation of 
CTL-recognizing tumor-associated antigens (TAAs) [3]. 
TAAs are encoded by mutated oncogenes or genes that are 
overexpressed in tumor cells but either minimally or not 
expressed in normal cells. The first human TAA gene, mel-
anoma antigen (MAGEA1), was cloned in 1991 [4]. Since 
then, several cancer vaccines containing TAAs have been 
developed in basic and clinical research.

One common type of TAA cancer vaccines is peptide-
based vaccine containing HLA-restricted epitopes on 
TAAs. Peptide-based vaccines generally contain MHC 
class I epitopes to activate TAA-specific CTLs, or longer 
peptides including multiple MHC class I and II epitopes to 
activate both CD8+T and CD4+T cells, usually adminis-
tered with immunologic adjuvants [5]. A possible drawback 
of peptide-based vaccines is HLA restriction, which may 
be suitable only for patients with HLA subtypes matched 
to TAA epitopes in the vaccine. Another common type of 
TAA cancer vaccine is dendritic cell (DC)-based vaccine 
[6]. Currently, sipuleucel-T, a DC-based vaccine loaded 
with a prostate cancer antigen, prostatic acid phosphatase, 
was approved by the US Food and Drug Administration 
for castration-resistant prostate cancer patients as the first 
licensed tumor vaccine [7].

TAAs can be delivered by vectors such as viruses, bacte-
ria, and other means [8]. Adenovirus and poxvirus vectors 
are the most frequently used [9], and administered only by 
injection into veins, muscles, or tumors. A few oral cancer 
vaccines employ lactic acid bacteria. Lactobacillus casei 
can display HPV E7 protein against cervical intraepithelial 
neoplasia [10], and Lactobacillus plantarum can display 
cancer testis antigen NY-ESO-1 against NY-ESO-1-ex-
pressing cancers [11].

We developed an oral vaccine platform using Bifido-
bacterium longum and tested two experimental vaccines: 
B. longum displaying Salmonella-flagellin protein against 
typhoid fever [12] and B. longum displaying HCV non-
structural protein 3 multi-epitopes against chronic hepati-
tis C [13]. B. longum adheres strongly to human intestinal 
epithelial cells [14] and induces high activation of T helper 
type 1 (Th1) cell-mediated immune responses [15]. B. 
longum is a probiotic bacteria generally recognized as safe 
for humans [12] which may make it an ideal vehicle for an 
oral vaccine platform. In this study we developed a novel 
oral cancer vaccine using B. longum displaying Wilms’ 
tumor 1 (WT1) protein.

The WT1 gene encodes a zinc finger transcription factor 
important for the normal development of urogenital organs, 
and specifically expressed in normal tissues including the 
kidney, uterus, testis, ovary, and mesothelium [16, 17]. 
WT1 gene is reportedly overexpressing in various tumors, 
including leukemia, breast cancer, and most pediatric kid-
ney tumors (Wilms’ tumor), suggesting that WT1 plays 
an oncogenic role in tumorigenesis [18, 19]. WT1 was a 
highly ranked TAA in a National Cancer Institute pilot pro-
ject developing a priority list of tumor vaccine target anti-
gens [20].

Various peptide-, DC-, and adenovirus-based WT1 
vaccines have been thoroughly investigated both in clini-
cal and pre-clinical studies [21, 22]. Phase I and II clini-
cal trials using peptide- or DC-based WT1 vaccines have 
been widely conducted to treat leukemia and solid tumors. 
Although results demonstrated that WT1 vaccines could 
induce adaptive tumor immunity, clinical efficacy was lim-
ited and highly variable across patients, and adverse effects 
such as local injection site erythema were reported [21, 
23]. Thus, we sought to develop a novel way to efficiently 
and safely deliver WT1, a TAA considered to have great 
potential as a vaccine target. Our previous studies dem-
onstrated that the Bifidobacterium vaccine platform for 
antigens could induce efficient cellular immunity with the 
advantages of an oral vaccine [12, 13], and we developed 
a vaccine using Bifidobacterium displaying WT1 protein to 
investigate its feasibility for cancer treatment.

Materials and methods

Strains and media

B. longum 105-A was obtained from the Japan Collection 
of Microorganisms, RIKEN Bioresource Center. B. longum 
was grown anaerobically in Gifu Anaerobic Medium 
(GAM) broth (Nissui, Tokyo, Japan) at 37 °C. C1498-WT1, 
a C57BL/6 origin recombinant murine leukemia cell line 
stably expressing murine WT1 protein, was generated by 
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transfection of the full length of murine-WT1 cDNA cloned 
from C57BL/6 mouse kidney with the pcDNA3.1(+) vec-
tor containing CMV promoter. C1498-mock was gener-
ated by transfection of the empty pcDNA3.1(+) vector 
[24]. Both cell lines were kindly provided by Dr. Sugiyama 
(Osaka University Graduate School of Medicine, Japan) 
and maintained in RPMI-1640 medium supplemented with 
10% FBS, 50 μM 2-mercaptoethanol, 100 IU/ml penicillin, 
100 μg/ml streptomycin, and 0.5 mg/ml G418.

Construction of recombinant B. longum expressing 
GLBP‑WT1 protein

A partial murine-WT1 gene (117–419 amino acid resi-
dues, GenBank: M55512.1; UniProtKB: P22561) was 
synthesized by GensScript (NJ, USA). The partial pro-
tein contains three known CD8+T cell epitopes (126–134, 
187–195, and 235–243 aa), and one known CD4+T cell 
epitope (332–347 aa), already tested for immunogenicity 

in human and murine models [24–26]. The synthesized 
WT1 gene was fused to galacto-N-biose/lacto-N-biose 
I binding protein (GLBP) coding gene, and then corre-
sponding gene was ligated with the Escherichia coli-B. 
longum shuttle vector, pJW241, as described previously 
[12, 13]. GLBP is a membrane protein in the ATP-bind-
ing cassette transporter on the wild-type B. longum cell 
wall, which was used as an anchor to display antigen on 
the bacterial cell surface. The resulting plasmid carry-
ing GLBP-WT1 was introduced into B. longum 105-A by 
electroporation to generate the recombinant B. longum 
420 strain. The B. longum 2012 strain with a plasmid car-
rying GLBP only, constructed in our previous study, was 
used as a control [13]. Both strains were grown anaero-
bically in GAM broth with 50 µg/ml spectinomycin at 
37 °C. Figure 1a shows a schematic drawing of the anti-
gen surface displaying system of B. longum 420 and the 
corresponding protein sequence of WT1.

MGSDVRDLNALLPAVSSLGGGGGGCGLPVSGARQWAPVLDFAPPGASAYGSLGGPAPPP
APPPPPPPPHSFIKQEPSWGGAEPHEEQCLSAFTLHFSGQFTGTAGACRYGPFGPPPPS
QASSGQARMFPNAPYLPSCLESQPTIRNQGYSTVTFDGAPSYGHTPSHHAAQFPNHSFK
HEDPMGQQGSLGEQQYSVPPPVYGCHTPTDSCTGSQALLLRTPYSSDNLYQMTSQLECM
TWNQMNLGATLKGMAAGSSSSVKWTEGQSNHGIGYESENHTAPILCGAQYRIHTHGVFR
GIQDVRRVSGVAPTLVRSASETSEKRPFMCAYPGCNKRYFKLSHLQMHSRKHTGEKPYQ
CDFKDCERRFSRSDQLKRHQRRHTGVKPFQCKTCQRKFSRSDHLKTHTRTHTGKTSEKP
FSCRWHSCQKKFARSDELVRHHNMHQRNMTKLHVAL

Murine WT1 protein (GenBank: M55512.1, UniProtKB: P22561), 117-439 aa
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Fig. 1   WT1 protein expression on B. longum 420. a Schematic 
drawing of recombinant B. longum 420. The recombinant WT1 pro-
tein including one CD4+T and three CD8+T cell epitopes is fused 
to the C-terminal of the GLBP protein. The underlined amino acid 

sequences of WT1 protein were transduced into B. longum 420. SPR: 
spectinomycin resistance gene. The expression of GLBP-WT1 fusion 
protein on B. longum 420 was detected by b Western blotting analysis 
and c immunofluorescence staining
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Western blotting

B. longum 420 and B. longum 2012 were cultured over-
night, collected, lysed with the sample buffer and heated for 
5 min at 95 °C. The samples were separated by SDS–PAGE 
and transferred to a polyvinylidene difluoride membrane. 
After blocking and washing, the membrane was incubated 
for 1  h at room temperature (RT) with rabbit anti-WT1 
antibody (Santa Cruz Biotechnology, Dallas, TX), 1:500 
and then incubated for 1  h at RT with HRP-conjugated 
goat anti-rabbit IgG (Santa Cruz Biotechnology), 1:1000. 
Antibodies binding to proteins were detected by LAS 3000 
mini, using the ECL Western Blotting Analysis System 
(GE Healthcare Japan, Tokyo, Japan).

Immunofluorescence staining of WT1 protein

Overnight-cultured B. longum 420 and B. longum 2012 
were collected and blocked with Blocking One Histo 
(Nacalai Tesque, Kyoto, Japan) for 30 min at 37 °C. Then 
bacterial cells were washed and incubated with rabbit anti-
WT1 antibody, 1:100 for 1  h at RT. After incubation the 
cells were washed in PBS twice and incubated with Alexa 
Fluor™ 488 goat anti-rabbit IgG (Life Technologies, Carls-
bad, CA), 1:100 for 1 h at 37 °C.

Immunization and sampling for evaluation of immune 
responses

Fifteen female C57BL/6  N mice (H-2Db), 6–8 weeks of 
age, were purchased from CLEA Japan (Tokyo, Japan). 
Mice were randomly assigned to three oral vaccination 
groups (5 mice/group): B. longum 420; B. longum 2012; or 
PBS control. B. longum 420 or B. longum 2012 (1.0 × 109 
colony forming units/100  µl of PBS), or 100  µl of PBS, 
was orally administered directly into the stomach using a 
feeding needle 5 days a week for 4 weeks (days 0–4, 7–11, 
14–18, 21–25; total of 20 times), using a previously deter-
mined dose and immunization period [27]. Food and water 
were freely accessible. On day 27, mice were killed and 
spleens were aseptically removed and prepared for in vitro 
assays. All aspects of the experimental design and proce-
dure were reviewed and approved by the institutional eth-
ics and animal welfare committees of the Kobe University 
Graduate School of Medicine.

Anti‑tumor effect of B. longum 420 vaccination 
against C1498‑WT1 tumor

On day 0, C1498-WT1 cells (1 × 106 cells) were injected 
subcutaneously into the right flanks of female C57BL/6 N 
mice as described previously [28]. Following tumor injec-
tion, mice were randomly assigned to three treatment 

groups as described above (5 mice/group). Treatment was 
performed for 0–25 days and tumor development was 
monitored every fourth day after tumor injection. Tumor 
volume was expressed by the following formula: (longest 
diameter) × (shortest diameter)2 × 0.5. Another ten mice 
were also inoculated with C1498-mock cells (1 × 106 cells) 
as controls. At day 25, mice were sacrificed and tumors 
were resected for immunohistochemistry. Tumors were 
fixed with 10% formalin neutral buffer solution and embed-
ded in paraffin. To test the survival rate, another 18 mice 
were inoculated with C1498-WT1 tumor cells (1 × 106 
cells) and treated as described above (n = 6). Tumor growth 
was monitored from day 0 to 35 after tumor inoculation. 
Mice were euthanized when tumor diameter was >20 mm.

Immunohistochemical study

Three-µm thick paraffin embedded tumor tissue sections 
were deparaffinized and rehydrated. Antigen retrieval was 
performed in Bond epitope retrieval buffer (pH6.0 for 
CD4, pH9.0 for CD8a; Leica Microsystems, Wetzlar, Ger-
many) at 98 °C for 20  min. Immunohistochemical stain-
ing was performed in an automatic tissue processor (Leica 
Microsystems Bond-Max) by the manufacturer’s standard 
protocol. Briefly, tissue sections were incubated at RT for 
30 min with rabbit monoclonal anti-mouse CD4 antibody 
(1:500, Abcam, Cambridge, UK) or rat monoclonal anti-
mouse CD8a antibody (1:100, Affymetrix Japan, Tokyo, 
Japan). After washing, sections were incubated for 30 min 
with biotinylated goat anti-rabbit IgG (1:400, Vector Labo-
ratories, Burlingame, CA) or biotinylated goat anti-rat IgG 
(1:400, Vector Laboratories). After incubation, sections 
were washed and incubated with R.T.U. Vectastain Elite 
ABC reagent (Vector Laboratories) at RT for 30 min. After 
washing, sections were incubated with 3,3′-diaminobenzi-
dine at RT for 10 min and counterstained with hematoxylin 
for 8 min.

ELISA expression levels of IFN‑γ, IL‑2, and TNF‑α 
in splenocytes

In vitro splenocyte stimulation was performed as described 
previously [13] with slight modifications. Briefly, isolated 
splenocytes were strained, hemolyzed, and suspended in 
RPMI-1640 medium supplemented with 10% FBS, 10 mM 
HEPES, 1  mM nonessential amino acids, 1  mM sodium 
pyruvate, 50 μM 2-mercaptoethanol, 100 IU/ml penicillin, 
and 100  μg/ml streptomycin (complete RPMI-1640). The 
splenocytes were plated (4 × 105 cells/well) with a total vol-
ume of 200 µl/well into 96-well microplates and stimulated 
with mitomycin C-treated C1498-WT1 cells or C1498-
mock cells (4 × 104 cells/well). Splenocyte cultures were 
incubated for 72 h at 37 °C in 5% CO2, and the supernatants 
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were collected for ELISA and frozen at −80 °C until use. 
The production of IFN-γ, IL-2 and TNF-α in the superna-
tants was determined using a Mouse IFN-gamma Quan-
tikine ELISA Kit (R&D Systems, Minneapolis, MN), 
Mouse IL-2 ELISA Kit (Thermo Scientific, Waltham, 
MA), and Mouse TNF-alpha Quantikine Kit (R&D Sys-
tems), respectively, with measurement according to each 
manufacturer’s instructions.

Quantification of CD4+T and CD8+T cells producing 
IFN‑γ, IL‑2, and TNF‑α by intracellular cytokine 
staining

Intracellular cytokine staining (ICCS) was performed as 
described elsewhere [13]. ICCS was performed by BD 
Cytofix/Cytoperm™ Plus Fixation/Permeabilization Kit 
(BD Biosciences, San Diego, CA). Briefly, isolated sple-
nocytes (2 × 106 cells) were re-stimulated with C1498-WT1 
cells (2 × 105 cells) in complete RPMI-1640 on 24-well cul-
ture plates for 42 h. GolgiStop or GolgiPlug was added to 
each well followed by incubation for an additional 6 h. The 
splenocytes were collected and washed, then blocked with 
10  µg/ml purified anti-mouse CD16/32 antibody (BioLe-
gend, San Diego, CA) in staining buffer (1% FBS, 0.09% 
sodium azide) in PBS, for 20  min on ice. After washing, 
the cells were stained with 2 µg/ml FITC-conjugated anti-
mouse CD4 antibody, PerCP-conjugated anti-mouse CD3 
antibody, and Alexa Fluor™ 647-conjugated anti-mouse 
CD8a antibody (BD Biosciences) for 30  min on ice in 
the dark. The cells were washed twice and incubated with 
Fixation/Permeabilization Solution for 20 min on ice in the 
dark. After washing twice, the cells were stained with 5 µg/
ml PE-conjugated anti-mouse IFN-γ antibody, PE-con-
jugated anti-mouse IL-2 antibody, or PE-conjugated anti-
mouse TNF-α antibody (BD Biosciences) for 30  min on 
ice in the dark. After staining, the cells were washed three 
times and resuspended in the staining buffer. Detection of 
fluorescence staining was assessed using FACSVerse (BD 
Biosciences) and analyzed using FACSuite software (BD 
Biosciences).

H‑2Db WT1‑tetramer assay for WT1‑specific CTLs

We performed the tetramer assay to determine the fre-
quency of CD8+T cells recognizing the WT1 CTL-epitope 
using a H-2Db WT1 Tetramer-RMFPNAPYL (MBL 
Co., Ltd, Nagoya, Japan) according to the manufacturer’s 
instructions. Briefly, isolated splenocytes were re-stimu-
lated in the same way as in ICCS for 7 days. Then, 20 IU/ml 
of mouse IL-2 (Wako, Osaka, Japan) were added to the cul-
tures on days 1 and 3. The splenocytes were collected and 
washed, then blocked with 10  µg/ml purified anti-mouse 
CD16/32 antibody in flow cytometry (FCM) buffer (2% 

FBS, 0.05% sodium azide in PBS) for 15 min on ice. After 
washing with FCM buffer, the cells were stained with 4 µg/
ml PE-conjugated H-2Db WT1 Tetramer-RMFPNAPYL 
for 30 min at RT in the dark. The cells were washed once 
and incubated with 4  µg/ml FITC-conjugated anti-mouse 
CD8 antibody and PerCP-conjugated anti-mouse CD3 anti-
body for 20 min on ice in the dark. After staining, the cells 
were washed two times and resuspended in the FCM buffer. 
Detection of fluorescence staining was assessed using a 
FACSVerse with analysis by FACSuite software.

Assay for WT1‑specific CTL activity

Isolated splenocytes (3 × 107 cells) were co-cultured on 
6-well culture plates for 6 days with mitomycin C-treated 
C1498-WT1 cells (3 × 106 cells) and 20 IU/ml mouse IL-2 
to generate effector cells [29]. The effector splenocytes 
and target C1498-WT1 or C1498-mock cells (1 × 104 cells, 
respectively) were co-cultured in 96-well plates for 8  h 
at 37 °C in 5% CO2, at ratios of 20:1, 10:1, and 5:1. Spe-
cific CTL activity was measured using a LDH Cytotoxic-
ity Assay Kit (CytoTox 96 Non-Radioactive Cytotoxicity 
Assay; Promega, Fitchburg, WI) according to the manufac-
turer’s instructions. The percentage of specific killing was 
calculated by the following formula: % specific killing = 
(experimental release − effector spontaneous release − tar-
get spontaneous release)/(target maximum release − target 
spontaneous release) × 100.

Statistical analysis

Comparisons between multiple groups were performed by 
one-way ANOVA followed by the Tukey–Kramer method. 
Survival between groups was analyzed by the log-rank test 
on Kaplan–Meier curves. Differences among experimental 
groups were considered significant when p < 0.05.

Results

GLBP‑WT1 fusion protein expression

We performed western blotting to determine the expres-
sion of GLBP-WT1 fusion protein on the recombinant B. 
longum. B. longum 420 expressed GLBP-WT1 protein 
with molecular masses similar to the theoretical molecu-
lar masses of 83  kDa (Fig.  1b). In immunofluorescence 
staining, fluorescence was observed on the recombinant B. 
longum 420 cell surface but not on B. longum 2012, which 
transduced only GLBP (Fig. 1c). These results showed that 
B. longum 420 successfully displayed WT1 protein on the 
cell surface via GLBP.
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B. longum 420 oral administration did not cause body 
weight change in mice

Since WT1 is reported to be expressed in normal cells or 
tissues, we investigated the possibility of autoaggression by 
immunization against self-WT1. To evaluate this potential 
adverse effect, the body weights of the mice were measured 
throughout the immunization period and the mean body 
weights showed no significant differences among the differ-
ent groups (Suppl. Figure 1). There were no obvious signs 
of toxicity, such as rough hair, hunched posture, or lethargy.

B. longum 420 oral vaccination induced significant 
in vivo anti‑tumor effect on WT1‑expressing tumors

To investigate the anti-tumor effect of B. longum 420, we 
challenged WT1-expressing tumors in mice. After sub-
cutaneous injection with C1498-WT1 or C1498-mock 
cells, the mice received oral B. longum 420 for 4 weeks. 
The tumor growth of C1498-WT1 with B. longum 420 
was markedly reduced compared with the other groups 
(Fig.  2a). At day 25 after inoculation, the mean tumor 
volume in the B. longum 420 group was significantly 

smaller than the other groups (p < 0.05). B. longum 420 
also significantly prolonged the survival of mice bear-
ing C1498-WT1 tumors compared with other treatment 
groups (p < 0.05) (Fig.  2b). In contrast, B. longum 420 
did not elicit an anti-tumor effect against C1498-mock, 
which was not expressing WT1 protein (Fig.  2c). These 
results indicated that B. longum 420 oral vaccinations 
could induce WT1-specific cellular immunity and elicit a 
highly functional anti-tumor effect against WT1 in vivo.

B. longum 420 induced tumor‑infiltrating CD4+T 
and CD8+T cells in mice

In the immunohistochemical study, we found that CD4 
positive and CD8 positive lymphocytes were remark-
ably infiltrated into C1498-WT1 tumor tissues in the B. 
longum 420 group (Fig.  3a, d), while infiltration was 
barely observed in B. longum 2012 (Fig. 3b, e) and PBS 
group (Fig.  3c, f). Oral administration of B. longum 
420 appeared to induce tumor-infiltrating T cells in 
local tumor tissues and elicited strong cytotoxic activity 
in vivo.
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Fig. 2   Anti-tumor effect of B. longum 420 oral administrations. Mice 
(n = 5 per group) received treatment with B. longum 420, B. longum 
2012, or PBS 5 times a week for 4 weeks after subcutaneous injec-
tion with C1498-WT1 or C1498-mock cells. a Tumor growth curve 

and b Kaplan–Meier survival curve (n = 6) of mice with C1498-WT1 
cells, and c tumor growth curve of C1498-mock cells, respectively 
(*p < 0.05). Each data point represents the average of each group 
(bars, ±SE)
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The highest WT1‑specific cytokine productions 
in splenocytes were induced by B. longum 420 oral 
vaccination

To determine the systemic cellular immune response 
induced by B. longum 420, mice splenocytes were isolated 
after immunization and re-stimulated with C1498-WT1 
(pulsed) or C1498-mock (non-pulsed) tumor cells in vitro 
for 72 h. The levels of IFN-γ, IL-2, and TNF-α secretion in 
the culture supernatants were measured by ELISA, which 
showed that the splenocytes from the B. longum 420 group 
secreted significantly higher IFN-γ, IL-2, and TNF-α fol-
lowing pulsation of C1498-WT1 compared with the other 
groups (Fig. 4a–c, respectively. p < 0.05).

B. longum 420 vaccination induced the highest number 
of CD4+T and CD8+T cells expressing cytokines 
by ICCS

Using ICCS to detect cytokine-producing T cells, the fre-
quency of CD4+T and CD8+T cells producing IFN-γ, IL-2, 
and TNF-α in the B. longum 420 group was significantly 
higher than that in the other groups (Fig.  5a–f. p < 0.05). 
These results showed that B. longum 420 oral administra-
tion could induce cytokine-producing CD4+T and CD8+T 

cells that were responsible for WT1-specific T cell-medi-
ated cellular immune responses.

B. longum 420 oral vaccination induced WT1 T cell 
epitope‑specific CD8+T cells

We investigated the frequency of WT1 CD8+T epitope-spe-
cific CTLs responsible for WT1-specific anti-tumor immu-
nity using a tetramer assay. Figure  6a shows that the fre-
quency of CD8+T cells responding to the H-2Db-restricted 
WT1 peptide (RMFPNAPYL) was significantly higher in 
B. longum 420-immunized mouse splenocytes compared 
with the other groups (p < 0.05). B. longum 420 induced 
WT1-specific CD8+T cells which responded in a MHC-
class I-restricted manner, even though this oral vaccine car-
ries a nearly full-length WT1 protein.

B. longum 420 oral vaccination induced the highest 
WT1‑specific CTL activity in vitro

To examine WT1-specific CTL activity, isolated sple-
nocytes from immunized mice were cultured in  vitro to 
generate effector cells, followed by a CTL assay against 
WT1-expressing tumor cells (C1498-WT1). The WT1-
specific CTL activities of each effector/target ratio were 
significantly stronger in the B. longum 420 group after 

CD4

PBSB. longum 2012B. longum 420

(400x)

CD8

a

fe

cb

d

Fig. 3   Immunohistochemical staining for T cell infiltration in mouse 
tumor. Subcutaneous C1498-WT1 tumors were resected and sections 
were stained with anti-CD4 and anti-CD8a antibodies after oral vac-
cination. Representative pictures of anti-CD4 staining are shown in a 

B. longum 420, b B. longum 2012, c PBS, respectively (400×). Rep-
resentative pictures of anti-CD8a staining are shown in d B. longum 
420, e B. longum 2012, and f PBS, respectively (400×)
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Fig. 4   Cytokine production in mouse splenocytes induced by B. 
longum 420. After the last vaccination, splenocytes in the three vac-
cination groups (B. longum 420, B. longum 2012, and PBS; n = 5 per 
group) were isolated and re-stimulated with mitomycin C-treated 

C1498-WT1 (pulsed) or C1498-mock (non-pulsed) for 72 h in vitro. 
a IFN-γ, b IL-2, and c TNF-α production were determined by ELISA 
(*p < 0.05). Each data point represents the average of each group 
(bars, ±SE)
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Fig. 5   Intracellular cytokine staining (ICCS) for detection of 
cytokine-producing CD4+T and CD8+T cells. After the last vac-
cination, splenocytes in the three vaccination groups (B. longum 
420, B. longum 2012, and PBS; n = 5 per group) were isolated and 
re-stimulated with mitomycin C-treated-C1498-WT1 cells for 48  h 

in vitro. The frequencies of a IFN-γ-producing CD4+T, b IL-2-pro-
ducing CD4+T, c TNF-α-producing CD4+T cells, d IFN-γ-producing 
CD8+T, e IL-2-producing CD8+T, and f TNF-α-producing CD8+T 
were detected by ICCS (*p < 0.05). Each data point represents the 
average of each group (bars, ±SE)
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8  h of co-culturing the effector splenocytes and the tar-
get C1498-WT1 cells (Fig. 6b. p < 0.05). In contrast, CTL 
activities were at background level against the C1498-mock 
cells (Fig.  6c). These results indicated that multiple oral 
administrations of B. longum 420 induced functional WT1-
specific CTL activity.

Discussion

The future trend in cancer immunotherapy is towards com-
bined approaches using multiple types of immunothera-
pies targeting different intervention points. This includes 
tumor-specific CTLs induced by tumor vaccines or trans-
duced by adaptive T cell therapy, enhanced by combination 
with immune checkpoint inhibitors [2]. The development 
of novel cancer vaccines is highly desirable to establish an 
efficient combination immunotherapy with immune check-
point blockades, such as PD-1 and CTLA4 antibodies. We 

recently developed an oral vaccine platform using Bifido-
bacterium [12, 13], which can efficiently deliver TAAs 
to mucosa-associated lymphoid tissue (MALT) through 
microfold cells of the intestinal epithelium. Bifidobacte-
rium also has a self-adjuvant effect via TLR-9 stimula-
tion by unmethylated CpG, producing proinflammatory 
cytokines and promoting the Th1 response [30].

Currently, Lactobacillus-based oral vaccines are being 
studied since previous studies reported that oral vaccination 
with recombinant Lactobacillus casei expressing HPV-E7 
protein activated antigen-specific mucosal T cell immu-
nity in mice [31] and had some clinical responses in cer-
vical intraepithelial neoplasia patients [10]. Both lactoba-
cilli and bifidobacteria are Gram-positive bacilli producing 
lactic acid, and have similar immunomodulatory properties 
in the mammalian mucosal immune system [32]. Orally 
administered Lactobacillus or Bifidobacterium expressing 
TAAs is digested by mucosal DCs, which can sample and 
process the TAAs and interact with T and B cells in the 

*

*
*

*

b c

a

Fig. 6   Detection of WT1-specific CTLs by tetramer assay and CTL 
assay. After the last vaccination, splenocytes in the three vaccina-
tion groups (B. longum 420, B. longum 2012, and PBS; n = 5 per 
group) were isolated and re-stumulated with mitomycin C-treated 
C1498-WT1 cells for 7 days in vitro. a The frequency of WT1 T-cell 
epitope-specific CD8+T cells was determined by H-2Db tetramer 

(*p < 0.05). For CTL assay, 6 days re-stimulated splenocytes (n = 5 
per group) were co-cultured with target cells (C1498-WT1 or C1498-
mock) for 8 h at ratios of 20:1, 10:1, and 5:1. Cytotoxicity of effec-
tor cells against b C1498-WT1 and c C1498-mock cells, respectively 
(*p < 0.05). Each data point represents the average of each group 
(bars, ±SE)
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Peyer’s patches to induce TAA-specific immunity [13, 33]. 
The TAA-specific immunity induced by an oral mucosal 
vaccine may systemically reach tumors located at mucosal 
sites (lung, colorectal, genital, head and neck, etc.), which 
are exposed to mucosal immunity in the MALT network 
[34]. Reportedly, Bifidobacterium alone enhanced the 
anti-tumor effect of PD-L1-specific antibody therapy [35]. 
These findings support our hypothesis that oral vaccination 
of B. longum displaying WT1 protein induces WT1 specific 
cellular immunity in humans, and could be a crucial com-
ponent of novel combination immunotherapies.

In the present study, we generated recombinant B. 
longum 420 displaying murine-WT1 protein containing 
known CD4+T and CD8+T cell epitopes [24–26] as an oral 
cancer vaccine, and confirmed the expression of WT1 pro-
tein (Fig. 1). Although we used murine WT1 gene to gen-
erate the B. longum 420, the homology with human WT1 
is quite high (96% at the amino acid level) and WT1 has 
similar tissue distribution and function [25]. Several previ-
ous studies have used murine models to demonstrate high 
cross-reactivity between human and murine-WT1 T cell-
epitopes as an immunogen [26, 36]. Our oral cancer vac-
cine also contains a major component of the WT1 protein 
and so can be sampled and processed predominantly by 
DCs, which can then present the peptides from the WT1 
protein as immune epitopes according to the HLA subtype 
of individual patients. Theoretically, this oral cancer vac-
cine may have the advantage of non-HLA restriction and be 
capable of activating both CD8+T and CD4+T cells specific 
to WT1 protein.

Our animal study demonstrated that the oral administra-
tion of B. longum 420 significantly inhibited the growth 
of C1498-WT1 tumor (Fig.  2a) and significantly pro-
longed survival compared with controls (Fig.  2b), while 
B. longum 420 had no antitumor effect on C1498-mock 
tumor not expressing WT1 (Fig. 2c). In addition, B. longum 
420 showed no severe adverse effects or toxicity. Immu-
nohistochemistry revealed that B. longum 420 remarkably 
induced CD4+T and CD8+T cell recruitment and infiltra-
tion to the tumor tissues, where these T cells had impor-
tant anti-tumor effects (Fig.  3). Most cancer vaccines, 
including peptide- and DC-based vaccines, require immune 
adjuvants or immune augmentation by cytokines such as 
interleukin and interferon to induce a significant anti-tumor 
effect [28, 37], and such injection vaccines generally cause 
erythema at the injection site [21], but our oral WT1 vac-
cine alone achieved significant tumor-inhibitory effects in 
WT1-expressing tumors without the need for adjuvants or 
cytokines, and with fewer side effects.

We also demonstrated the induction of strong WT1-
specific cellular immune responses by our novel oral 
cancer vaccine. B. longum 420 significantly increased 
WT1-specific production of IFN-γ, IL-2, and TNF-α in 

the immunized mouse splenocytes, compared with con-
trol treatments (Fig.  4). ICCS also showed that our oral 
vaccine significantly increased the frequency with which 
CD4+T and CD8+T cells produced these cytokines, com-
pared with controls (Fig.  5). IFN-γ and IL-2 are repre-
sentative Th1 cytokines, and TNF-α which is especially 
secreted by CTLs is known to play an important role in 
the direct anti-tumor activity of cellular immunity [38, 
39]. These results support the idea that B. longum 420 
activates WT1-specific cellular immunity in vivo.

We also demonstrated that B. longum 420 significantly 
induced WT1 murine-CD8+T cell epitope (126–134 aa; 
RMFPNAPYL) specific CTLs, the representative CTL 
epitope of WT1. (Fig. 6a). This finding strongly indicated 
that the WT1 protein in our oral vaccine was sampled and 
processed to a certain epitope by DCs in MALT, and that 
the DCs presenting the processed WT1 peptide induced 
WT1-epitope-specific CTLs. Importantly, since RMFP-
NAPYL-peptide is a common epitope and highly cross-
reactive in both murine H-2Db and human HLA-A *0201 
[24, 25], it is widely used in current WT1 peptide-/DC-
based vaccinations for cancer treatment. A number of 
clinical studies revealed that induction of RMFPNAPYL-
specific CTLs significantly correlates with tumor regres-
sion in patients [23, 37]. We also found that spleno-
cytes from mice vaccinated with B. longum 420 showed 
significantly higher WT1-spefic cytotoxicity against 
C1498-WT1 cells compared with the other treatment 
groups in vitro (Fig. 6b, c). Taken together, these results 
indicated that our oral cancer vaccine could induce WT1-
specific CTLs and that these CTLs had high cytotoxicity 
against WT1-expressing tumor cells.

In conclusion, we successfully developed a novel oral 
cancer vaccine displaying WT1 protein. Our oral vaccine 
induced WT1-specific cellular immunity and a strong 
anti-tumor effect against WT1-expressing tumors with 
no severe side effects in a mouse experimental model. 
Our novel oral cancer vaccine has the practical advan-
tages of an oral preparation, and represents a valuable 
step towards a new generation of combinational cancer 
immunotherapies.
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