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ABSTRACT

The gut microbiota plays an important role in cancer development and immunotherapy. Bacterial
toxins have enormous antitumor potential due to their cytotoxicity and ability to activate the
immune system. Using 16S rRNA gene sequencing, we compared the gut microbiota composition
of fecal samples from healthy individuals and patients with colorectal cancer (CRC) and observed
that the genus Bacillus was common in the healthy donors but was absent in the CRC patients.
Further, we isolated a novel Bacillus toyonensis BV-17 from the fecal samples of the healthy
individuals. Our results showed that the supernatant of the Bacillus toyonensis BV-17 cultures
could quickly kill various tumor cell lines within minutes in vitro, by causing cell membrane
disruption, blebbing, and leakage of cytoplasmic content. Fast protein liquid chromatography
(FPLC) and mass spectrometry analysis identified hemolysin BL (HBL) as the effector molecule,
which exhibits a different cytotoxicity mechanism compared to previous studies. Intra-tumor
injection of low dose HBL inhibited the growth of both treated and untreated tumors in mice.
The outcomes of this pioneer study suggest that HBL exhibits antitumor activity and is a potential
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chemotherapeutic agent that could be engineered to target only tumor cells in future.

Introduction

Cancer is a leading cause of death among the global
noncommunicable diseases. Conventional cancer
therapies mainly include surgical excision, radio-
therapy, and chemotherapy. Unfortunately, cancer
recurrence, metastasis, and chemotherapy- or
radiotherapy-resistance severely limits treatment
efficacy. As such, there is a tremendous need to
find new antitumor drugs for advanced cancer
patients.

As a common gastrointestinal cancer, colorectal
cancer (CRC) ranks third in incidence and second
in mortality among cancers globally.' The gut
microbiota is proximally located to the colorectal
epithelium and continuously interacts with host
cells. Recent evidence has shown that the gut
microbiota plays an important role in CRC
development” and greatly varies in CRC patients.’
Also, certain bacteria influence the efficacy of

cancer immunotherapy, this could be related to
the activation of anti-tumor immune responses.*”
Moreover, Tanoue et al isolated 11 bacterial strains
from healthy donor feces. They found that a gavage
of a mixture containing these 11 strains could inhi-
bit the growth of subcutaneous tumors in mice and
enhance the therapeutic effect of the anti-PD1
antibody.’

Bacterial toxins are important metabolites,
which were used as a cancer treatment a 100 years
ago, that often have powerful cytotoxicity and
incite strong immune responses toward the host.
In 1910, William Coley utilized Streptococcus erysi-
pelas and Bacillus prodigiosus to successfully treat
patients with inoperable sarcomas, these are known
as Coley’s toxins today. Among 52 cancer patients
who received bacterial toxins treatment, 36 cases
had partial responses or complete responses.” The
mechanisms by which these beneficial effects
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occurred are partially due to the combination of the
direct cytotoxic effect of the toxins and the activa-
tion of anti-tumor immune responses. With the
development of biotechnology, a growing number
of researchers are trying to use bacteria and their
toxins to treat advanced cancers. In 1990, the live
attenuated ~ Mycobacterium  bovis  (Bacillus
Calmette-Guérin, BCG) was approved as
a treatment for bladder cancer.® The best-known
bacterial toxins with antitumor activity are anthrax
toxin, Pseudomonas aeruginosa exotoxin A, and
diphtheria toxin.”'® By conjugating the toxin to
antibodies or ligands, the engineered toxins could
then selectively recognize cancer cells through sur-
face antigens or receptors. These are known as
immunotoxins and were much better tolerated by
animals and have since been widely tested in
human clinical trials.""

Bacillus toyonensis (B. toyonensis), which is com-
monly found in the natural environment and gastro-
intestinal tract, is a nonpathogenic Gram-positive,
rod-shaped, facultatively anaerobic, spore-forming
bacterium. The bacterium was first identified as
Bacillus cereus var toyoi but has recently been pro-
posed as a new species named B. toyonensis because
of its significant genomic differences from Bacillus
cereus.'”” B. toyonensis has been widely used as
a probiotic in animal feed for several decades."
Some research has also suggested that B. toyonensis
could exert an immunomodulatory function and
enhance the response of traditional vaccines in
mice and pigs.'*"” So far, there has been no report
on its pathogenic nature. Abdulmawjood et al eval-
uated the enterotoxin gene expression of the Bacillus
toyonensis BCT-7112 strain and found that the hbIC
gene was absent, therefore it was not able to form
functional enterotoxins.'®

Normal gut microbiota is a relatively unexplored
treasure trove, which regulates many physiological
processes, including nutrition metabolism, energy
capture, and immune responses.'”'® However, the
research about isolated bacteria as a cancer treat-
ment is quite limited. In this study, we focused on
the bacteria which were found to be universal in
healthy individuals but generally absent in CRC
patients in order to screen the strains and their
metabolites for potential anti-tumor effects.
A novel Bacillus toyonensis BV-17 was isolated
from the feces samples of healthy donors, which

can secrete hemolysin BL (HBL) to quickly destroy
the cell membranes of various tumor cells. To date,
there have been no relevant reports about the anti-
tumor potential of B. toyonensis. Here, we investi-
gated the antitumor effects of HBL in vivo and
in vitro in order to determine its potential as
a cancer treatment for CRC.

Results

Genus Bacillus is common in healthy donors but
absent in CRC patients

16S rRNA gene amplicon sequences were per-
formed to analyze the gut microbiota characteris-
tics between 25 CRC patients and 25 healthy
donors (Table 1). In both groups, the phylum
Firmicutes, Bacteroidetes, and Proteobacteria con-
tributed to more than 96% of the total gut micro-
biota. However, the ratio between these bacteria
significantly changed in the CRC patients. Among
the CRC patients, the relative abundance of the
phylum Bacteroidetes and Proteobacteria were sig-
nificantly increased to 50.0 % and 10.3% (26.3%
and 6.2 % in healthy donors), respectively, but the
phylum Firmicutes was significantly decreased to
36.2 % (65.2% in health donors) (Figure 1(a)).
Each sample data is shown in Supplementary
Figure 1C. Similar results were obtained by LEfSe
analysis (Supplementary Figure 1A-B), which were
consistent with a previous study.'” After further
analyzing the difference among the phylum
Firmicutes, we found that despite the low abun-
dance of the genus Bacillus in the gut, it was com-
mon in the healthy donors but absent in the CRC
patients (Figure 1(b)). After this, all stool samples
of the healthy donors were cultured to obtain these
bacteria. However, only 4 of the 25 samples pro-
duced the typical colony morphology of the genus

Table 1. Characteristics of clinical samples and data.
CRC patients

Healthy donors

(n =25) (n=25)
Age (mean * SEM) 50.60 + 0.8981 61.64 £ 2.011
Male (no.,%) 64% 68%
Observed species per 625.3 + 19.45 749.6 + 28.18
samples®

Stage | 7
Stagell 8
Stage Il 8
Stage IV 2

*Significant difference of P < 0.05, using unpaired t test.
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Figure 1. The secretion of Bacillus toyonensis BV-17 quickly kills tumor cells. (a) The top 10 relative abundance at the phylum level in the
two groups. (b) The scatter plot of genus Bacillus OTU numbers in the two groups (***p < .001, unpaired student’s t test, data were from
the mean with SEM). (c) LDH release assay is used to measure the cell lysis of supernatants from different bacteria. Data are from the
mean with SD in triplicates. (d) The cell lysis of B. toyonensis BV-17 supernatants is dose-dependent. The different volumes of
supernatant (0 pl to 10 pl) are added to the 100 pl cell culture medium incubating for 30 min. Data are from the mean with SD in
triplicates. (e) The membrane damage of cells is shown by an indirect immunofluorescent assay.
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Bacillus, this may be due to its low relative abun-
dance. The colonies of these bacteria are round,
milky, opaque, dry, and slightly convex when
grown on blood agar and lecithinase positive on
egg yolk agar. The bacterium is gram-positive,
motile, and rod-shaped (Supplementary Figure
2A-C).

The secretion of B. toyonensis BV-17 quickly kills
tumor cells by damaging the plasma membrane

By co-culturing HCT8 tumor cells with secretions
from the different isolated bacteria of the stool sam-
ples, we found that only the supernatants from the
isolated bacteria of the genus Bacillus led to total cell
lysis in a short period (Figure 1(c)). This result greatly
varied among the different clones of these bacteria. As
such, we focused on the clone with the most powerful
cytotoxicity for species identification. Using 16S rRNA
gene sequencing, the species was revealed to most
likely  be  Bacillus  toyonensis ~ BCT-7112
(Supplementary Figure 2E). However, there is a high
similarity between the 16S rRNA gene sequences
between Bacillus groups, therefore we conducted
whole-genome sequencing. The results, once again,
identified the species to most likely be B. toyonensis,
with 99.651% identity and 89.8% coverage to the type
genome of B. toyonensis. This strain was named
B. toyonensis BV-17 and uploaded to NCBI (accession
number: CP047044) (Supplementary Figure 2D)

Lactate dehydrogenase (LDH) is a stable cytoso-
lic enzyme that is released upon cell lysis. Almost all
the cells died after the addition of 10 pl supernatant
to a 100 pl cell culture in 30 min (Figure 1(d)). At
first, balloon-like shapes emerged around the cell,
and then the cell membranes broke. To prove cell
death, we marked the cell membranes with an anti-
E-cadherin antibody, which is a membrane protein,
and marked the cell nucleus with Hoechst.
Compared to the control group, the cell mem-
branes were destroyed and the nuclei shrank in
the B. toyonensis BV-17 supernatant group.
(Figure 1(e)).

Characteristics of the effector in the supernatant of
the B. toyonensis BV-17 culture

To analyze the biological characteristics of the
unknown active agent, we incubated cells with the

supernatant of B. toyonensis BV-17 cultures treated
to 50°C heat, 75°C heat and proteinase K for 1 h.
The supernatant from cultures treated with 75°C
heat or proteinase K no longer produced the cyto-
toxicity effect. However, the supernatant treated
with  50°C heat still retained this effect
(Supplementary Figure 3A). Size-fractionation of
the supernatants using different ultrafiltration
tubes revealed that the >10 kd and >30 kd fractions
included the effector protein (Supplementary
Figure 3B). Collectively, it was determined that
the effector is a heat-sensitive protein with
a molecular weight of more than 30 kDa.

To identify the effector protein, the supernatants
were purified using Superdex 200 10/300 GL gel
filtration columns with fast protein liquid chroma-
tography (FPLC). Every eluted fraction was tested
for the degree of cell bleb emergence and cell mem-
brane disruption. Of the 67 eluted fractions (Figure
2(a)), only the 23rd, 24th, and 25th fractions had
powerful cytotoxic activity against tumor cells
(Figure 2(b)). These positive fractions were col-
lected and analyzed with 12% SDS-PAGE (Figure
2(c)). The mass spectroscopy analysis revealed
hemolysin BL lytic component L2 (HBL-L2),
hemolysin BL lytic component L1 (HBL-L1) and
hemolysin BL binding component (HBL-B). These
proteins belong to a homologous three-component
enterotoxin (Table 2). When expressing and pur-
ifying these three proteins in the E. coli BL21
(Figure 2(d)), the results showed that any single
component or HBL-L2 combined with HBL-B pro-
duced no cytotoxicity. However, when combining
HBL-L1 with HBL-L2 or HBL-B, the cells were
quickly killed (Figure 2(e)). Moreover, this cyto-
toxicity had no strict sequential manner as no mat-
ter which component was added to the cell first, cell
lysis occurred as long as one of the two protein
components was HBL-L1 (Figure 2(f)).

HBL secreted from B. toyonensis BV-17 rapidly kills
cancer cells in high concentrations and significantly
inhibits cell proliferation in low concentrations

To obtain the reaction time of HBL, we tested the
time to cell death by adding high doses of HBL
(10 pg/ml) to cancer cell cultures. With increasing
HBL concentrations in the cell cultures, the time till
cell death was significantly shortened. Cancer cells
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Figure 2. Identification of the effectors in the supernatants of B. toyonensis BV-17. (a) FPLC chromatogram of the secretion from
B. toyonensis BV-17. The horizontal axis shows the eluted fractions (67 in total). The blue curve shows the absorbance at A280. (b) Cell
viability by CCK-8 assay is conducted after exposure to different eluted fractions. Data are from the mean with SD in triplicates. (c) 12%
SDS-PAGE gel analysis of eluted proteins with coomassie staining. M: marker. 23-25 (cytotoxic fractions). 21, 22, 26, 27, 30 (adjacent
non-cytotoxic fractions). (d) Expression analysis of the recombinant HBL-B, HBL-L1, and HBL-L2 in the E. coli BL21 by Western blotting.
(e) Mechanism of cytotoxicity toward the HCT116 cells among three components of HBL. The cells are treated with 10 pg/ml
recombinant proteins for 5 min. (f) Sequential action manner analysis of the HBL three components.
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Table 2. Main toxins in the 23rd, 24th, and 25th fractions by
mass spectroscopy analysis.

Coverage MW
Description Accession [%)] [kd] Score
Hemolysin BL component L2 R8U655 72 493  608.46
OS = Bacillus cereus
Hemolysin BL component L1 C2PF09 18 439 11.5
OS = Bacillus cereus
Hemolysin BL component P80172 54 415 1622.08

B OS = Bacillus cereus

began bubbling in just 5 min and were almost
totally dead in 10 min (Figure 3(a)). By detecting
Annexin V/PI-double positive cells with flow cyto-
metry, we found that the cell death rate reached
almost 50% in just 5 min (Figure 3(b,d)). Further
investigations revealed that HBL exhibited similar
cytotoxicity on HCT116, Hela, B16-F10, and A549
cancer cell lines, which originated from colorectal
cancer, cervical cancer, melanoma, and lung can-
cer, respectively. Unfortunately, HBL also killed the
IEC6 cell cultures, a normal rat intestinal epithelial
cell line (Figure 3(c)). Thus, the toxin not only kills
cancer cells but also normal mammalian cells. We
determined that the cytotoxicity of HBL is dose-
dependent by using the CCK-8 assay. The half-
maximal inhibitory concentration (IC 50) of HBL
is quite low, about 0.5 pg/ml (Table 3). When
cancer cells were incubated with low doses of
HBL, such as—=— 0.1 pg/ml and 0.25 pg/ml, obvious
cell lysis and bleb were not induced, but over time
the cancer cell proliferation and clone formation
were significantly inhibited. When the concentra-
tion was increased to 0.5 ug/ml, all the cells died
and no clones formed (Figure 3(e-g)).

HBL inhibits the growth of both treated and
untreated tumors in vivo

To preliminarily evaluate the antitumor effects of
HBL in vivo, we established a colorectal subcuta-
neous tumor model. Firstly, the MC38 tumor
model was used to test HBL treatment on small
tumors in C57BL/6 mice, which have an intact
immune system. To reduce nonspecific cytotoxicity,
we treated the tumors with intra-tumor injections
containing 10 pug HBL in just 25 pl. The control
group consisted of tumor-bearing mice treated with
intra-tumor injections of 25 pl PBS buffer. The
results showed that tumor growth in the HBL
group was significantly inhibited. (Figure 4(a-c)).

Interestingly, the spleen volume was also increased
in the HBL group, which could be related to the
activation of immune responses (Figure 4(d-e)).
Secondly, the human HCT116 tumor model was
used to test the treatment of large tumors in nude
mice, which are genetically mutated to have
a deficient immune system. When the tumor volume
reached roughly 250 mm3 by day 13, localized HBL
treatment was administered every 3 days to the mice.
After which, we found similar results to the C57BL/6
mice experiments. Tumor volume in the HBL group
was significantly smaller than the control group and
even shrank when compared with before treatment
volumes (figure 4(f-h)). To test the toxicity of HBL,
we monitored the changes in body weight and nor-
mal tissue damage in nude mice. Apparent physical
discomfort and weight loss were not found when
using the localized treatment (Supplementary
Figure 4A-B), but localized necrosis occurred 1 day
after the injection. However, unlike a classic inflam-
matory response, there was no obvious redness or
swelling at the injection site (Supplementary Figure
4C-D). To detect whether the treatment had a distal
effect, we successfully established a bilateral subcu-
taneous MC38 tumor model. The right-side tumor
was treated with intra-tumor injections of HBL (5 pg
HBL in 25 pl) or PBS every 3 days, while the left-side
tumor remained untreated (Figure 5(a)). For the
treated tumor, the growth rate of subcutaneous
tumors was significantly slower than the control
group. The treatment resulted in tumor tissue com-
pletely disappearing from 2 mice, with increasing
treatment times and doses (Figure 5(b-c)). For the
untreated tumor, HBL delayed tumor growth to
some extent (Figure 5(d-e)).

Infiltrating T lymphocyte increases in both treated
and untreated tumors of the HBL group

We found that there were necrotic and inflamma-
tory cells infiltrating the HBL treated tumors by
hematoxylin-eosin (H&E) and immunohistochem-
ical (IHC) staining. As for the untreated tumors of
the HBL group, although no necrosis was found,
tumor-infiltrating T cells were significantly
increased (Figure 6(c-f)). Moreover, no obvious
differences or necrosis were found in distant organs
(heart, liver, spleen, lung and kidney) between the
HBL and control groups (Figure 6(a,b)).
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Figure 3. HBL rapidly kills various cancer cells with high concentrations and significantly inhibits cell proliferation with low
concentrations. (a) The morphology changes of cells in treatment with 10 pg/ml HBL over time. Red arrows represent the dead
cells with blebs formation. (b) Apoptosis analysis by flow cytometry after incubating with HBL for 5 min. (c) The alterations of various
cell morphology after exposed to 2.5 pg/ml HBL toxins for 30 min. (d) Histogram of double-positive cells in HBL and control groups,
which represent the dead cells. (e) Cell viability by CCK-8 assay is conducted after exposure to different concentrations of HBL toxins. (f)
Cell proliferation is measured by CCK-8 assay within 48 hours. HCT116 cancer cells are treated with HBL at 0.1 ug/ml and PBS,
respectively. (g) Clone formation assay of HCT116 cancer cells treated with different concentrations of HBL. (***p < .001, **p < .01,
unpaired student’s t test, data are from the mean with SD in triplicates).

Discussion Bacillus licheniformis, Bacillus cereus, and Bacillus

In this study, we found that the genus Bacillus is ~ toyonensis, are widely used as probiotics in animal
common in healthy donors but absent in CRC feed and have also been used in the treatment of
patients. According to previous studies, various diarrhea,2 Oiggestinal dysfunction, and enteritis in
strains of genus Bacillus, such as Bacillus subtilis, ~ humans. In addition to the HBL secreted by
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Table 3. Cytotoxic activity of HBL toxins against various mammal
cells.

Cell name Characteristics 1C50(pug/ml)
HCT116 Colorectal cancer 0.48
Hela Cervical cancer 0.52
B16-F10 Melanoma 0.80
A549 Lung cancer 0.52
IEC-6 Normal intestinal cell 0.67

B. toyonensis BV-17 being able to rapidly kill cells
in vitro, the mice treated by oral gavage with 1 x 10°
cfu live bacteria or even a 25-fold concentration of
the bacterial supernatants did not show any dis-
comfort. We suspect that an intact intestinal muco-
sal barrier may help to protect against the toxicity
of HBL. When developing colorectal cancer, tumor
tissues are often accompanied by bleeding and
destruction of the mucosal barrier. In this case,
the HBL produced by B. toyonensis BV-17 may
kill tumor cells and incite an immune response
that slows the progress of the tumors. However,
further research is required to test this hypothesis
in vivo.

HBL is a three-component enterotoxin secreted
from Bacillus cereus and an intact protein has not
been found in Bacillus toyonensis until now. Kovac
et al* evaluated the production of HBL proteins
(L1, L2, and B) among the Bacillus species from the
perspective of phylogeny. They performed whole
genome sequencing of 22 Bacillus species isolated
from dairy and found that HBL was neither inclu-
sive nor exclusive to B. cereus, which varies a lot.
Many strains of genus Bacillus contain homologs of
the hblACD gene but do not produce HBL, possibly
due to amino acid substitutions in the different
toxin-encoding genes. As for the mechanism of
action, the component B (41.5 kDa) binds to the
cell surface and then the two lytic determinant
components L1 (43.9 kDa) and L2 (49.3 kDa)
form pores in the cell membrane.”* Moreover,
neither any single component nor any combination
of two components showed cytotoxicity. This tri-
partite toxin is aggregated in a strictly sequential
manner (B-L1-L2) and the binding component B is
crucial to its toxicity.”> In contrast, by expressing
the three HBL proteins from B. toyonensis BV-17 in
E. coli BL21, we found that its mechanism of action
differed from the previous studies described above.
Combining two components (L1 + B or L1+ L2),

provided one of the components is L1, exhibited
a powerful toxicity toward cells and did not adhere
to a sequential manner. The HBL-L1 is essential for
the cytotoxicity, and only one of the other HBL-B
or HBL-L2 is needed to Kkill cells. We analyzed
multiple sequence alignments of the recombinant
HBL and determined it has high homology with
previous research (B: 95.4% identity, L1: 99.8%
identity, L2: 97.9% identity). With the main differ-
ence being that the HBL-L1 simply replaces A with
V at the 45th amino acid position (Supplementary
Figure 5A-C).

Mathur et al*® found that HBL could induce pyr-
optosis in bone marrow-derived macrophages
(BMDMs) accompanied by the secretion of IL-1f
and IL-18 which incites inflammation in mice.
Another study showed that pyroptosis of tumor
cells can induce inflammation and then trigger
robust anti-tumor immune responses.”” Gil
M et al*® demonstrated that IL-18 is positively cor-
related with CD8(+) T Cell and natural killer cell
infiltration in skin cutaneous melanoma. We also
speculate that cytoplasmic proteins leaked from can-
cer cells may contribute to the activation of the
immune system due to exposure of tumor neo-
antigens. Our results demonstrated that HBL inhib-
ited the growth of not only treated tumors but also
untreated tumors in mice, exhibiting increased
tumor-infiltrating T cells in both tumor types.
However, nonspecific cytotoxicity limits the applica-
tion of HBL treatment as this characteristic deter-
mines that it is not suitable for systemic
administration. Even so, HBL is a modifiable pro-
tein. One solution is to conjugate the toxin to
a tumor-specific antibody or ligand to create
a immunotoxin, which can selectively recognize
antigens or receptors on the cancer cell surface.
This approach has proven feasible in solving the
tumor-targeting problem for other toxins, such as
anthrax toxin, Pseudomonas aeruginosa exotoxin A,
and diphtheria toxin.'” Moreover, HBL has its added
advantages compared to existing toxins for cancer
therapy: 1. HBL kills cells not by entering the cell but
by acting on the plasma membranes, which allows it
to continue to function efficiently after re-
engineering, 2. Each single component of HBL
shows no cytotoxicity, which enables its exogenous
expression in E. coli without causing host cell death
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Figure 4. HBL significantly inhibits the growth of subcutaneous tumors in vivo. (a) The schedule of experiments in C57BL/6 mice. (b)
The excised tumor tissues of C57BL/6 mice from the two groups at day 22. (c) Measurement of MC38 tumor volume in the two groups
over different day points. (d) Gross morphology of the spleen from the two groups in sacrificed mice. (e) Histogram of the spleen
volume in the two groups. (f) The schedule of experiments in nude mice. (g) The excised tumor tissues of nude mice from the two
groups at day 31. (h) Measurement of HCT116 tumor volume in the two groups over time. (***p < .001, *p < .05, unpaired student’s
t test, data are from the mean with SEM. Red arrows represent one treatment).

facilitating mass production, 3. The two components ~ HBL has antitumor activity and is a potential che-
working together to produce cytotoxicity can be  motherapeutic agent that, in future, could be re-
used to improve treatment safety. In summary, engineered to specifically target tumor cells.
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Figure 5. HBL also inhibits the growth of untreated tumors in vivo. (a) The schedule of experiments in vivo. 1 x 105 MC38 cells were
subcutaneously injected into the bilateral sub-axillary tissues. (b) The excised treated tumor tissues of C57BL/6 mice from the two
groups at day 25. (c) Measurement of treated MC38 tumor volume in the two groups over time. (d) The excised untreated tumor tissues

of C57BL/6 mice from the two groups at day 25. (e) Measurem

ent of untreated MC38 tumor volume in the two groups over time.

(***p < .001, unpaired student’s t test, data are from the mean with SEM. Red arrows represent the treatment.).

Materials and methods

Patient feces collection and 16S rRNA gene
sequencing

The collection of all samples and information was
approved by the Ethics Committee of Peking
University Shougang Hospital. All patients provided
verbal consent for this study. From September 2017 to
September 2018, a total of 50 people were enrolled in
this study, including 25 healthy donors from the
department of physical examination and 25 patients
with colorectal cancers from the department of gastro-
intestinal surgery. None of the CRC patients had
undergone radio-chemotherapy at the time of

enrollment. No participants had undergone any anti-
biotic treatments three months prior to enrollment.
Fecal samples from the CRC patients and healthy
volunteers were collected and stored at —80°C. The
genomic DNA, library construction, and 16S rRNA
sequencing were performed by Novogene Company.

Bacteria isolation and identification

Feces (0.5 g) from the healthy donors were
homogenized in 5 ml of sterile PBS in a 15 ml
sterile centrifuge tube. Centrifugation was car-
ried out at 1000 RPM for 1 min and then a 50 ul



GUT MICROBES e1782158-11

HBL

Control §

HBL

C Treated tumor d Untreated tumor
CD3
o - o --
. V - --
e @ Control ¢ 1
6000 - ik o @ Contro
e B HBL A &= HBL
S -
T 4000 a 1500
) dok
% = S 1000
£ £
& 2000 7
500
0- 0-
Treated  Untreated Treated  Untreated

Figure 6. Histological evaluation of tumor tissues and distant organs. (a) The effect of HBL treatment on MC38 tumor tissues and
distant organs in C57BL/6 mice. (b) The effect of HBL treatment on HCT116 tumor tissues and distant organs in nude mice. (c) The
histological change and T cell infiltration in treated MC38 tumor tissues of the HBL group. (d) The histological change and T cell
infiltration in untreated MC38 tumor tissues of the HBL group. (e) Histogram of sum area in T cell infiltration on both sides of MC38
tumor. (f) Histogram of sum 10D (integral optical density) in T cell infiltration on both sides of MC38 tumor. (% represents tumor cell,
A represents inflammatory cells, and N\ represents necrosis, **p < .01, unpaired student’s t test, data are from the mean with SEM.
Red arrows represent the treatment.).
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aliquot of the supernatant was directly spread
onto blood agar plates. The plates were incu-
bated at 37°C for up to 3 days under both
anaerobic and aerobic conditions. After which,
a sterile inoculation needle was used to pick up
single colonies and streak them on clean plates
in order to culture pure colonies. Pure colonies
of interest were examined by Gram-stain under
a light microscope and by PCR for colony iden-
tification. Briefly, pure colonies were inoculated
into a 100 pl Eppendorf tube containing 50 pl
sterile water, this bacterial suspension was then
boiled for 20 min at 99°C and cooled to 4°C.
The resulting DNA (2 pl) was used in a 50 pl
PCR reaction with universal bacterial primers,
27F  (AGAGTTTGATCCTGGCTCAG) and
1492R  (TACGGCTACCTTGTTACGACTT) to
amplify the bacterial 16S rRNA gene. The PCR
products were sequenced by TITANYI HUIYUAN
Company and blasted on the NCBI database to
preliminarily identify the isolated bacteria. As
for whole-genome sequencing, the bacterial
genomic DNA was extracted using a TIANamp
Bacteria DNA Kit (DP302), according to the
manufacturer’s instructions, and then sequenced
with Illumina PE150 by Novogene Company.

Cell cultures and animals

The mammalian cell lines including HCTS,
HCT116, MC38, Hela, B16-F10, A549, and IEC-
6 were purchased from the National Infrastructure
of Cell Line Resource in Beijing. They were rou-
tinely tested and authenticated using a panel of
genetic and epigenetic markers. Cells were cul-
tured in DMEM or RPMI-1640 medium with
10% FBS at 37°C in a humidified incubator (5%
CO2) and passaged in our laboratory for 1 month
after resuscitation. The 6-8 weeks old female
C57BL/6 mice and Nude mice were purchased
from Vitalriver Experimental Animal Technology
Co. Ltd. (Beijing, China) and raised in an SPF
(specific pathogen-free) environment. All animal
experiments were conducted in accordance with
the guidelines of the Animal Welfare and
Research Ethics Committee of Peking University
Cancer Hospital (Permit Number: EAEC
2018-20).

LDH releasing assay

Lactate dehydrogenase activity released in the cul-
ture media was measured by the CytoTox 96° Non-
Radioactive Cytotoxicity Assay (Promega), accord-
ing to the manufacturer’s instructions. The absor-
bance at 490 nm was recorded using a microplate
reader. LDH release % = (Experimental LDH
Release  (OD490)/Maximum LDH  Release
(OD490)) x 100.

Cell indirect immunofluorescent assay

1 x 10° HCTS cells were seeded in a confocal dish and
cultured overnight. The B. toyonensis BV-17 super-
natants (100 pl) were added to the 1 ml of cell culture
media in the confocal dish. When cell blebs emerged
and destruction of the cell membrane had occurred,
the culture media was removed and the cells were
fixed with 4% paraformaldehyde for 5 min. To per-
meabilize the cell membranes, the cells were treated
with 0.5% Triton x100 for 20 min. Then blocked with
goat serum for 1 h. After which, the cells were stained
with a rabbit monoclonal antibody against E-cadherin
(ab15148, Abcam) at 4°C overnight. Following this,
the cells were stained with the secondary antibody
conjugated with Alexa Fluor® 488 (Goat anti-rabbit
lgG, ab150077, Abcam) at room temperature for 2
h. The cell nucleus was stained with Hoechst33342
for 5 min. The results were observed with a laser
confocal microscopy.

Isolation of effective proteins from B. toyonensis
BV-17 supernatants by FPLC and identification by
mass spectrometry

B. toyonensis BV-17 was seeded into 500 ml LB
medium and grown at 37°C for 36 h. The super-
natant was then concentrated into 1 ml with a 10 kd
ultrafiltration tube (Millipore). The upper liquids
were collected and purified by Superdex 200 10/300
GL gel filtration columns with FPLC. A total of
36 ml of elution buffer was flowed at the rate of
0.5 ml/min and 0.5 ml was collected in 1.5 ml
Eppendorf tube. The component and molecular
mass of eluted proteins were analyzed by 12% SDS-
PAGE. The SDS-PAGE gel was stained with
Coomassie Brilliant Blue Staining Solution. After
which, the gel containing the proteins was cut and



digested with trypsin. The digested peptides were
then identified by MALDI-TOF mass spectrometry.

Expression, purification, and western blotting
analysis of the recombinant HBL (rHBL)

The hbIC (L2), hblD (L1), hblA (B) genes were
amplified from the B. toyonensis BV-17 genome
by PCR. The primer pairs were: HBL-B-F-BamH1:
CGCGGATCCATGATGAAAAATATCCCGTAC-
AAACT, HBL-B-R-Hind3: CCCAAGCTTTTTTT
GTGGAGTAACAGTTTCCAC, HBL-L1-F-Bam
H1: CGC GGATCCATGATGAAAAAATTCCCA
TTCAAAGTG, HBL-L1-R-Hind3: CCC AAGCT
TTTCCTGTTTAAAAGCGATGTCTTT, HBL-L2
-F-BamHI1: CGC GGATCCATGAAGAATAAAA
TAATGACAGGATTTTTAATAACAT, and HBL-
L2-R-Hind3: CCCAAGCTTAAATTTATATACC
TGTTCTTCAAGGTAACTTATT. Then  the
sequences were cloned into the pET-28a vector,
which added an N-terminal and C-terminal 6xHis-
tag to the protein. The rHBL was expressed in
E. coli BL21 chemically competent cells induced
by 01 mM IPTG (isopropyl-1-thio-p-
D-galactopyranoside) for 6 h at 37°C. The protein
was purified using a Ni-NTA resin column and
analyzed by western blotting with the primary
Rabbit anti-6xHis tag antibody (Abcam: ab9108)

Cytotoxicity and apoptosis assays

Cytotoxicity was measured with a CCK-8 assay. In
brief, 2 x 104 various mammalian cells were seeded
in 96-well plates and grown overnight in 100 pl culture
medium. Then the cells were incubated with different
concentrations of toxins at 37°C for 30 min. Each dose
gradient had 3 duplications. After which, 10 pl of
CCK-8 solution as added to each well and incubated
for 1 h. The absorbance at 450 nm was recorded by
microplate reader. Cell viability % = [A (HBL)-A
(blank)]/[A (control)-A (blank)] x 100%. Apoptosis
was measured with an Annexin V-FITC Apoptosis
Detection Kit (Beyotime), according to the manufac-
turer’s instructions. In brief, 1 x 106 HCTS8 cells were
seeded in a 12-well plate and grown overnight. The
cells were then treated with 10 pg/ml HBL or PBS.
After 5 min, the cells were stained with 5 pl Annexin
V-FITC and 10 pl PI for 20 min at room temperature.
Then the cells were detected by flow cytometry.
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Cell proliferation and clone formation assays

Cell proliferation was measured by CCK-8 assay. In
brief, 1 x 10* HCT116 cells were seeded in 96-well
plates and grew overnight with 100 ul culture med-
ium. Then the cells were incubated with 0.1 ug/ml
HBL or equal PBS at 37°C. The cell counts were
positively correlated with OD value and measured
every 12 hours with five-time points. Each time
point had three duplications. For clone formation
assays, 1 x 10° HCT116 cells were seeded into
a 6-well plate and grew overnight. Then the cells
were treated with 0.1 ug/ml, 0.25 ug/ml, 0.5 ug/ml
and equal PBS respectively. After growing at 37°C
in 5% CO2 for 2 weeks, the cells were fixed with 4%
paraformaldehyde for 15 min and then the cell
colony was stained with crystal violet dye and the
colony-forming efficiency in the different groups
was determined.

Animal experiments

The C57BL/6 mice or nude mice were used to
establish tumor models and randomly divided
into two groups. For the one-side tumor model,
2 x 106 MC38 or HCT116 cells in 100 pl serum-
free RPMI-1640 medium were subcutaneously
injected into the right sub-axillary tissues. When
tumor volume reached about 100 mm3 at day 7 or
250 mm3 at day 13, C57BL/6 or nude mice began
to receive the intra-tumor injection of HBL (10 pg
HBL in 25 pl) or PBS every 3 days, receiving a total
of 3 treatments. For the two-side tumor model,
1 x 105 MC38 cells in 100 pl serum-free RPMI-
1640 medium were subcutaneously injected into
the bilateral sub-axillary tissues. When tumor
volume reached about 50 mm3 at day 7, the right-
side tumor was treated with an intra-tumor injec-
tion of HBL (5 ug HBL in 25 pl) or PBS every
3 days, while the left-side tumor remained
untreated. All mice were sacrificed when tumor
volumes reached about 2000 mm3. Tumor volume
and the weight of the mice were measured every
3 days. Tissue volume was calculated by the for-
mula: Volume = (Length x Width2)/2. Tumors
and other organs were removed and fixed with
4% paraformaldehyde for further research. The
protein concentration was measured with a BCA
assay.
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Histological evaluation

Tumors and other organs were removed from
the mice and washed with PBS. All tissues were
fixed with 4% paraformaldehyde overnight, then
dehydrated by graded ethanol, vitrified by
dimethyl benzene and finally embedded in par-
affin. Serial 5.0 um tissue biopsies were cut and
used for H&E staining and IHC staining. The
T cell infiltration in the tumors were marked by
anti-CD3 antibodies (ab16669, Abcam). Image-
pro Plus software was used to quantitatively
calculate the sum area and sum IOD of the
CD3 staining in tumor tissues. The necrosis
and inflammation were compared between the
two groups in a blind manner.

Statistical analysis

The data of cell experiments were carried out in tri-
plicates and the data of animal experiments was inde-
pendently repeated twice. The results were shown as
mean with SD or with SEM. The results were consid-
ered statistically significant if the p-value was less than
0.05. The graphs and the statistical analysis were con-
ducted by Graphpad Prism version 6.0.
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