<BRNE

? Kobe University Repository : Kernel

R
S
4oge

PDF issue: 2025-12-05

An oral cancer vaccine using a Bifidobacterium
vector suppresses tumor growth In a syngeneic
mouse bladder cancer model

Kitagawa, Koichi ; Tatsumi, Maho ; Kato, Mako ; Komai, Shota ; Doi,
Hazuki ; Hashii, Yoshiko ; Katayama, Takane ; Fujisawa, Masato ;---

(Citation)
Molecular Therapy-Oncolytics, 22:592-603

(Issue Date)
2021-09-24

(Resource Type)
journal article

(Version)
Version of Record

(Rights)

© 2021 The Author(s).

This is an open access article under the CC BY Llicense
(http://creativecommons.org/licenses/by/4.0/).

(URL)
https://hdl. handle. net/20.500. 14094/90008660

KOBE
\f].\]'l'l'.lii\l Y
J

%)



Molecular Therapy
Oncolytics &2l
Original Article

An oral cancer vaccine using a Bifidobacterium
vector suppresses tumor growth in a syngeneic
mouse bladder cancer model
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Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan; 2Department of Pediatrics, Osaka University Graduate School of Medicine, Suita 565-0871, Japan; 3Division of Integrated
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Cancer immunotherapy using immune-checkpoint inhibitors
(ICIs) such as PD-1/PD-L1 inhibitors has been well established
for various types of cancer. Monotherapy with ICIs, however,
can achieve a durable response in only a subset of patients.
There is a great unmet need for the ICI-resistant-tumors. Since
patients who respond to ICIs should have preexisting anti-
tumor T cell response, combining ICIs with cancer vaccines
that forcibly induce an antitumor T cell response is a reason-
able strategy. However, the preferred administration sequence
of the combination of ICIs and cancer vaccines is unknown. In
this study, we demonstrated that combining an oral WT1 can-
cer vaccine using a Bifidobacterium vector and following anti-
PD-1 antibody treatment eliminated tumor growth in a synge-
neic mouse model of bladder cancer. This vaccine induced
T cell responses specific to multiple WT1 epitopes through
the gut immune system. Moreover, in a tumor model poorly
responsive to an initial anti-PD-1 antibody, this vaccine alone
significantly inhibited the tumor growth, whereas combination
with continuous anti-PD-1 antibody could not inhibit the tu-
mor growth. These results suggest that this oral cancer vaccine
alone or as an adjunct to anti-PD-1 antibody could provide a
novel treatment option for patients with advanced urothelial
cancer including bladder cancer.

INTRODUCTION

The cancer-preventive effects of probiotics, for example, Lactobacillus
against colorectal cancer, have long been reported.' Many novel find-
ings regarding various associations between cancer therapy and gut
microbiota have followed recent advances in genetic analysis technol-
ogy.>’ The metagenome analysis of the gut microbiome with next-
generation sequencing methods is providing deeper insights into
the clinical association between systemic cancer therapy and the gut
microbiota.* Recent clinical studies revealed the close association be-
tween gut microbiota composition and the outcome of immune-
checkpoint inhibitors (ICIs) such as anti-PD-1 (program cell death
protein 1), anti-PD-L1 (Programmed cell Death 1-Ligand 1), and
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anti-CTLA-4 (Cytotoxic T-lymphocyte-associated antigen 4) anti-
bodies.”” As a mechanism of action, the regulation of drug meta-
bolism, hematopoiesis, inflammation, and immunity by the gut mi-
crobiota influences the efficacy and toxicity of chemotherapy,
radiotherapy, and immunotherapy.®

One of the scenarios for the immunomodulatory effect of gut micro-
biota is that systemic cancer therapy causes damage to the intestinal
mucosa and translocation of the intestinal bacteria to the gut-associated
lymphoid tissues (GALTs), which enhances immune responses. As a
combination of cancer therapy and intestinal bacteria in that scenario,
cisplatin or oxaliplatin and Lactobacillus acidophilus,” cyclophospha-
mide and Enterococcus hirae,"’ total body irradiation (TBI) and
Gram-negative bacteria,'’ and anti-CTLA-4 antibody and Bacteroides
fragilis'* have been previously reported. In addition, some bacterial
species such as Salmonella enterica, which has a type three secretion
system (TTSS) to penetrate mucosal membranes, can translocate to
GALT without cancer therapy. Utilizing this natural tropism, Salmo-
nella enterica has been used as a bacterial vector for an oral vaccine
platform to deliver a heterologous antigen to the gut immune sys-
tem.* > Besides Salmonella, lactic acid bacteria (LAB), which have a
strong mucosal adhesive ability, including Lactobacillus, have been
used as bacterial vectors for an oral vaccine platform.'®

We also developed an oral vaccine platform using LAB, Bifidobacte-
rium longum (B. longum), and constructed a variety of oral vaccines,
including a recombinant B. longum displaying Salmonella flagellin
protein as a typhoid vaccine,'” a recombinant B. longum displaying
hepatitis C virus (HCV) nonstructural protein 3 (NS3) as an HCV
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vaccine,'® and a recombinant B. longum displaying Wilms’ tumor 1
(WT1) protein as a cancer vaccine."” The WT1 gene encodes a zinc
finger transcription factor, plays an important role for the normal
development of urogenital organs, and is overexpressed in various tu-
mors, such as leukemia, colon cancer, breast cancer, prostate cancer,
urothelial cancer, and pediatric kidney tumors (Wilms® tumor).*>
In addition, WT1 was ranked as the No. 1 antigen among 75 tumor
antigens by the National Cancer Institute pilot project developing a

priority list of tumor vaccine target tumor-associated antigens.””

Reportedly, after the oral administration of B. pseudocatenulatum
(bp) to mice, bp cells were detected with dendritic cells (DCs) in
Peyer’s patch (PP) and mesenteric lymph nodes (MLNs) within 1
and 20 h, respectively.”’ Therefore, Bifidobacterium is a suitable bac-
terial vector to deliver heterologous antigen to the gut mucosal im-
system. Furthermore, a positive association between
B. longum and anti-PD-1 efficacy in metastatic melanoma patients
was found in a clinical study.”* The B. longum platform may have
an adjuvant effect alongside ICI cancer immunotherapy.

mune

In our previous studies, we confirmed that recombinant B. longum
displaying a mouse WT1 protein inhibited the tumor growth of
mouse syngeneic prostate cancer cells in vivo and that its antitumor
activity could be augmented by an anti-PD-1 antibody.” In this
study, the combination of this oral vaccine and an anti-PD-1 antibody
that follows the oral vaccine demonstrated the complete regression of
mouse syngeneic MBT-2 bladder cancer cell tumors. Reportedly,
MBT-2 cells naturally express WT1 protein.”® To address the great
unmet need for a treatment for anti-PD-1 antibody-resistant or
-poorly responsive tumors, and to identify the preferred administra-
tion sequence of this combination therapy, we performed an experi-
ment using a tumor model poorly responsive to an initial anti-PD-1
treatment. In that experimental model, we found that an oral vaccine
alone significantly inhibited the tumor growth, whereas a combina-
tion of the oral vaccine and continuous anti-PD-1 antibody treatment
could not inhibit tumor growth after the initial treatment with anti-
PD-1 antibody. Interestingly, a significantly higher number of regula-
tory T (Treg) cells was detected in the tumor tissues of combination
treatment mice compared to the oral vaccine alone treatment mice.

Although ICIs are being used as a standard of care for various types of
advanced cancer, the response rates are mostly limited to 20%-30%
when used as a monotherapy.””*® Indeed, the objective response
rate (ORR) for pembrolizumab (anti-PD-1 antibody) monotherapy
in advanced urothelial cancer, including bladder cancer, was reported
to be 21.1% in a phase I1I clinical trial.”” This WT1 oral cancer vaccine
alone or as an adjunct to anti-PD-1 antibody could provide a novel
treatment option for patients with advanced urothelial cancer.

RESULTS

B. longum 420 induced tumor-specific cellularimmunity through
the gut immune system

To determine whether oral administration of B. longum 420 (a recom-
binant Bifidobacterium longum displaying a mouse WT1 partial pro-

tein) could induce MBT-2 cell-specific cellular immunity through the
gut immune system, we orally administrated B. longum 420 to C3H/
He mice and isolated splenocytes or lymphocytes from spleen, MLN,
and PP to perform immunological assays. After administration of
B. longum 420, B. longum 2012 (a recombinant Bifidobacterium lon-
gum displaying galacto-N-biose/lacto-N-biose I binding protein [GL-
BP] anchor protein without a WT1 protein), or phosphate-buffered
saline (PBS), splenocytes and lymphocytes were collected, cultured,
and stimulated with mitomycin-C-treated MBT-2 cells, a mouse
bladder cancer cell line, or Db126 or Mp235 peptides,” which are
known WT1-specific CD8 epitopes for both human and mouse.

In result, the cell proliferation rate (stimulation index [SI]: cell
numbers with stimulation/cell numbers without stimulation) of the
splenocytes was significantly higher in the B. longum 420 group
than the other groups when cells were stimulated with MBT-2 and
Mp235 peptide (p < 0.01, Figure 1A).

Also, the splenocytes isolated from mice vaccinated with B. longum
420 induced a significantly higher increase of interferon-y (IFN-v)
secretion by
compared to the other groups by enzyme-linked immunosorbent
assay (ELISA) (p < 0.05, Figure 1B). These results indicated that
B. longum 420 can activate the splenocytes along with IFN-y secre-
tion, which plays an important role in Th1l immune responses,’’ by
stimulation with MBT-2 cells.

stimulation with mitomycin-C-treated MBT-2

In an in vitro cytotoxicity assay using splenocytes as effector cells,
B. longum 420 showed significantly higher CTL activities against
MBT-2 target cells compared to PBS at effector-to-target ratios of
20:1, 10:1, and 5:1 (p < 0.05, Figure 1C) and significantly higher cyto-
toxicity compared to B. longum 2012 at the effector-to-target cell ratio
of 5:1 (Figure 1C, p < 0.05).

In addition, to measure the frequency of cytokine-expressing T cells
induced by vaccination with B. longum 420, we performed intracel-
lular cytokine staining (ICCS) using splenocytes stimulated with
mitomycin-C-treated MBT-2. The frequency of CD4" and CD8"
T cells expressing IFN-v in the B. longum 420-treated mouse group
was significantly higher than in the other groups (Figure 1D, p <
0.05). Also, the frequency of tumor necrosis factor alpha (TNF-o)-
producing CD8" T cells in the B. longum 420-treated mouse group
was significantly higher than the other groups.

We next performed an ICCS assay for lymphocytes isolated from
MLNs and PPs to investigate the immune responses in GALT. The
frequency of CD4" T cells expressing IFN-y in MLN was significantly
increased in the B. longum 420 and B. longum 2012 groups compared
to the PBS group (p < 0.01, Figure 1E), and the frequency of CD8"
T cells expressing IFN-y in MLN was significantly increased in the
B. longum 420 group compared to the PBS group (p < 0.05, Figure 1E).
Regarding activation of DCs in GALT, we determined the frequency
of CD11c¢" DCs co-expressing I-Ak (major histocompatibility com-
plex [MHC] class II molecule of C3H/He mice), CD80, CD86, or
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Figure 1. Analyses of splenocytes and lymphocytes isolated from vaccinated mice
(A) Splenocyte proliferation after oral vaccination with B. longum 420. After completion of the vaccination, splenocytes in all three groups (B. longum 420, B. longum 2012,
and PBS; n = 5) were cultured and stimulated with mitomycin C-treated MBT-2, Db126 peptide (RMFPNAPYL), or Mp235 peptide (CMTWNQMNL) for 48 h in vitro. Cell
proliferation was determined by XTT assay (“p < 0.05). Each data point represents the average of the stimulation index (Sl), which is the ratio of stimulated cell number divided
by non-stimulated cell number (bars, +SE). (B) Cytokine secretion in splenocytes from mice vaccinated with B. longum 420. After completion of the vaccination, splenocytes
in all three groups (B. longum 420, B. longum 2012, and PBS; n = 5) were cultured and stimulated with mitomycin C-treated MBT-2, Db 126 peptide (RMFPNAPYL), or Mp235
peptide (CMTWNQMNL) for 48 h in vitro. IFN-y secretion was determined by ELISA (*p < 0.05). Each data point represents the average of the relative concentrations of IFN-y:
the concentration of stimulated cells divided by that of non-stimulated cells (bars, +SE). (C) In vitro CTL assay. After completion of the vaccination, splenocytes in all three
groups (B. longum 420, B. longum 2012, and PBS; n = 5) were cultured and stimulated with IL-2- and mitomycin C-treated MBT-2 cells for 6 days in vitro. After the
stimulation, the splenocytes were co-cultured with target MBT-2 cells for 8 h at ratios of 5:1, 10:1, and 20:1. The cytotoxicity of effector cells (the splenocytes) against target
cells (MBT-2 cells) is shown (*p < 0.05). Each data point represents the average of % cell lysis (cytotoxicity; bars, +SE). (D) Intracellular cytokine staining (ICCS) for measuring
the cell numbers of cytokine-expressing CD4" and CD8* T cells. After completion of the vaccination, splenocytes in all three groups (B. longum 420, B. longum 2012, and
PBS; n = 5) were cultured and stimulated with mitomycin C-treated-MBT-2 cells for 38 h in vitro. The frequencies of IFN-y-producing, IL-2-producing, or TNF-producing
CD4*and CD8" T cells were measured by ICCS (*p < 0.05). Each data point represents the average of the cell frequencies (bars, +SE). (E) ICCS for measuring T cells and DCs
in MLNs and PPs after oral vaccination. After 2 weeks or 4 weeks of completion of the vaccination, splenocytes in all three vaccination groups (B. longum 420, B. longum
2012, and PBS; n = 5) were cultured and stimulated with mitomycin C-treated MBT-2 cells for 6 h in vitro. The frequencies of IFN-y-expressing CD4* and CD8* T cells were
determined by ICCS (*p < 0.05). Each data point represents the average of the cell frequencies (bars, +SE). DCs were also isolated from MLNs and PPs and stained for I-Ak,
CD1083, CD11c¢, CD80, or CD86. The frequencies of I-Ak*, CD103*, CD80* or CD86™ on CD11c* DCs were detected (*p < 0.05). Each data point represents the average of
the cell frequencies (bars, +SE).

CD103 in MLNs and PPs. Although none of the increases of CD11c¢*
cells was significant, B. longum 420 and B. longum 2012 tended to in-
crease the activated DCs in MLNs and PPs (Figure 1E). These ICCS
data indicated that B. longum 420 could induce activated CD4" and
CD8" T cells in spleen and MLNs and might activate the DCs in
MLNs and PPs. Furthermore, B. longum 2012, which does not express
a heterologous antigen, could induce activated CD4" T cells in MLN
and might activate the DCs in MLNs and PPs. It has been reported
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that Bifidobacterium can modulate the gut immune system.”” Repre-
sentative histograms of each treatment group and gating for ICCS are
shown in Figures S1 and S2.

B. longum 420 induced multiple WT1-epitopes-specific immune
responses

To identify the MHC class I and class II epitopes in the WT1 protein
displayed in B. longum 420, we performed epitope peptide screening
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A

WT1 amino acid sequence in B. longum 420

PSQASSGQARMFPNAPYLPSCLESQPTIRNQGYSTVTFDGAPSYGHTPSHHAAQFPNHSFKHEDPMG
QQGSLGEQQYSVPPPVYGCHTPTDSCTGSQALLLRTPYSSDNLYQMTSQLECMTWNQMNLGATLKG
MAAGSSSSVKWTEGQSNHGIGYESENHTAPILCGAQYRIHTHGVFRGIQDVRRVSGVAPTLVRSASET
SEKRPFMCAYPGCNKRYFKLSHLQMHSRKHTGEKPYQCDFKDCERRFSRSDQLKRHQRRHTGVKPF
QCKTCQRKFSRSDHLKTHTRTHTGKTSEKPFSCRWHSCQKKFARSDELVRHHNMHQ

B Red: MHC class | epitopes, Green: MHC class Il epitopes

WT1 epitopes used in this study

Figure 2. Epitope peptide screening by ICCS

(A) WT1 amino acid sequence in B. longum 420. Partial
length mouse WT1 protein was transduced into the
B. longum 105A strain to construct B. longum 420-ex-
pressing murine WT1. (B) WT1 epitopes used to stimulate
the splenocytes in vitro after vaccination. (C) ICCS for the
WT1-epitope-specific T cells. After completion of the
vaccination, splenocytes in the two treatment groups

Aain WT1 MHC haplotypes

(B. longum 420 and PBS; n = 5) were cultured and
stimulated with the WT1-epitope peptides shown in (B)

for 38 h in vitro. The frequencies of IFN-y-expressing-
CD4* and CD8" T cells were determined by ICCS (*p <
0.05). Each data point represents the average of the cell
frequencies (bars, +SE).

CD4" T cells in the
B. longum 420-treated mouse group was signif-
icantly higher than in the PBS group when sple-

expressing IFN-y

Aa in WT1 protein in B. longum 420 Sequences Score
126-134 10-18 RMFPNAPYL 2 :‘LiER‘*OZ:M
177-191 61-75 KHEDPMGQQGSLGEQ 18 I-Ak
220-234 104-118 PYSSDNLYQMTSQLE 22 I-Ak
235-243 119-127 CMTWNQMNL 1 HLA-A*24:02
261-269 145-153 TEGQSNHGI 23 H-2K¥
273-280 157-164 SENHTAPI 22 H-2K¥x
296-310 180-194 GIQDVRRVSGVAPTL 18 1-Ak
298-306 182-190 QDVRRVSGV 18 H-2K¥
332-347 216-231 KRYFKLSHLQMHSRKH 0 HLA-DRB1 * 0405
353-367 237-251 YQCDFKDCERRFSRS 18 I-Ak
429-437 313-321 DELVRHHNM 16 H-2Kx

C CD4

25

CDAT*IFN-y*/All splenocytes (%)
CD8T*IFN-y*/All splenocytes (%)

Antigens

OPBS @ B. longum 420

by ICCS. The B. longum 420 vaccine displays most of the mouse WT1
protein (aall7-419, Figure 2A) and contains several known MHC
class I and class II epitopes of WTI1 protein including Db126
(aal26-134, RMFPNAPYL) as a MHC class I epitope in both human
(HLA-A*0201) and mouse (C57BL/6; H-2Db), mp235 (aa235-243,
CMTWNQMNL) as a MHC class I epitope in humans (HLA-
A*24:02),’° and WT1-332 (aa332-347, KRYFKLSHLQMHSRKH)
as a MHC class II binding epitope in humans (HLA-DRB1*0405).>
In addition to these three WT1 epitope peptides, we synthesized eight
WT1 epitope peptides binding to H-2K* (MHC class I of C3H/He
mice) or I-Ak (MHC class II of C3H/He mice), which were predicted
as the top four high-scoring peptides each for H-2K* and I-Ak by the
SYFPEITHI epitope prediction system (http://www.syfpeithi.de/0-
Home.htm) (Figure 2B). For epitope screening, splenocytes were iso-
lated from mice vaccinated with B. longum 420 or PBS and cultured
and stimulated with one each of the 11 epitope peptides (Figure 2B).
The IFN-y-expressing CD4* and CD8" T cells in the stimulated sple-
nocytes were measured by ICCS assay. The frequency of CD8" and

Antigens

0OPBS @ B. longum 420

nocytes were stimulated with epitopes of
aa235-243 (mp235), aa273-280, and aa429-
437 (p < 0.05, Figure 2C). These results indicate

cD8 that B. longum 420 can induce multiple (at least

three) WT1 epitopes specific for CD4" and
CD8" T cells in C3H/H3 mice.

B. longum 420 followed by anti-PD-1
antibody completely suppressed MBT-2
tumor growth

To investigate the synergistic antitumor activity
of a combination of B. longum 420 and
following anti-PD-1 antibody, we conducted
animal studies using the MBT-2-bearing C3H/
He mouse bladder cancer syngeneic tumor
model. Thirty-five mice subcutaneously inocu-
lated with MBT-2 cells were randomly assigned
to 5 treatment groups (n = 7): B. longum
420+anti-PD-1 antibody, B. longum 420 alone, B. longum 2012 alone,
PBS+anti-PD-1 antibody, and PBS at 7 days after the tumor inocula-
tion. We orally administered 1.0 x 10° colony-forming units (CFU)
of B. longum 420 or B. longum 2012 five times a week for 5 weeks
(days 7-11, 14-18, 21-25, 28-32, and 35-39) and intraperitoneally
injected 200 pg of anti-mouse PD-1 antibody five times in total on
days 11, 14, 17, 21, and 24 (Figure 3A). Oral administration of
B. longum 420 combined with following intraperitoneal injection of
mouse anti-PD-1 antibody completely suppressed the growth of
MBT-2 tumors and cured all seven mice, whereas B. longum 420 alone
cured three out of seven mice (Figure 3B). In the other groups (n =7),
all mice died from tumor growth, with an average survival of 28.4 +
0.7 (standard error) days with PBS control, 30.3 + 2.5 days with
B. longum 2012, and 36.0 + 4.4 days with anti-PD-1 antibody alone
(Figure 3B). The complete responses (CRs) of all seven mice in the
combination group and three out of seven mice in the B. longum
420-alone group were confirmed until day 117, when observation
was discontinued. The survival curve (Figure 3C) for the combination
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Figure 3. Combination treatment in a syngeneic mouse bladder cancer model

(A) Treatment schedule for oral administration of B. longum 420 with anti-PD-1 antibody. Mice (n = 7) were orally vaccinated with B. longum 420, B. longum 2012, or PBS 5
times a week for 4 weeks after the tumor inoculation with MBT-2 cells. Anti-PD-1 antibody or IgG isotype control was intraperitoneally injected into mice at days 11, 14,17, 21,
and 24 after tumor inoculation. (B). In vivo antitumor effects of oral administration of B. longum 420 and intraperitoneal injection of anti-PD-1 antibody. Tumor growth curves of
MBT-2 of individual mice from the following treatment groups are presented: PBS, PBS+anti-PD-1 antibody, B. longum 2012, B. longum 420, B. longum 420+anti-PD-1, and
B. longum 420+IgG isotype control. The growth curves of mice that had complete responses (CRs) are shown in red. (C) Kaplan-Meyer survival curve. The combination
treatment of B. longum 420 and anti-PD-1 significantly improved survival compared to the other treatment groups (*p < 0.05, **p < 0.01). B. longum 420 alone significantly
improved survival compared to PBS, PBS+anti-PD-1 antibody, and B. longum 2012 groups (“p < 0.05). (D and E) Immunohistochemical staining for tumor-infiltrating T cells in
MBT-2 tumors. Resected MBT-2 tumors were immunohistochemically stained with anti-CD4 antibody or anti-CD8 antibody. Representative pictures of immunohisto-
chemical staining in each treatment group are shown (400 x). (F) Tumor-infiltrating T cells in MBT-2 tumor. After treatment, tumors were resected and stained with CD3, CD4,
CD8, CD25, CD107a, and FoxP3. The proportion of tumor-infiltrating T cells was determined by flow cytometry. Each data point represents the average of the cell fre-
quencies (*p < 0.05, **p < 0.01, bars, £SE).

of B. longum 420 with following anti PD-1 antibody treatment
showed a significant prolongation of survival compared with the
other treatment groups (p < 0.05 or p < 0.01, Figure 3C). Also,
B. longum 420 alone significantly prolonged the survival period
compared to the B. longum 2012 and PBS groups (p < 0.05,
Figure 2C).

We next collected tumor tissues from another set of mouse treatment

groups after treatment to investigate the tumor infiltrating lympho-
cytes (TILs). Immunohistochemical staining for CD4" and CD8"

596  Molecular Therapy: Oncolytics Vol. 22 September 2021

T cells showed remarkably increased numbers of CD4" (Figure 3D)
and CD8" (Figure 3E) T cells infiltrating into MBT-2 tumor tissues
in mice treated with the combination of B. longum 420 and following
anti-PD-1 antibody compared to the other treatment groups.
Furthermore, the flow cytometric analysis of T cells isolated from tu-
mor tissues revealed that the combination of B. longum 420 and
following anti-PD-1 antibody treatment significantly increased
tumor-infiltrating CD4" and CD8" T cells compared to the other
treatment groups (p < 0.05, Figure 3F). In addition, the number of
tumor-infiltrating CD107a"CD8" T cells, which is a marker for
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degranulation of natural killer (NK) and activated CD8" T cells,** was
significantly increased compared to the PBS control group (p < 0.05,
Figure 3F). Interestingly, CD4" CD25"FoxP3" Treg cells were
decreased in tumor tissues from the B. longum 420 and anti-PD-1
antibody combination and B. longum 420-alone groups compared
to the other groups (Figure 3F). Representative histograms of ICCS
in each treatment group are presented in Figure S3.

CD4* and CD8* T cells play a critical role in the antitumor activity
of B. longum 420

We observed that B. longum 420 combined with anti-PD-1 antibody
significantly increased the numbers of tumor-infiltrating CD4" and
CD8" T cells in vivo. To confirm the role of CD4" and CD8"
T cells in the antitumor activity of B. longum 420, we next performed
a CD4" and CD8" T cell depletion study. Intraperitoneal administra-
tion of anti-CD4 or anti-CD8 depletion antibodies or IgG isotype
control antibody was started a day before MBT-2 tumor inoculation,
and oral administration of B. longum 420 was started 7 days after the
tumor inoculation (Figure 4A). Three out of five mice showed com-
plete regression of tumor in the B. longum 420 and IgG isotype con-
trol group, whereas all mice died from tumor growth in the B. longum
420 and anti-CD4 or anti-CD8 depletion antibody groups (Figure 4B).
The survival curve for mice treated with B. longum 420 and Ig G iso-
type control showed significantly prolonged survival compared to the
mice treated with B. longum 420 and anti-CD4 or anti-CD8 depletion

B. longum 420 + IgG Isotype control

—— B. longum 420 + Anti-CD4
0.4 —— B. longum 420 + Anti-CD8

Figure 4. CD4 and CD8 T cells depletion study

(A) Treatment schedule for CD4 and CD8 depletion in the
MBT-2 model. Mice were intraperitoneally injected with
anti-CD4, anti-CD8, or IgG isotype control at days —1, 1,
7,and 11 (n = 5, respectively). At day 0, 1 x 10° MBT-2
were injected into mice, and recombinant B. longum 420
was orally administrated 5 times a week over the following
weeks. (B) Depletion of CD4* and CD8" T cells in vivo in
the MBT-2 model. CD4* and CD8" T cells were depleted
by intraperitoneal injection of anti-CD4 antibody and anti-
CD8 antibody, respectively. Tumor growth curves of
MBT-2 in an individual mouse from the B. longum
420+anti-CD4, B. longum 420+anti-CD8, and B. longum
420+IgG isotype control treatment groups are shown.
The growth curves of mice that had complete responses
(CRs) are shown in red. (C) Kaplan-Meyer survival curve.
B. longum 420 alone significantly prolonged the survival
compared to B. longum 420 with anti-CD4 antibody or
anti CD8 antibody (*p < 0.05).

3/5CR
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antibodies (p < 0.05, Figure 4C). These results
strongly indicated that both CD4" and CD8"
T cells play a critical role in the antitumor activ-
ity of B. longum 420.

—=— B. longum 420 + 1gG Isotype control

B. longum alone significantly inhibited the

growth of tumor poorly responsive to anti-

PD-1 antibody

There is a great unmet need for clinical treat-

ments for anti-PD-1 antibody-resistant or
-poorly responsive tumors, and it is important to identify the
preferred administration sequence of this combination therapy.
Therefore, we carried out an experiment using a tumor model poorly
responsive to an initial anti-PD-1 antibody treatment. After the initial
treatment with anti-PD-1 antibody, a total of 20 out of 60 mice were
selected as mice harboring anti-PD-1 antibody-poorly responsive tu-
mors by tumor volume (larger than 450 mm?) for further evaluation,
and the other mice harboring small tumor volume (less than
450 mm®, as anti-PD-1 antibody responsive) or too large volume
(not applicable for evaluation) to be evaluated were excluded (Figures
5A and 5B). The selected 20 mice were treated with PBS, anti-PD-1
antibody alone, B. longum 420 alone, or a combination of anti-PD-
1 antibody and B. longum 420 (n = 5, Figure 5B). In result,
B. longum 420 alone significantly inhibited tumor growth compared
to the PBS control group, whereas the combination of anti-PD-1 anti-
body and B. longum 420 or anti-PD-1 antibody alone did not show a
significant tumor growth inhibitory effect compared to the PBS group
(Figure 5C). Interestingly, in the TIL analysis, the number of tumor-
infiltrating Treg (CD25"FoxP3™) cells in the combination group was
significantly higher than in the B. longum 420 alone and PBS groups.
However, there was no significant difference in the cell frequencies of
CD4" and CD8" T cells among all treatment groups (Figure 5D).
These results suggest that the continuous administration of anti-
PD-1 antibody might activate Treg cells, and B. longum 420 without
anti-PD-1 antibody treatment could have antitumor activity superior
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Figure 5. Combination treatment in an anti-PD-1 antibody-poorly responsive tumor model

(A) Treatment schedule for the PD-1-resistant MBT-2 model. Atday 0, 1 x 10° MBT-2 cells were injected into mice, and then anti-PD-1 antibody was intraperitoneally injected into
mice at days 14, 17, and 21 to acquire PD-1 resistance. From day 22, oral vaccination of recombinant B. longum 420 was carried out for the following weeks with or without anti-
PD-1 therapy (n = 5). (B) A dot plot graph of the individual tumor volumes of the 60 mice at day 20. Anti-PD-1 antibody-responsive tumors were defined as tumor volumes smaller
than 450 mm?® in 35 mice and anti-PD-1 antibody-poorly responsive tumors were defined as tumor volumes larger than 450 mm® in 20 mice, and the other 5 mice (N/A; not
applicable for evaluation) with tumor too large to be evaluated were excluded from further analysis. Lines inside boxes represent median values of tumor volumes (bars, maximum
and minimum tumor volumes). (C) Tumor growth curves of average tumor volumes from the following treatment groups are shown: PBS, B. longum 2012, PBS+ anti-PD-1
antibody alone, B. longum 420 alone, B. longum 420 with anti-PD-1 antibody, after the initial anti-PD-1 treatment. B. longum 420 alone significantly suppressed the tumor growth
compared to the PBS group at the day 39 (*p < 0.05). Each data point presents the average tumor volumes of each group (bars, +SE). (D) Tumor-infiltrating T cells after treatment
in the PD-1 resistance MBT-2 model. The population of tumor-infiltrating CDT, CD8T, Treg cells, KI67-positive T cells, and PD-1-positive T cells was analyzed by flow cytometry
(n = 5). Each data point represents the average of the cell frequencies (*p < 0.05, bars, +SE).

to the combination of B. longum 420 and anti-PD-1 antibody for tu-
mors poorly responsive to the initial anti-PD-1 antibody treatment.
Representative histograms of ICCS are presented in Figure S4.

B440 induced WT1-specific T cell response in cynomolgus
monkey

To clinically develop this WT1 oral cancer vaccine, we generated a
recombinant B. longum 440 displaying a partial human WT1 pro-
tein (aal17-419), and produced B440, a pharmaceutical formulation
of the lyophilized powder of inactivated B. longum 440.”°> We
confirmed that oral administration of the expected human equiva-
lent dose of encapsulated B440 induced a WTl-specific T cell
response in a cynomolgus monkey (Figure S5). In addition, no
obvious adverse effects or signs of toxicity were observed during
the experimental period, and B440 was detected by PCR only in

598  Molecular Therapy: Oncolytics Vol. 22 September 2021

feces, and not in blood and urine samples after oral administration
(data not shown).

DISCUSSION

Many cancer vaccines have been developed using various platform
types such as peptides, protein subunits, DNA, RNA, viral vectors,
genetically engineered whole-tumor cells, and antigen-pulsed
DCs.” These cancer vaccines carry various tumor antigens generally
divided into tumor-associated antigens, including cancer-testis anti-
gens (melanoma-associated antigen [MAGE], New York Esophageal
Squamous Cell Carcinoma-1 [NY-ESO-1]), oncofetal proteins (carci-
noembryonic antigen [CEA], alpha-fetoprotein [AFP]) and normal
self-proteins overexpressing in cancer cells (WT1, prostate-specific
membrane antigen [PSMA]), and tumor-specific antigens including
oncogenic viral antigens (human papilloma virus, Epstein-Barr virus)
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and mutated antigens (neoantigens).’** Despite demonstrations of
great antitumor activity along with the induction of strong T cell re-
sponses in animal studies, the outcomes of numerous clinical trials of
those vaccines have been disappointing.”® Functional inactivation of
antitumor T cells is postulated as one of the reasons for failures in
the development of cancer vaccines.* ICIs, however, show great po-
tential for bringing some previously unsuccessful cancer vaccines
back for further clinical development. In the present study, we
explored the feasibility of a novel cancer immunotherapy with a
WT1 oral cancer vaccine as a combination therapy with following
anti-PD-1 antibody and as a monotherapy for anti-PD-1 antibody-
poorly responsive tumor and elucidated the immunological mecha-
nism of action of this oral cancer vaccine using a mouse bladder
cancer syngeneic tumor model.

First, we confirmed that B. longum 420 could induce cellular immu-
nity specific to MBT-2 cells, which naturally express WT1 protein.*®
B. longum 420 significantly increased cell proliferation (Figure 1A)
and secretion of IFN-y (Figure 1B) in splenocytes compared to
B. longum 2012 or PBS. Db126 and mp235 are representative WT1
MHC class I epitopes, and Db126 is known to be restricted to haplo-
types of human HLA-A*02:01 and mouse H-2D", while mp235 is
restricted to human HLA-A*24:02.°>** Although mp235 stimulated
the proliferation of splenocytes from the vaccinated mice, the stimu-
lation effects of MBT-2 whole cells were higher than the single pep-
tides. MBT-2 whole cells presenting multiple epitopes of WT1 might
be able to highly stimulate splenocytes from the B. longum 420-vacci-
nated mice. Also, B. longum 420 induced significantly higher in vitro
cytotoxicity against MBT-2 cells compared to the other mouse groups
(Figure 1C).

Next, we investigated the induction of activated CD4" and CD8"
T cells in spleens and GALT. In spleen, both CD4" and CD8"
T cells expressing IFN-y were significantly higher in B. longum
420-vaccinated mice compared to the other groups (Figure 1D). In
MLNS, both CD4" and CD8" T cells expressing IFN-y in B. longum
420-vaccinated mice were significantly higher compared to PBS-
treated mice, and, interestingly, CD4* T cells expressing IFN-y in
B. longum 2012, which does not display the heterologous antigen of
WT]1 protein, were significantly higher than in PBS-treated mice (Fig-
ure 1E). As for the DCs, we could not find any significant increase
among all groups. However, the most activated DCs in MLN and
PP were observed in both B. longum 420- and B. longum 2012-treated
mice. These findings indicated that this vaccine platform using
B. longum could activate the CD4" T cell response through the gut im-
mune system. Indeed, Huda et. al.*' reported that Bifidobacterium
abundance, especially B. longum subspecies infantis in early infancy,
was positively associated with CD4™ T cell responses to Bacillus Calm-
ette-Guérin, tetanus toxoid, and hepatitis B virus vaccines.

B. longum 420 delivers a great length of WT1 protein (aal17-419, Fig-
ure 2A), and we previously demonstrated greater antitumor activity
of B. longum 420 compared to Db126 short peptide vaccine with adju-

. . 42
vant in a mouse prostate cancer syngeneic tumor model.”” To confirm

that B. longum 420 could induce CD4" and CD8" T cell responses
specific to multiple WT1 epitopes, we performed an ICCS assay using
eleven WT1 epitope-peptides to identify the specific epitopes (Figures
2A and 2B). The eleven epitopes included known human epitopes
(MHC class I epitopes Db126 and mp235 and MHC class II epitope
WT1-332) and the top four high-scoring peptides each for H-2K*
(MHC class I of C3H/He mouse) and I-Ak (MHC class II of C3H/
He mice) by the SYFPEITHI epitope prediction system (Figure 2B).
As a result, the peptides of aa235-243 (mp235), aa273-280, and
aa429-437 significantly increased the number of IFN-vy-expressing
CDA4T and CD8T cells (Figure 2C). Although all three of these epi-
topes are MHC class I epitopes, both CD4" and CD8" T cells were
activated. Although the epitope prediction system score did not corre-
late well with the results of ICCS, nevertheless the ICCS results
demonstrated that this oral vaccine could induce CD4" and CD8"
T cell responses specific to multiple WT1 epitopes. Because of the
wide variety of the T cell repertoire and diversity of the MHC haplo-
type, it is preferable for cancer vaccines to contain tumor antigen
composed of multiple epitopes.”> Furthermore, since the antigen
protein delivered by this oral vaccine is taken up inside DCs and pro-
cessed to multiple epitopes to be presented by DCs, the natural pro-
cedure for antigen presentation can induce stronger CTL compared to
a short peptide vaccine, which binds directly to MHC protein on the
cell surface of professional (DCs) and nonprofessional (T and B cells)
antigen-presenting cells.**

Our animal experiments successfully confirmed the in vivo antitumor
activity of the combination of this oral cancer vaccine and following
anti-PD-1 antibody. The combination treatment completely sup-
pressed tumor growth in all mice tested (Figures 3B and 3C). In the
immunohistochemical study, we observed increased CD4" and CD8"
TILs in tumor tissues of mice treated with the combination of oral can-
cer vaccine and anti-PD-1 antibody (Figures 3D and 3E). Also, flow cy-
tometric analysis of TILs revealed that this combination therapy signif-
icantly increased CD4", CD8", and CD8"CD107a" TILs (Figure 3F).
CD107a is a degranulation marker, and CD8"CD107a" T cells are
considered activated CTLs releasing granzyme and perforin.”* Tt is
well known that CD4" helper T cells play a critical role in CTL priming
in secondary lymphoid organs.”’ In the present study, we also
confirmed that this oral cancer vaccine and B. longum itself signifi-
cantly increased the number of CD4" T cells in MLN (Figure 1E).
Also, in tumor tissues, antigen-speciﬁc CD4" TILs can interact with
MHC class II molecule-expressing cells such as myeloid cells and a
small subset of tumor cells*® and modulate the tumor microenviron-
ment (TME) to activate CTL and NK cells. Moreover, CD4" TILs
can directly kill tumor cells through cytolytic mechanisms.*”*® Indeed,
our CD4 and CD8 depletion study revealed that the efficacy of this oral
cancer vaccine greatly relies on the function of both CD4* and CD8"*
T cells (Figure 4). On the other hand, CD4" TILs might differentiate
to Treg cells (CD4*CD25"FoxP3" cells), which suppress antitumor im-
mune responses.”’ Interestingly, this oral cancer vaccine decreased the
number of Treg cells in the tumor tissues (Figure 3F). Although the as-
sociation between Bifidobacterium and Treg cells is controversial, some
studies indicated that Bifidobacterium might suppress Treg cell
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activities. For instance, the ratio of CD8" T cells to Treg cells was
increased when CD8" T cells were activated by Bifidobacterium,”
and Bifidobacterium decreased the number of Treg cells in tumor-
bearing mice treated with 5-fluorouracil.”’

There is a great unmet need for clinical treatments for ICI-resistant or
-refractory cancers. To address this unmet need and identify the
preferred administration sequence of the combination of cancer vac-
cine and ICI, we performed animal experiments using mice harboring
tumors poorly responsive to the initial anti-PD-1 treatment (Figures
5A and 5B). Surprisingly, we found that the oral vaccine alone showed
a better outcome compared to the combination of vaccine and anti-
PD-1 antibody (Figure 5C). Previously, Kamada et al.”* reported
that PD-1 blockade might amplify Treg cells and cause a hyperprog-
ression disease (HPD) in gastric cancer treated with anti-PD-1 anti-
body. Consistent with this report, we observed the increase of Treg
cells in TILs in continuous anti-PD-1 treatment groups compared
to discontinued groups (Figure 5D). These results suggest that mono-
therapy with cancer vaccine could be preferably selected rather than a
combination therapy of cancer vaccine and ICI for ICI-refractory
cancers, especially in HPD.

For a better understanding of the clinical feasibility of this oral cancer
vaccine, we performed an experiment using cynomolgus monkeys
and the encapsulated pharmaceutical formulation B440. The results
confirmed that B440 could induce a WT1 protein-specific T cell
response in cynomolgus monkeys (Figure S5) without any serious
adverse events. These results warrant the further clinical development
of this oral cancer vaccine using a Bifidobacterium vector alone or as
an adjunct with ICIs for patients with advanced urothelial cancer.

MATERIALS AND METHODS

Recombinant Bifidobacterium

Genetically modified recombinant Bifidobacterium, B. longum 420,
B. longum 440, and B. longum 2012, were previously constructed.'”*
B. longum 420 displays a partial murine WT1 protein (aal17-419) by
the anchor protein of GL-BP. B. longum 440 displays a partial protein
of human WT1 protein (aal17-419). B. longum 2012 expresses only
GL-BP and is used as a control agent.'® The all three recombinant Bi-
fidobacterium bacteria were anaerobically cultured in Gifu anaerobic
medium (Nissui, Tokyo, Japan) with 50 pg/mL spectinomycin at
37°C. After the cultivation, these recombinant bacteria were heated
for inactivation at 65°C for 5 min.

Cell line

MBT-2, an N-4-(5-nitro-2-furyl)-2-thiazolylformamidemurine
(FANFT)-induced murine urothelial carcinoma cell line derived
from a female C3H/He mouse,”” was purchased from the Japanese
Collection of Research Bioresources (JCRB; Ibaraki, Osaka, Japan)
and maintained in Eagle’s minimum essential medium supple-
mented with 10% fetal bovine serum (Sigma-Aldrich Japan, Tokyo,
Japan) and 1% penicillin-streptomycin (Nacalai Tesque, Kyoto,
Japan). The overexpression of WT1 protein in MBT-2 was previ-
ously reported,”® and we also confirmed that by western blotting

600  Molecular Therapy: Oncolytics Vol. 22 September 2021

Molecular Therapy: Oncolytics

analysis. MBT-2 cells naturally express PD-L1 protein, and the
expression level was increased by a recombinant protein of inter-
feron-y (Figure S6).

Oral vaccination

Female C3H/He mice were orally given 100 L of PBS, 1.0 x 10° CFU
of B. longum 420, or B. longum 2012, 5 times a week for 5 weeks (days
1-5,8-12, 15-19, 22-26, and 29-33) with a feeding needle. After 2 or
4 weeks of vaccination, mice were euthanized, and MLN and PP were
resected to investigate the local gut immune responses. After 5 weeks
of vaccination, spleen cells were isolated from other mice to evaluate
systemic immune responses with in vitro assays.

Proliferation assay

The splenocytes were cultured in RPMI-1640 medium supplemented
with 10% FBS, 10 mM HEPES, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, 1 mM nonessential amino acids, 50 {M 2-mercaptoethanol,
and 1 mM sodium pyruvate (complete RPMI-1640). To determine
the proliferation activity of the splenocytes, we conducted a so-
dium 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-
carbonyl]-2H-tetrazolium) inner salt (XTT) assay. Briefly, 1 x 10°
splenocytes were cultured with stimulation with 1 x 10* mito-
mycin-C-treated MBT-2 cells, Db126 or mp235 peptides (Eurofins
Genomics, Tokyo, Japan). After 48 h of cultivation, the cell prolifer-
ation was measured by the Cell Proliferation Kit IT (XTT) (Roche,
Basel, Switzerland). The SI was calculated as the value of stimulated
cells divided by the value of non-stimulated cells.

ELISA

Splenocytes were cultivated and stimulated in vitro, and the concen-
trations of IFN-vy in the culture media were measured by a previously
described method.'” Briefly, 4 x 10° splenocyte cells were plated and
stimulated with 4 x 10* mitomycin C-treated MBT-2 cells for 3 days.
Then the supernatant was collected and frozen at —80°C for the
ELISA assay. The secretion of IFN-v in the supernatant was measured
by the Mouse IFN-gamma Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN, USA). The procedures were carried out according
to the manufacturer’s protocol.

ICCS

To obtain single-cell suspensions, the resected tissues of spleen, MLN,
and PP were mechanically homogenized and strained. The spleno-
cytes or lymphocytes from MLN (2.0 x 10°) were cultured and stim-
ulated with 2.0 x 10° mitomycin-C-treated MBT-2 cells in vitro. Gol-
giStop (BD Biosciences, San Jose, CA, USA) was added to the medium
after 26 h of the cell cultivation, and then the cell cultivation was
continued for 12 h more. The cells were collected and processed
with a BD Cytofix/Cytoperm Plus Fixation/Permeabilization Solution
Kit (BD Biosciences) for ICCS assay according to a previously
described method.”® As for the intracellular staining, PE-anti-IFN-
Y, PE-anti-TNF-a, and PE-anti-interleukin-2 (IL-2) (BD Biosciences)
were used in this study. The stained cells were counted by a Guava
flow cytometer (Merck, Darmstadt, Germany).
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For epitope peptide screening, splenocytes were isolated after vacci-
nation and re-stimulated with 10 pg/mL of predicted H-2K* (MHC
class I) epitopes or I-Ak (MHC class II) epitopes and known murine
and human epitopes in vitro. WT1-specific IFN-y production in
spleen T cells was determined by ICCS as described above. Epitope
prediction was performed by the SYFPEITHI epitope prediction sys-
tem (http://www.syfpeithi.de/0-Home htm). The peptides were pur-
chased from Eurofins Genomics (Figure 2B). As a positive control,
the cells were stimulated with concanavalin A (ConA) instead of
the peptides.

To investigate the gut immune responses that initiate WT1-specific
immunity induced by oral vaccination with recombinant B. longum
strains, we determined the population and subsets of DCs in MLN
and PPs. Single-cell suspensions from MLNs and PPs were blocked
with anti-CD16/32 for 20 min. The cells were stained with fluorescein
isothiocyanate (FITC)-anti-I-Ak, FITC-anti-CD103, PE-anti-CDl1c,
APC-anti-CD80, or APC-anti-CD86 antibodies for 30 min in the
dark on ice. The staining cells were analyzed by the flow cytometer
as described above.

CTL assay

For generating the effector cells, a total of 3.0 x 10” splenocytes were
cultured with 3.0 x 10° mitomycin-C-treated MBT-2 cells with IL-2
for 6 days. The effector cells were co-cultured with MBT-2 cells as the
target cells at a ratio of 5:1, 10:1, and 20:1 for 8 h. After the cell culti-
vation, the supernatant was collected for measuring the CTL activity
with a lactate dehydrogenase (LDH) cytotoxicity assay kit (CytoTox
96 Non-Radioactive Cytotoxicity Assay; Promega, Fitchburg, WI,
USA) according to the manufacturer’s protocol. The percentage of
specific cell lysis was calculated as experimental release — effector
spontaneous release — target spontaneous release/target maximum
release — target spontaneous release x 100.

Animal experiment for combination therapy

To explore the in vivo antitumor activity of the combination of
B. longum 420 and anti-PD-1 antibody against urothelial cancer, we
employed an MBT-2 mouse bladder cancer syngeneic subcutaneous
tumor model. One million MBT-2 cells were subcutaneously injected
into female C3H/He mice at day 0. A total of 35 mice with MBT-2
subcutaneous tumor were randomly assigned to 5 treatment groups
(n = 7): B. longum 420+anti-PD-1, B. longum 420, B. longum 2012,
PBS+anti-PD-1, and PBS at day 7, and then oral administrations
were carried out as described above (Figure 3A). Anti-mouse PD-1
antibody (InVivoPlus anti-mouse PD-1, clone RMP1-14, Bio X
Cell, West Lebanon, NH, USA) was used for the anti-PD-1 treatment,
and rat IgG2al (InVivoPlus Rat IgG2a Isotype Control, clone 2A3, Bio
X Cell) was used as an isotype control. Two hundred milligrams of
anti-PD-1 antibody or IgG isotype control was intraperitoneally in-
jected into mice at days 11, 14, 17, 21, and 24. Tumor volume was
measured by the calculation formula of (longest diameter) x (shortest
diameter)® x 0.5. Mice were euthanized when their tumors grew
larger than 20-mm diameter, and Kaplan-Meier survival curves
were generated.

CD4* and CD8" T cell depletion study

Another set of mice were intraperitoneally injected with anti-CD4,
anti-CD8, or IgG isotype control at days —1, 1, 7, and 11 (n = 5,
respectively) as described elsewhere. Both antibodies were purchased
from Bio X Cell. At day 0,1 x 10° MBT-2 was injected into the mice,
and oral vaccination with 1.0 x 10° of recombinant B. longum 420
was carried out in the following weeks. Figure 4A shows the experi-
mental design.

Immunohistochemical study

Another set of mice was injected with 2 x 10° MBT-2 and treated by
the same method described above. Tumors were resected and divided
into two pieces, and half was fixed with 4% paraformaldehyde-PBS
and embedded in paraffin. Another piece of tumor was used for
flow cytometry as described below. Immunohistochemical staining
was performed as in our previous study.”> Anti-mouse CD4 antibody
(1:1,000, Abcam, Cambridge, UK) and anti-mouse CD8a antibody
(1:400, Cell Signaling Technology Japan, Tokyo, Japan) were used
in the immunohistochemical staining. The tissue slides were observed
with a BZ-X710 microscope (Keyence, Osaka, Japan).

Tumor-infiltrating lymphocytes

To obtain the single-cell suspensions from tumors, resected tumor tis-
sues were mechanically homogenized with incellPREP (incellDx, San
Carlos, CA, USA) and strained. The single-cell suspensions in 10 mM
EDTA-PBS were blocked with anti-CD16/32 for 20 min and stained
with PerCP-anti-CD3, FITC-anti-CD4, APC-anti-CDS8, and PE-anti-
CD107a antibodies for 30 min. The stained cells were counted by flow
cytometry as described above. For Treg cell staining, the cells were
stained with PerCP-anti-CD3, FITC-anti-CD4, and APC-anti-
CD25 antibodies. For intracellular staining, the cells were permeabi-
lized with BD Fixation/Permeabilization Solution and stained with
PE-anti-FoxP3 (BD Biosciences). The stained cells were counted by
flow cytometer.

Tumor model poorly responsive to anti-PD-1 antibody

To investigate the therapeutic efficacy of B. longum 420 in tumor
poorly responsive to anti-PD-1 antibody, a total of 60 mice were
inoculated with 1 x 106 MBT-2 cells and received anti-PD-1 ther-
apy ahead of oral vaccination with B. longum 420. Twenty days after
tumor inoculation, 20 out of 60 mice were selected as harboring
anti-PD-1 antibody-poorly responsive tumors based on tumor size
(>450 mm’, Figures 5A and 5B) and then randomly assigned to 4
treatment groups: PBS, B. longum 420 alone, anti-PD-1 alone, and
combination of B. longum 420 and anti-PD-1 antibody (n = 5,
respectively). The other 40 mice harboring small tumor volume
(<450 mm?>, as anti-PD-1 antibody responsive) or too large volume
(N/A [not applicable for evaluation]) to be evaluated were excluded
from the study (Figures 5A and 5B). Figure 5B shows the dot plot
graph of the individual tumor volumes of the 60 mice at day 20
(anti-PD-1 antibody responsive: 35 mice, anti-PD-1 antibody
poorly responsive: 20 mice, N/A: 5 mice). Then, 40 days after tumor
inoculation, tumors were resected and homogenized with a gentle-
MACS Tissue Dissociator (Miltenyi Biotec, Bergisch Gladbach,
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Germany) according to the manufacturer’s manual. TILs were
measured by flow cytometry.

Preclinical study using cynomolgus monkeys

A pharmaceutical formulation of B440, as a lyophilized powder of in-
activated B. longum 440, a recombinant strain that expresses modified
human WT1 protein, was used for our preclinical study.”® Capsules
containing B440 were orally administered at low dose (39 mg/kg/
day) or high dose (77 mg/kg/day), equivalent to 1.0 g or 2.0 g for hu-
man (60 kg/body/day) doses, to cynomolgus monkeys (n = 1, respec-
tively) 5 times a week for 4 weeks. After the final oral administration,
peripheral blood was collected, and peripheral blood mononuclear
cells (PBMCs) were isolated by gradient centrifugation. One million
monkey PBMCs were seeded into 96-well plates in complete RPMI-
1640 medium with 3 pg/mL human WTI protein (OriGene, Rock-
ville, MD, USA) and 1 pg/mL CD28/49d (BD Biosciences) for 12 h.
After culture, cells were washed with Fcg receptor inhibitor (Thermo
Fisher Scientific, Waltham, MA, USA) and stained with PerCP-anti-
human CD3, FITC-anti-human CD4, and APC-anti-human CD8
(BD Biosciences, respectively) in staining buffer. After staining, cells
were fixed and stained with PE-anti-human IFN-y (BD Biosciences)
and analyzed by flow cytometry.

Statistical analysis

One-way ANOVA followed by the Tukey-Kramer method was em-
ployed for the comparisons between multiple groups. The log-rank
test on Kaplan-Meier curves was employed for the statistical analysis
of the survival between groups. Differences among experimental
groups were considered significant when p < 0.05.

Guidelines and regulations

All experiments and methods were performed in accordance with the
relevant guidelines and regulations, and all experimental protocols,
including animal experimental designs and procedures, were re-
viewed and approved by the institutional ethics and animal welfare
committees of the Kobe University Graduate School of Medicine.
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