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SUMMARY

This study investigates Actinomyces odontolyticus’s role in
colorectal cancer initiation. The bacterium secretes lip-
oteichoic acid-rich membrane vesicles, inducing chronic

inflammation, nuclear factor kappa B signaling, and exces-
sive reactive oxygen species in colonic epithelial cells. These
processes result in DNA damage, potentially contributing to
colorectal cancer development.

BACKGROUND & AIMS: Colorectal cancer (CRC) is the third
most common cancer in the world. Gut microbiota has recently
been implicated in the development of CRC. Actinomyces
odontolyticus is one of the most abundant bacteria in the gut of
patients with very early stages of CRC. A odontolyticus is an
anaerobic bacterium existing principally in the oral cavity,
similar to Fusobacterium nucleatum, which is known as a colon
carcinogenic bacterium. Here we newly determined the bio-
logical functions of A odontolyticus on colonic oncogenesis.

METHODS: We examined the induction of intracellular
signaling by A odontolyticus in human colonic epithelial cells
(CECs). DNA damage levels in CECs were confirmed using the
human induced pluripotent stem cell-derived gut organoid
model and mouse colon tissues in vivo.

RESULTS: A odontolyticus secretes membrane vesicles (MVs),
which induce nuclear factor kappa B signaling and also pro-
duce excessive reactive oxygen species (ROS) in colon
epithelial cells. We found that A odontolyticus secretes lip-
oteichoic acid-rich MVs, promoting inflammatory signaling via
TLR2. Simultaneously, those MVs are internalized into the
colon epithelial cells, co-localize with the mitochondria, and
cause mitochondrial dysfunction, resulting in excessive ROS
production and DNA damage. Induction of excessive DNA
damage in colonic cells by A odontolyticus-derived MVs was
confirmed in the gut organoid model and also in mouse colon
tissues.

CONCLUSIONS: A odontolyticus secretes MVs, which
cause chronic inflammation and ROS production in colonic
epithelial cells, leading to the initiation of CRC. (Cell Mol Gas-
troenterol Hepatol 2024;17:745-767; https://doi.org/10.1016/
J.jemgh.2024.01.010)

Keywords: A odontolyticus; DNA Damage; NF-«B; Colon Cancer;
Mitochondria.

C olorectal cancer (CRC) is the third most common
cancer in the world, with approximately 1.9 million
new cases per year.' Although CRC is a multifactorial dis-
ease, most of them occur sporadically in combination with
genetics and environmental factors such as chronic inflam-
mation or diet habits.” Most cases are preceded by
dysplastic adenomas, which can progress into malignant
forms through the accumulation of genetic mutations.’
Recently, growing evidence shows that gut microbiota
has been implicated in the development of CRC.* Approxi-
mately 3 x 103 bacteria are present in the human color-
ectum, interacting with many microorganisms and intestinal
epithelial cells in constant crosstalk.” Such microbiota has
been suggested to play crucial roles in the development of
CRC by inducing chronic inflammation and DNA damages.®
Since the first report about the association between Fuso-
bacterium nucleatum and CRC in 2012,”® numerous studies
have been done to clarify their association and oncogenic
mechanisms.’ Besides F nucleatum, other bacterial species
such as enterotoxigenic Bacteroides fragilis, pathogenic
Escherichia coli, and Peptostreptococcus spp. have also been
reported to be associated with the development of CRC."°
A recent comprehensive study identified Actinomyces
odontolyticus as one of the abundant bacteria in the stools of

Abbreviations used in this paper: ANOVA, analysis of variance; A.o MV,
Actinomyces odontolyticus membrane vesicle; CRC, colorectal can-
cer; DMEM, Dulbecco modified Eagle medium; DNM, dynamin; EHEC,
enterohemorrhagic E coli; EV, extracellular vesicle; iCEC, SV40-
immortalized human colon epithelial cell; IL, interleukin; iPSC,
induced pluripotent stem cell; LTA, lipoteichoic acid; mtDNA, mito-
chondrial DNA; MV, membrane vesicle; NF-«B, nuclear factor kappa B;
OCR, oxygen consumption rate; OMV, outer membrane vesicle;
OXPHOS, oxidative phosphorylation; PBS, phosphate-buffered saline;
ROS, reactive oxygen species; SD, standard deviation; SDS, sodium
dodecyl sulfate; TLR, toll-like receptor; TNF, tumor necrosis factor.
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patients with very early stages of CRC."* A odontolyticus,
which was isolated from dental caries in 1958, is a facul-
tative anaerobic bacterium existing mainly in oral cavity,
genital, and gastrointestinal tracts'? and is closely associ-
ated with periodontitis, similar to F nucleatum.’®> However,
its biological functions on the early CRC or the colonic
oncogenesis are unclear.

In this study, we hypothesized that A odontolyticus is
involved in the initiation of CRC. Whereas it has been
recently proposed that gut microbiota produces extracel-
lular vesicles (EVs), called membrane vesicles (MVs), we
here show that MVs released from A odontolyticus are
involved in the initiation of CRC.

Results
A odontolyticus Activates the Nuclear Factor
Kappa B Signaling Pathway in Human Colon
Epithelial Cells

Because nuclear factor kappa B (NF-«B) signaling
pathway is a representative driver of tumorigenesis by F
nucleatum,"* we hypothesized that A odontolyticus may also
activate this pathway. To examine this hypothesis, we per-
formed a co-culture using immortalized human colon
epithelial cells (iCECs) with A odontolyticus, F nucleatum, E
coli DH5¢, or phosphate-buffered saline (PBS) (Figure 14).
Similar to the cases of F nucleatum, 1kBa was significantly
degraded and phosphorylation levels of IkBa were signifi-
cantly increased by A odontolyticus, compared with those by
E coli DH5« or PBS control (Figure 1B). Higher levels of NF-
kB subunit p65 were translocated into the nuclei by both A4
odontolyticus and F nucleatum than those by E coli DH5« or
PBS control (Figure 1C). Furthermore, mRNA levels of
interleukin (IL) 8 and tumor necrosis factor (TNF) «, up-
regulated by NF-xB activation, were also significantly
increased by A odontolyticus and F nucleatum, compared
with those by E coli DH5« or PBS control (Figure 1D).

A odontolyticus Secretes Membrane Vesicles,
Promoting Inflammatory Signaling in Colon
Epithelial Cells

In the case of F nucleatum, its multiple adhesin mole-
cules such as FadA or Fap2 cause pathogenesis involving
modification of innate immunity or tumor progression due
to the attachment to the host cells such as colorectal cancer
cells or T cells."”” ' On the basis of these, we first examined
whether A odontolyticus attaches to iCECs or colorectal
cancer cell lines HCT116 and HT29, using previously re-
ported attachment assays.'”'® In human iCECs, the attach-
ment rates of A odontolyticus were significantly lower than
those of F nucleatum and were not significantly different
from those of E coli DH5« (Figure 24). Similar results were
revealed in HCT116 and HT29 (Figure 24).

To further investigate whether A odontolyticus causes
non-attachment pathogenesis, we performed a Transwell
co-culture assay, in which iCECs were co-cultured without
direct attachment of bacteria due to the separation with a
0.4 um filter (Figure 2B). In this assay, NF-«B signaling in
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iCECs was significantly activated at 6 hours after adding A
odontolyticus, and a more significant increase was observed
at 24 hours (Figure 2C). These results suggested that A
odontolyticus secretes pathogens in the culture supernatant,
which may activate NF-«B signaling in iCECs without direct
attachment.

The release of EVs are universal features of all living
cells including bacteria.'” Whereas EVs released from Gram-
negative bacteria are called outer membrane vesicles
(OMVs), EVs from Gram-positive bacteria are called as
MVs.?? Although biological functions of MVs released from
some specific Gram-positive bacteria have been exam-
ined,*"?? it was unknown whether A odontolyticus also se-
cretes MVs. We hypothesized that A odontolyticus secretes
MVs, which communicate with host cells, executing viru-
lence. To examine this, we tried to determine MVs from
culture media incubating A odontolyticus by ultracentrifu-
gation and size exclusion chromatography. The extracted A
odontolyticus MVs (A.o MVs) were visualized by trans-
mission electron micrography, which revealed spherical
vesicles. The ultrathin section of the pellet embedded in the
epoxy resin suggested that MVs were released from A
odontolyticus because the characteristic spherical structure
with approximately 120 nm in diameter is contacted with
the surface of the bacteria (Figure 2D and E). A.o MVs were
detected as white dots using NanoSight LM10 but were not
observed in extracts from medium alone (Figure 2F). Nitrate
reductase and DNA-directed RNA polymerase subunit beta
(approximately 140 kDa) and enolase and dihydrolipoyl
dehydrogenase (approximately 45 kDa) were identified in
A.o MVs, determined by liquid chromatography-mass spec-
trometry (Figure 2G), suggesting that intracellular and
plasma membrane enzymes exist in A.o MVs.

Next, we examined whether A. oMVs activate NF-«xB
signaling in iCECs. NF-kB-driven luciferase levels were
increased by the treatment of A.o MVs, which were sup-
pressed by NF-kB inhibitors BAY11-7082 or JSH23
(Figure 2H). A dose-dependent increase in IL 8 and TNF«
mRNA levels was detected by the treatment of A.o MVs
(Figure 21I).

Toll-like Receptor 2 Is Responsible for Inducing
Proinflammatory Signaling by A.o MVs

Bacterial pathogen-associated molecular patterns such
as membrane lipoproteins, lipopolysaccharides, lipoteichoic
acid (LTA), and peptidoglycans are well-known to modulate
host immune responses by activating toll-like receptor
(TLR) signaling pathways.”® To test which receptor was
activated by A.o MVs, we performed quantitative reverse
transcription-polymerase chain reaction using TLR27,
TLR4”/", TLR9”/", TLR2/4/9 triple knockout, or MYD887/
mouse embryo fibroblasts. In wild-type cells, TLR4”/~ and
TLR9™" cells treated with A.o MVs mRNA levels of IL-6 and
TNF«a were increased. In contrast, in TLRZ'/', TLR2/4/9
triple knockout, and MYD88™" cells those mRNA levels were
not increased, suggesting that TLR2 is responsible for the
proinflammatory signaling induction by A.o MVs
(Figure 34). To examine these in human cells, we generated



2024

Gut Bacteria-derived Membrane Vesicles in CRC 747

= E.coli / A. odontolyticus ./ F. nucleatum co-culture (4 hiday) & wash
~ 7' (DH50) (A.0) (F.n) m

p l —N | | | <

(A== co-culture | [ [ |
Figure 1. NF-«B signaling NS ",‘ (MO1:100) Day 0 1 2 3
is activated by A odonto- — A A
lyticus. (A) Scheme and Immortalized human colon ggﬁg higle:t
time course of co-culture. epithlial cells (iCECs)
iCECs were exposed to e o108
bacteria  (multiplicity  of B T ost
infection = 100) for 4 h/ Ctrl DH5a Ao F.n  (kDa) 15 S 20 [ P <.0001 |
day. This procedure was 1kBa P v gea |- 35 £in 048
repeated for 3 consecutive - s 10 %; ] - j_‘t—
days. (B) Representative p4kBa wom|-20 8 £ . 2104 ! !
Western blots of inhibitor 05 S G e
of «kBa (IkBa) and phos- _acti - 2 -
phorylation levels of IkBa Practin | 00— 0 :;; ;:i; U
(p-lIkBa) of ICECs co- ' '
cultured with A odontolyti-
cus (Ao at day 3, C DAPI  NFkBp65  Merge .
compared with PBS, E coli —
(DH5¢), and F. nucleatum P = 0002
(F.n) (n = 3). Relative band £l -
intensities normalized to g- | il ,ﬂ

actin. Data are shown as
mean + SD of 3 technical
replicates (n 3). (©)
Representative  immuno-
fluorescence images of
nuclear translocation of
NF-xB subunit p65 (green)
in iCECs co-cultured with

E. coliDH5a

A. odontolyticus

N w L L2 -]
1 1 1

-

o

Relative nuclear NF-kB p65 levels

bacteria at day 3 are & o.z:"ﬂ" & o
shown in left panels (n = 5). F. nucleatum & & ¢
Cell nuclei were counter- ¢
stained with DAPI (blue). :
Scale bars represent 20
um. Quantitated relative
nuclear transfer levels of D IL-8 TNFa
NF-«B p65 are shown in — 800+ P <.0001 = 300— P <.0001
right panel. Data are shown g — g I
as mean + SD of 3 tech- 2 P = .0009 & K P <.0001
nical replicates (n = 5). g 6000 [— < —

ot Z —_ Z 200
(D) Quantitative reverse o P=0052 § & P <.0001 °
transcription-polymerase € 400 1 £ h
chain reaction analyses . 4 — e
of IL-8 and TNFa levels in =] = 5 100
. . S 200+ ]
iCECs co-cultured with o o
bacteria at day 3. Data o ol o« ote
are shown as mean + SD e T T 0——apa— T T
of 3 technical replicates AT R O & e

. N . N

(n = 3). Pvalues calcu- MRS & & o & &

. ST P
lated using one-way & ¥ & &
ANOVA followed by ¢ & ¢ ¢ X ¢

Tukey’s test.

human iCECs with TLR2 or MYD88 knockout using the
CRISPR-Cas9 system (Figure 3B), and similar results were
observed (Figure 3C).

Because A odontolyticus is a Gram-positive bacterium,
peptidoglycans and LTA exist in those outer surfaces,
known as ligands for TLR2.** We further determined

whether A.o MVs also have these cell wall components.
Although A.o MVs have less peptidoglycans levels than
whole cell lysate or soluble membrane protein of A odon-
tolyticus, they have clearly more LTA levels (Figure 3D and
E). In iCECs treated with MVs, IL-8 and TNFa mRNA levels
were significantly increased, compared with those when
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using whole cell lysate or membrane protein (Figure 3F).
Furthermore, these cytokine levels were decreased when
LTA was deacylated by platelet-activating factor-
acetylhydrolase or degraded by NaOH hydrolysis treat-
ment (Figure 3G). These results suggest that the LTAs of
A.o MVs promote proinflammatory signaling via TLR2 in
colonic epithelial cells.

A.0 MVs Increase Reactive Oxygen Species
Levels in Colon Epithelial Cells

Activation of TLR-related pathway and NF-kB pathway
by bacteria such as Peptostreptococcus anaerobius®” and a
Bacteroides fragilis toxin leads to up-regulation of intracel-
lular reactive oxygen species (ROS) levels and DNA dam-
ages,26 resulting in colonic tumorigenesis. Here we
hypothesized that activated NF-«B signaling through TLR2
by A.o MVs is involved in the overproduction of ROS and the
induction of DNA damages. To test this hypothesis, we first
examined whether intracellular ROS levels were increased
by A odontolyticus. Indeed, ROS levels in iCECs co-cultured
with A odontolyticus were significantly increased over
time, compared with those when co-cultured with E coli or F
nucleatum (Figure 4A), whereas ROS levels were partially
increased at day 2 when cells were co-cultured with F
nucleatum, consistent with a previous report.””

Next, we examined whether A.o MVs increase the ROS
levels, compared with MVs from Lacticaseibacillus rhamno-
sus,”” Gram-positive bacterium as a control. The size dis-
tribution of MVs from L rhamnosus was comparable with
those of A.o MVs?? (Figure 4B). L rhamnosus MVs contained
LTA at a similar level to that of A.o MVs (Figure 4C). ROS
induction levels in iCECs were significantly more by A.o
MVs, compared with those by L rhamnosus MVs (Figure 4D).
Elevated levels of YH2AX, a marker of double-stranded DNA
breaks, and p21, a key mediator of cell cycle arrest in
response to DNA damages, showed the subsequent induc-
tion of DNA damages by A.o MVs (Figure 4E). These up-
regulations were inhibited by N-acetyl-L-cysteine, a scav-
enger of ROS, suggesting that the DNA damages were
induced via ROS production by Ao MVs (Figure 4E).

Gut Bacteria-derived Membrane Vesicles in CRC 749

Consistently, yH2AX positive iCECs were markedly
increased by A.o MVs (Figure 4F). These effects were
induced more by A.o MVs than by L rhamnosus MVs
(Figure 4E and F). Gp/M-phase cells and fewer S-phase cells
were observed when iCECs were treated with A.o MVs for
48 hours than control cells (Figure 4G). Furthermore, we
performed a transcriptomic analysis of iCECs treated with
A.0 MVs compared with the PBS control. Results revealed
the most differentially enriched pathways, as identified by
gene set enrichment analysis (Figure 4H). Consistently, a
marked increase was observed in the expression levels of
cell cycle-regulated genes, such as those in the E2F, G2M
checkpoint, and p53 pathways (Figure 41).

Next, we examined the effects of A.o MVs in human tis-
sues using a gut organoid, derived normal human induced
pluripotent stem cells (iPSCs). To examine the effects of A.o
MVs from the luminal side of the gut organoid, we used a
specific gut organoid with apical-out, which is different from
conventional ones, making it possible to treat the epithelial
cells from outside of the organoid (Figure 54). The locali-
zation of villin in the surface of the organoids as a marker
for the brush border of the colonic epithelia was confirmed
(Figure 5B). Differentiated Paneth cells or endocrine cells
were also confirmed by lysozyme or chromogranin A
staining, respectively (Figure 5B). In addition, the expres-
sion of caudal type homeobox 2, mucin2, and cadhelin-17 as
epithelial cell markers and alpha smooth muscle actin as the
smooth muscle cell marker were also confirmed as expected
(Figure 5C). Consistent with the results obtained using cell
lines, A.o MVs-induced double-stranded DNA breaks in the
epithelial cells of the human gut-mimic model were more
than those induced by L rhamnosus MVs (Figure 5D).

A.o MVs Induced Cellular Transformation in Vitro
and Colorectal Dysplasia in Mice

To determine whether A.o MVs can induce cellular
transformation via induction of DNA damages, we per-
formed a colony formation assay using iCECs. Cells were
treated with A.o MVs every 3 days and split every 6 days for
3 months, followed by seeding the cells on soft agar plates,

Figure 2. (See previous page). A odontolyticus releases membrane vesicles. (A) Attachment levels of A odontolyticus on
iCECs, HCT116, and HT29, compared with DH5« and F nucleatum. Data are shown as mean + SD of 3 technical replicates
(n = 3). Pvalues were calculated using one-way ANOVA followed by Tukey’s test. (B) An illustration of the Transwell co-culture
assay is shown. Bacteria and iCECs were cultured in the upper and the bottom chambers, respectively. (C) Relative luciferase
levels from NF-«kB—driven luciferase construct at 6 and 24 hours after seeding bacteria are shown. PBS was used as a negative
control. Data are shown as mean + SD of 3 technical replicates (n = 3). P values calculated using one-way ANOVA followed by
Tukey’s test. (D) Transmission electron micrograph of A.o MVs. Negative staining of A.o MVs is shown in upper panel. Ultrathin
section of A odontolyticus pellet is shown in lower panel. Arrow indicates the released MV from the bacteria. Scale bar
represents 100 nm. (E) Size distribution of A.o MVs isolated from culture supernatant of A odontolyticus, analyzed by the
nanoparticles tracking analysis. (F) MVs extracted from supernatant of liquid broth cultured with A odontolyticus were
observed as white dots by the NanoSight microscopy. Those dots were not observed in the broth without bacterial culture. (G)
Silver-staining images of A.o MVs and bacterial lysates after SDS-polyacrylamide gel electrophoresis. Representative bands in
A.0 MVs and in bacterial lysates observed were analyzed by liquid chromatography—-mass spectrometry. Proteins identified
from each band are indicated. (H) Relative luciferase levels from NF-kB-driven luciferase construct at 24 hours after treatment
of A.o MVs (10 ug/mL) with or without NF-«B inhibitor BAY11-7082 or JSSH23 (n = 3). PBS was used as a negative control. Data
are shown as mean + SD of 3 technical replicates (n = 3). P values were calculated using one-way ANOVA followed by Tukey’s
test. (/) Quantitative reverse transcription-polymerase chain analyses of IL-8 and TNFa mRNA levels after 24 hours of A.o MVs
treatments (1, 10 ug/mL) in iCECs. Data are shown as mean + SD of 3 technical replicates (n = 3). Pvalues calculated using
one-way ANOVA followed by Tukey’s test.
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and the cells were cultured for 2 weeks (Figure 6A4).
The treatment with A.o MVs resulted in a significant in-
crease in the number of colonies, suggesting that the colon
epithelial cells treated with A.o MVs were susceptible to
cellular transformation (Figure 6B).

To examine in vivo the potential of the induction of
cellular transformation in colon epithelia by A.o MVs, A.o
MVs or vehicle PBS were injected once a week via the
transanal route into BALB/c mice (Figure 6C). After 2
months of treatment, A.o MVs-treated mice showed a sig-
nificant increase in yYH2AX-positive colon epithelial cells
(Figure 6D). Furthermore, the A.o MVs-treated mice showed
dysplastic lesions in the distal colon epithelia (Figure 6E).
These results suggest that A.o MVs are mutagenic and
induce dysplasia in the colon.

A.0 MVs Are Internalized by the Host Cells,
Leading to ROS Overproduction

On the basis of the findings that A.o MVs induce DNA
damages in the colon cells and dysplasia, we examined the
underlying mechanisms further. Because A.o MVs promoted
the NF-«kB pathway through TLR2, we suspected that these
pathways were involved in the ROS production and subse-
quent induction of DNA damages. However, high ROS pro-
duction levels by A.o MVs remained in TLR2 knockout iCECs
(Figure 7A) as well as when using NF-«B inhibitors
(Figure 7B). These results suggest that another mechanism,
apart from the TLR2-NF-kB pathway, exists in the ROS
production in iCECs by A.o MVs.

Some bacterial MVs are internalized into host cells and
exert biological effects in the cells.”” These findings led us to
hypothesize that the internalization of A.o MVs into host
cells is involved in ROS overproduction in colon epithelial
cells. To test whether A.o MVs are internalized into host
cells, we examined iCECs, to which the fluorescently labeled-
A.o MVs were added using fluorescent microscopy. Although
A.o MVs were internalized into iCECs at 37°C, such inter-
nalization was inhibited at 4°C, suggesting that the process
was mediated by endocytosis (Figure 7C). TLR2 was not
involved in this internalization because A.0 MVs were
internalized similarly into TLR2*® and WT cells (Figure 7D).
To determine the related endocytosis in more detail, we
performed a fluorescent assay using different types of
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endocytosis inhibitors. After determining the appropriate
concentration of each inhibitor by cytotoxicity tests
(Figure 7E), iCECs were pre-incubated with control
(dimethyl sulfoxide), Dynasore, Dyngo 4a, Filipin III, Chlor-
promazine, Cytochalasin D, or Nocodazole for 1 hour, fol-
lowed by adding the fluorescently labeled A.o MVs. Among
them, Dynasore and Dyngo 4a, dynamin (DNM) inhibitors,
significantly blocked the internalization of A.o MVs into
iCECs (Figure 7F). Furthermore, Dynasore and Dyngo 4a
significantly suppressed the ROS overproduction in iCECs
induced by A.o MVs (Figure 7G).

In addition, we evaluated cells with DNM knocked down to
assess the off-target effects of these inhibitors. DNMs, guanosine
triphosphatases associated with endocytosis, are categorized
into 3 types: DNM1, DNM2, and DNM3.%® Quantitative poly-
merase chain reaction results revealed that iCECs predomi-
nantly expressed DNM1 and DNM2, not DNM3 (Figure 7H). We
then used siRNA to create cells with either DNM1 or DNM2
knocked down (Figure 7H). As expected, the overproduction of
ROS induced by A.o MVs was significantly reduced in cells with
DNM1 or DNM2 knocked down (Figure 7). Next, considering
that CpG motifs in bacterial DNA, which interact with TLRY,
reportedly cause pH-dependent ROS generation,”” we investi-
gated whether these processes are affected by the inhibitors of
endosomal maturation and acidification, ie, bafilomycin A,
monensin, and chloroquine. Optimal concentrations for these
agents are presented in Figure 7]. However, the tested con-
centrations of these inhibitors did not suppress the ROS over-
production induced by A.o MVs (Figure 7K).

These results suggest that ROS overproduction in iCECs
by A.o MVs is mediated through the internalization of A.o
MVs into host cells via DNM-dependent endocytosis other
than clathrin-mediated endocytosis.

Internalized A.o MVs Are Co-localized With

Mitochondria and Disrupt Their Function
Furthermore, we tried to determine the mechanisms
bridging the A.o MVs internalization and ROS over-
production in CECs. Because it is known that mitochondria
are important sources of ROS in mammalian cells and
mitochondrial dysfunction leads to ROS overproduction,®’
we hypothesized that ROS overproduction by A.o MVs was
caused by host mitochondrial dysfunction. To confirm that

Figure 3. (See previous page). TLR2 plays a key role in proinflammatory signaling induced by A.0 MVs. (A) Quantitative
reverse transcription-polymerase reaction chain analyses of IL-6 and TNF« levels in wild-type (WT), TLR4™", TLR9”", TLR2™,
TLR2/4/ 9 triple-KO (TKO), or MYD88”~ mouse embryonic fibroblasts (MEFs) after 24 hours of A.o MVs (1 ug/mL) treatment
(n = 3). Data are shown as mean + SD of 3 technical replicates (n = 3). P values were calculated using the 2-sided Welch t test.
(B) Confirmation of knockout of TLR2 or MYD88 in iCECs by Western blotting. (C) Quantitative reverse transcription-
polymerase chain reaction analyses of IL-6 and TNFa« levels in WT, TLR2 knockout (T LR2"°), or MYD88 knockout
(MYD88°) iCECs after 24 hour of A.o MVs (1 ug/mL) treatment. Data are shown as mean + SD of 3 technical replicates (n = 3).
Pvalues were calculated using the 2-sided Welch t test. (D) Western blotting results of peptidoglycans (PGN) from 2 ug of A.o
MVs, A.o whole cell lysate (WC), or A.o membrane proteins (MP) are shown. PGN (20 ug) from Staphylococcus aureus (S
aureus) was used as a positive control. (E) Western blotting results of LTA from 2 ug of A.o MVs, WC, and MP are shown. A.o
MVs contain more LTA levels than WC or MP. LTA (20 and 40 ug) from S aureus was used as positive controls. (F) Quantitative
reverse transcription-polymerase chain reaction analyses of IL-8 and TNFa mRNA levels after 24 hours of A.o MVs, WC, MP
treatments (1 ug/mL) in iCECs. Data are shown as mean + SD of 3 technical replicates (n = 3). P values calculated using one-
way ANOVA followed by Tukey’s test. (G) Quantitative reverse transcription-polymerase chain reaction analysis of IL-8 and
TNFa mRNA levels after 24 hours of treatment with LTA-inactivated A.o MVs. Data are shown as mean + SD of 3 technical
replicates (n = 3). Pvalues calculated using one-way ANOVA followed by Tukey’s test.



752

Miyakawa et al

>

Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 5

3 ¥
(x10%) ROS P = 4280 3 136 & (\J “@\ &
§‘ 30 P = 7386 P = 0492 P < 0001 by . “(&"Q 050

f 1 A :
@ ! P = 3008 P < 0001 gg >
P=9979 =9
8 20 — - g2 ]
g P= 6527 P = 9460 E‘é
2 1 §§
O — g Q2
£ 10 Sz
= e e O«
3| e o e ?é- sle oo % 0] LTA -17kDa
0 T T | | T | T | o
SR «‘ ‘o T T
o g \x \aa 200 400
oo\p‘tov!‘ \0“‘ w“ \e" \° o ‘,o\"” Size (nm)
oot ¢® ?« 6 6 5 A
™
Day1 Day2 Day3
D ROS E A.o MV F yH2AX Merge
Ctrl L.rMv +NAC
5 6-1 {kDa)
EI P <.0001 vHZAXL e ——— - |_15 Ctrl
= —
@
8 P <.0001 p21|——-—-——|-19
@ 4 ]
2 i -42 LrMv
g p=2578 B-actin -— :
E (I i
5 2- P« 2001 P < oot
Q P=T421  P-.0035 P=.981 P=0321
g | ge 70T g2 T T Ao MV
s € —
] £s T ‘g © e
0= %3 1 R
S & & §32 T &s’
(€ ,ﬁ‘ & E N I g
¥ & 1 g LUV
(96 .;'0 K] i irradiation
o \_0\ P ol
@ S8 S @& &
v Vo ‘§' A @" P <0001
L ° °
> > P <0001
G Ctrl A.o MV _
400 400 €
100 ﬁ
€ 300 nGoM £ 300 BG2M 8 2
3 Bs B ms 3. 4
O 2007 oGuGr Q%0 nGuGI % %
8 100 a100— B ¢ =
&) Q 20
0 T “ T T 0 T M' T T 0
1024 2048 3071 1024 2048 3071 Ctrl A.oMV
DNA Content DNA Content
IN|tHH:IUJr\ r\LI’H;\ N:bl'L.N.‘;t Enrichment plot: HALLMARK_E2F_TARGETS Enrichment plot: HALLMARK_G2M_CHECKPOINT
OSTASIS ce
o Fo A a .
pren m,.'}'& BT . NES:1.00 E- NES:1.06
NI, _PROTEIN) RF2OMAF o e 2, .
MYC TARGETS V1 ® | 1% Eoz
PROTFIN_SFCRFT CN e 2 §
IL6 JAK STAT3 SIGNALING ° Eea b T
“NFA_SIGNALING_VIA_NFKB [ ] LI N Wee
OXDATIVE_PHOSPHORYLAT ON . N
MITOTIC_SPINDLC [ ] ¢
FATTY_ACID_METABOLISM [ d Il || ‘ : H.Illml | —
S3_PATIHIWAY 5
NFLAMMATORY RESPONSE ! LA ) LT —
7F “ARGET! E
WRNT_BETA f'ATF\IN SIGNAL P\r .
SRONSE UP 3
I»FMF \J—TAR'\UQM
ANGIOGENESIS
GIYCOLYSIS ®
FPI3K_AKT_M ILK SIGNALING o e
\NIPNGFNFSIS [ ]
u_,\uuu\ UN £ 3 Erehrencproms — Hie Rarking reat: scares
G?M_.’HF"KPOINT S
\ REFAIR S
[STROGEN RES‘ON E CAR.Y Enrichment plot: HALLMARK_PS3_PATHWAY
TROGEN_RCSPC IEEPLL%'E g [ NES:1.09
Sea
REACTIVE owcl- CIES PATHIAY . i
: H
MYOGENESIS gn
UV_RESPONSE_DN Soow
APIC :.Uuhrrkpv'u g Gene number
EPITHELAL MESENCUHYMAL IRANS | IUN
ALLCGRAFT_REJFCTION * 40
APICAL SURFACE .
NOTCH_SIGNALING e 80
"SR 2
s Y ol
ri/\f chw.clncsfr: e ® 160
SPERMATOGENESIS| @ & 20
1 0) % 10 11 S 20 1 ’:

Normalized ennchment score (NES)




2024

the ROS overproduction by the treatment of A.o MVs is of
mitochondrial origin, we performed fluorescence analyses
using Mito-SOX, which stains mitochondrial superoxide
generation. The number of Mito-SOX-stained cells increased
after treatment with A.o MVs compared with those after
treatment with L rhamnosus MVs (Figure 84). Furthermore,
treatment with A.o MVs resulted in significant reduction in
mitochondrial DNA (mtDNA) copy number, which was
effectively suppressed by Dynasore (Figure 8B). This sug-
gested that the endocytosis of A.o MVs into cells induces
mitochondrial dysfunction. This result was supported by the
increased fragmentation of the mitochondrial networks, a
recognized indicator of mitochondrial dysfunction, which is
typically associated with impaired respiration and oxidative
phosphorylation (OXPHOS),*" in iCECs after treatment with
Ao MVs (Figure 8C). Immunofluorescence staining for
TOMMZ20, a marker of the mitochondrial outer membrane,
showed similar fragmentation patterns after exposure to A.o
MVs (Figure 8D). Notably, the reduction in mtDNA copy
number decreased the transcriptional levels of mitochon-
drial electron transport chain genes,*” as shown by down-
regulation of NDUFB8 (Complex I), SDHB (Complex II),
and COX II (Complex IV) proteins in response to A.o MV
treatment (Figure 8E). Moreover, the mitochondrial respi-
ratory function, which is measured by the oxygen con-
sumption rate (OCR), was significantly decreased after 4
hour and 48 hours after treatment with A.o MVs (Figure 8F).
Glycolysis levels, which are indicated by the extracellular
acidification rate, showed a tendency toward elevation. This
suggested the initiation of metabolic switching. However, the
difference was not statistically significant (Figure 8G). To
investigate the effect of A.o MVs on mitochondria in more
detail, we examined the co-localization of A.o MVs and
mitochondria using an immunofluorescence assay, which
revealed that the labeled A.o MVs co-localize with mito-
chondria (Figure 8H). To assess the binding of A.o MVs to the
mitochondrial outer membrane in vitro, we performed an
immunoprecipitation assay. To this end, we mixed A.o MVs
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with mitochondria, which were extracted while maintaining
their intact state, and immunoprecipitated using TOMM20, a
mitochondrial outer membrane protein. Results showed that
LTA, a component of A.o MVs, co-precipitated with TOMM20
(Figure 8I). Thus, these results strongly indicate that inter-
nalized A.o MVs can disrupt mitochondrial function and
induce excessive ROS production.

Taken together, our results showed that MVs produced
from A odontolyticus not only induce inflammation but also
cause mitochondrial dysfunction and DNA damages via
internalization and subsequent mitochondrial co-
localization in the CECs. These results suggested that the
internalized A.o0 MVs co-localize with mitochondria, leading
to mitochondrial dysfunction and ROS overproduction.

Discussion

Recent advances in metagenomic analyses have revealed
that A odontolyticus is particularly abundant in the early
stages of CRC."' However, its biological function in the
process of colorectal carcinogenesis remains unknown. We
showed that A odontolyticus produces MVs, which induce
not only inflammation but also excessive ROS production via
mitochondrial dysfunction, leading to DNA damages and
intestinal dysplasia. Our results provide new insights into
the pathogenesis of colorectal tumorigenesis at the early
stages by A odontolyticus-derived MVs.

Although A odontolyticus is a pathogen of thoracic and
abdominal actinomycosis,'> A odontolyticus is a major
member of bacteria existing in the oral cavity, similar to F
nucleatum,"® which is also associated with the pathogenesis
of CRC. In the case of F nucleatum, bacterial attachment to
the host cells is the first step in tumorigenesis, similar to the
cases of P anaerobius and Bacteroides fragilis."”**** How-
ever, we found that A odontolyticus has only a low adhesion
level to the host cells, and instead, it secretes MVs, which are
pathogenic to colon cells. Although some intestinal bacteria
microbiotas are known to secrete MVs that have biological

Figure 4. (See previous page). Induction of ROS by A.o0 MVs. (A) iCECs were co-cultured with E coli DH5«, A odontolyticus,
and F nucleatum (multiplicity of infection = 100) for 4 h/day. PBS was used as a control. ROS levels in iCECs on days 1, 2, and
3 are shown. Data are shown as mean + SD of 3 biological replicates (n = 3). P values were calculated using one-way ANOVA
followed by Tukey’s test. (B) Size distribution of MVs from L rhamnosus analyzed by nanoparticles tracking analysis. (C)
Western blotting results of LTA from L rhamnosus MVs (5 ug) and A.o MVs (5 ug). (D) Relative ROS levels in iCECs at 24 hours
after treatment with PBS or MVs (20 ug/mL) from A odontolyticus and L rhamnosus. Data are shown as mean + SD of 3
biological replicates (n = 3). Pvalues calculated using one-way ANOVA followed by Tukey’s test. (E) Representative results of
Western blots showing YH2AX and p21 levels in iCECs at 48 hours after treatment with PBS, L rhamnosus MVs, or A.o MVs (20
ug/mL), with or without 5 mmol/L of N-acetyl-L-cysteine, a ROS scavenger. Relative band intensities normalized to §-actin are
shown in lower panel. Data are shown as mean + SD of 3 technical replicates (n = 3). (F) Representative immunofluorescence
images of YH2AX (red) in iCECs at 24 hours after treatment with PBS, L rhamnosus MVs, or A.o MVs (20 ug/mL). For the
positive control of the double-stranded DNA breaks, cells at 24 hours after UV irradiation were used. DAPI (blue) indicates
nuclei. Scale bars represent 20 um. Rates of yH2AX-positive cells were calculated (lower panel). Data are shown as mean +
SD of 3 technical replicates (n = 5). Pvalues were calculated using one-way ANOVA followed by Tukey’s test. (G) Repre-
sentative results about cell cycle analysis of iCECs at 48 hours after A.o MVs treatment (20 ug/mL) (left 2 panels). Bar graph
obtained from cell cycle analysis showing percentage of cells in different phases of the cell cycle (Go/M, S, and Go/Gy) in the
right panel. Data are shown as mean + SD of 3 technical replicates (n = 3). *P < .05, 2-sided Welch t test. (H) Scatter plot of
gene set enrichment analysis (GSEA) using MSigDB Hallmark gene sets (version 4.2.1) showing significantly differentially
regulated pathways in iCECs treated with A.o MVs compared with PBS controls; false discovery ratio (FDR) < .25. (/)
Enrichment plot showing up-regulation of E2F targets, G2M checkpoint, and p53 pathway in iCECs treated with A.o MVs
compared with PBS control. NES, normalized enrichment score.
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Figure 5. A.o MVs induced DSBs in human gut-mimic model. (A) Apical-out human gut organoids are generated from
induced pluripotent stem cells (iPS cells). H&E and alcian blue staining images of the organoid are shown. Scale bars represent
500 um. (B and C) Immunohistochemistry staining villin, lysozyme, and chromogranin A in the human gut organoids are shown
in the upper. Immunofluorescence images of caudal type homeobox 2 (CDX2), alpha-smooth muscle actin («-SMA), cadherin-
17, and mucin 2 (MUC2) are shown in the lower. These images show the proper differentiation of the organoids. Scale bars
represent 50 um. (D) Representative immunofluorescence images of yYH2AX in the organoids at 1 week after treatment with
PBS, L rhamnosus MVs, or A.o MVs (20 ug/mL). Scale bars represent 20 um. Right: yYH2AX-positive cell ratios. Data are shown
as mean + SD of 3 technical replicates (n = 3). Pvalues were calculated using one-way ANOVA followed by Tukey’s test.

functions, to our best knowledge, there have been no re-
ports of MVs secreted by A odontolyticus, and this study is
the first step showing their important biological functions.*

In this study, A.o MVs increased NF-«B signaling levels.
NF-kB signaling is an important factor in chronic inflam-
mation and tumorigenesis.%'36 In fact, F nucleatum is known
to up-regulate microRNA-21 levels and promote tumori-
genesis through TLR4-mediated NF-xB signaling."* P anae-
robius interacts with TLR2 and TLR4, leading to enhanced
ROS production and promoting colonic tumorigenesis.*”
Although A.o MVs increased NF-«B signaling levels via
TLR2, excessive ROS production was not observed in vitro.
However, the possibility cannot be denied that the up-
regulation of NF-«kB signaling levels by A.o MVs also con-
tributes to colonic dysplasia formation, because the chronic
activation of NF-«B signaling affects tissue injury, leading to
the accumulation of DNA damage.

We found that LTA in A.o MVs is responsible to activate
NF-kB signaling via TLR2. Bacterial LTAs have variable
structures specific to species and play important roles in
bacterial homeostasis and virulence.”” In MVs, L rhamnosus
MVs were reported to contain LTA, which induces expression
of IL-10 and has been internalized by dendritic cells.”* Our
results showed that the LTA of A.o MVs was not involved in
ROS production, although A.o MVs specifically induced
excessive ROS production, in contrast to the cases of L
rhamnosus MVs. Although comprehensive views about bac-
terial MVs in the human colon have not been reported, the gut
microbiota may secrete a variety of MVs, and the interactions
with other bacterial MVs would also need to be considered.

OMVs of enterohemorrhagic E coli (EHEC) and Neisseria
gonorrhoeae contain unique toxins such as EHEC hemolysin
and Porin B (PorB), respectively. After these OMVs are
endocytosed into host cells, the toxins target mitochondria
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and trigger the apoptotic pathway. However, it is unclear
how these toxins reach mitochondria inside the recipient
cells.>®2? Similar to these cases, we found that A.o MVs are
internalized by endocytosis and co-localize with mitochon-
dria in the recipient colon cells. Bacterial toxins derived
from Helicobacter pylori and enteropathogenic E coli have
also been reported to target host mitochondria.*’ For
example, enteropathogenic E coli secretes mitochondrial-

associated protein, and E coli secreted protein F-like pro-
tein from prophage U, which have N-terminal mitochondria-
targeting signal, which enter host cells*"** and localize to
mitochondria, disrupting mitochondrial membrane poten-
tial.*> MVs contain many proteins, lipids, nucleic acids, and
other biomolecules including toxins.** Indeed, many pro-
teins were observed in A.o MVs. Therefore, A.o MVs may
also contain undefined factors that can target mitochondria.
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Future studies are needed to identify the required factor in
A.o MVs for the induction of mitochondrial dysfunction
especially in the electron transport chain.

In the past decade, F nucleatum has been most studied as
the colonic bacteria involved in the pathogenesis of CRC.
Several therapeutic and preventive methods have been
proposed based on the knowledge. For example, antibiotic
metronidazole treatment reduced intratumoral F nucleatum
burden and tumor growth.*” Silver nanoparticles on the
surface of M13 phage, which specifically binds F nucleatum,
remodel the tumor-immune microenvironment against
CRC.*® Because our results suggested that A odontolyticus is
involved in the initiation of CRC consistent with the results
that A odontolyticus is abundantly present in the feces of
early CRC patients,'’ preventive methods against colonic
tumorigenesis need to be developed on the basis of the
findings. Because bacterial MVs can penetrate the mucosal
barrier and interact with the internal cells,*” nanotech-
nology with accurate species-specific mechanisms such as
nanoparticles or phage therapy as well as antimicrobial
therapy may be better in delivering effects against A odon-
tolyticus or its MVs.

In conclusion, A odontolyticus, abundant in the feces of
patients with early CRC, secretes MVs, which induce exces-
sive ROS production in colon epithelial cells, leading to
colonic dysplasia.

Methods
Cells

SV40-immortalized human colon epithelial cells (iCECs)
were purchased from ABM Company (#T0570, Richmond,
BC, Canada) and cultured in Dulbecco modified Eagle
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medium (DMEM) supplemented with 5% fetal bovine serum
and 1% penicillin-streptomycin. HT29 and HCT116 were
purchased from American Type Culture Collection (ATCC),
and C57BL/6 mouse embryo fibroblasts (MEFs) were pur-
chased from Oriental Bio Service (Kyoto, Japan). HT29,
HCT116, and MEFs were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin-
streptomycin.

Bacterial Cultures

A odontolyticus (ATCC 17929) and F nucleatum (ATCC
25586) were provided by Prof. Imai K (Department of
Microbiology and Immunology, Nihon University School of
Dentistry, Tokyo, Japan). Both bacteria were cultured in Gifu
anaerobic medium (Nissui Pharmaceutical Co, Tokyo, Japan)
at 37°C. A odontolyticus was maintained under aerobic
conditions, and F nucleatum was maintained under anaer-
obic conditions in an anaerobic jar with an Anaero-Pack
(Mitsubishi Gas Chemical Company, Inc, Tokyo, Japan). E
coli strain DH5« (Nippon Gene, Tokyo, Japan) was cultured
in Luria-Bertani (Difco; BD Biosciences, Franklin Lakes, NJ)
medium aerobically at 37°C. Lacticaseibacillus rhamnosus
(NCTC 12953, recently reclassified from Lactobacillus*®)
was purchased from the National Collection of Type Cul-
tures and cultured in Man-Rogosa-Sharpe medium (#556-
36925, Fujifilm Wako Pure Chemical, Osaka, Japan) at 37°C
in anaerobic conditions.

Reagents

BAY 11-7082 (#020-17871, Fujifiim Wako Pure Chemi-
cal) was used at 2 umol/L. JSH-23 (#HY-13982, MedChem
Express, N]J) was used at 10 umol/L. LTA and peptidoglycan

Figure 7. (See previous page). Increased ROS production by A.o MVs is dependent on its internalization by DNM-
mediated endocytosis. (A) Relative ROS levels of WT or TLR2X° in iCECs at 24 hours after A.o MVs (20 ug/mL) treatment.
Data are shown as mean + SD of 3 biological replicates (n = 3). Pvalues were calculated using one-way ANOVA followed by
Tukey'’s test. (B) Relative ROS levels of iCECs at 24 hours after A.o MVs (20 pg/mL) treatment with or without NF-«B inhibitors
(n = 3). Data are shown as mean + SD of 3 biological replicates (n = 3). Pvalues were calculated using one-way ANOVA
followed by Tukey’s test. (C) Labeled MVs and ECGreen (5 umol/L), which stains only internalized endosomes, were added to
iCECs and incubated at 37°C for 4 hours. Representative fluorescence images of internalized MVs. Although internalized A.o
MVs were co-localized with endosomes at 37°C, MVs did not enter the cell and remained outside the cell at 4°C. Red, labeled
MVs; green, endosomes; blue, nuclei stained with Hoechst. Scale bars represent 20 um. (D) Representative fluorescence
images of internalized A.o MVs in WT or TLR2ko iCECs. Red, labeled MVs; blue, nuclei (stained with DAPI). Scale bars
represent 20 um. Right: quantification of the fluorescence levels. Data are shown as mean + SD of 3 technical replicates (n =
3). Pvalues were calculated using two-sided Welch’s t test. (E) Cytotoxicity analysis for inhibitors of endosomes. After each
inhibitor was incubated with iCECs for 24 hours, cell viability was measured using a cell counting assay. Data are shown as
mean + SD of 3 biological replicates (n = 3). (F) Representative images of A.o MVs internalization under the treatment of
endocytosis inhibitors. Red, labeled MVs; blue, nuclei stained with DAPI. Scale bars represent 20 um. Right: quantification of
the fluorescence levels. Data are shown as mean + SD of 3 technical replicates (n = 3). P values were calculated using one-
way ANOVA followed by Tukey’s test. (G) Relative ROS levels in iCECs at 24 hours after A.o MVs treatment with or without
endocytosis inhibitors. Data are shown as mean + SD of 3 biological replicates (n = 3). P values were calculated using one-way
ANOVA followed by Tukey’s test. (H) Left, mRNA levels of DNM1, DNM2, and DNM3 normalized to ACTB in iCECs shown in
biological triplicates. Differences in CT (cycle threshold) values between each gene and ACTB defined as ACT. Data are shown
as mean + SD of 3 biological replicates (n = 3). Right, confirmation of DNM1 and DNM2 knockdown in iCECs by Western
blotting. (/) Relative ROS levels in iCECs with DNM1 or DNM2 knocked down by siRNA, 24 hours after treatment with PBS or
A.0 MVs (20 ug/mL). Data are shown as mean + SD of 3 biological replicates (n = 3). Pvalues calculated using one-way
ANOVA followed by Tukey’s test. (J) Cytotoxicity analysis for inhibitors of endosomal acidification. After each inhibitor was
incubated with iCECs for 24 hours, cell viability was measured using a cell counting assay. Data are shown as mean + SD of 3
biological replicates (n = 3). (K) Relative ROS levels in iCECs 24 hours after A.o MVs are treated with or without inhibitors of
endosomal maturation and acidification. Data are shown as mean + SD of 3 biological replicates (n = 3). Pvalues were
calculated using one-way ANOVA followed by Tukey’s test.
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from Staphylococcus aureus were purchased from Sigma-
Aldrich (#77140, St Louis, MO). N-acetyl-L-cysteine (#017-
05131, Fujifilm Wako Pure Chemical) was used at 5 umol/L.
The chemical inhibitors of endocytosis used were as follows:
Dynasore (20 umol/L, #D5461, Tokyo Chemical Industry,
Tokyo, Japan) and Dyngo 4a (30 umol/L, #S7163, Selleck
Chemicals, Houston, TX) to inhibit dynamin-dependent
endocytosis,*”? Filipin III (5 wmol/L, #70440, Fujifilm
Wako Pure Chemical) to inhibit lipid rafts/caveolae-
mediated endocytosis,”’  Chlorpromazine (2 umol/L,
#C2481, Tokyo Chemical Industry) to clathrin-mediated
endocytosis,”? Cytochalasin D (1 wmol/L, #140-08531,
Fujifilm Wako Pure Chemical) to inhibit micropinocytosis,””
and Nocodazole (0.5 umol/L, #140-08531, Fujifiim Wako
Pure Chemical) to inhibit polymerization of microtubule
cytoskeleton.”* The reagents used to inhibit endosomal
maturation and acidification included bafilomycin A1 (0.5
umol/L, #11038, Fujifilm Wako Pure Chemical), which in-
hibits endosomal acidification by blocking endosomal
ATPase,”” monensin sodium salt (1 wmol/L, #M2573, Tokyo
Chemical Industry), which disrupts the proton gradient
across vesicular membranes to prevent endosome acidifi-
cation,”® and chloroquine diphosphate (10 wmol/L, #038-
17971, Fujifilm Wako Pure Chemical), which increases the
pH inside endocytic vesicles to inhibit endosome acidifica-
tion.”” The optimal concentration of these inhibitors was
determined through cytotoxicity assays.

Western Blotting

Cells were lysed in lysis buffer (50 mmol/L Tris-HCl [pH
7.4], 150 mmol/L NaCl, 1% NP40, and 0.1% sodium dodecyl
sulfate [SDS]) for 15 minutes on ice, and cellular debris was
cleared by centrifugation at 15,000 rpm for 10 minutes. The
lysates were added to 4x sample buffer, and the mixture
was boiled at 95°C for 5 minutes. MVs or proteins extracted
by bacteria were lysed in 4 x sample buffer, and the mixture
was boiled at 95°C for 5 minutes. The samples were sepa-
rated on a 10%-20% gradient polyacrylamide gel (Fujifilm
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Wako Pure Chemical) by SDS-polyacrylamide gel electro-
phoresis, followed by electrical transfer to polyvinylidene
difluoride membranes (Merck Millipore, Burlington, MA).
The Precision Plus Protein All Blue Protein Standards (Bio-
Rad, Hercules, CA) were used to estimate molecular weights.
After blocking with 5% dry milk, the membranes were
probed with the appropriate primary antibodies diluted in
Immunoshot Reagent 1 (Cosmo Bio Co., Ltd, Tokyo, Japan)
overnight at 4°C. The corresponding horseradish
peroxidase-conjugated secondary antibodies (GE Health-
care, Little Chalfont, UK) were subsequently applied. Bound
antibodies were detected using Immunostar LD Reagents
(Fujifilm Wako Pure Chemical), and images were acquired
using a WSE-6100 LuminoGraph I instrument (Atto, Tokyo,
Japan). Band intensities were analyzed using Image] soft-
ware (National Institutes of Health, Bethesda, MD). The
primary antibodies are listed in Table 1.

Immunofluorometric Assay

Cells were fixed with 4% paraformaldehyde in 1x PBS for
15 minutes at room temperature and permeabilized with
0.1% Triton-X in 1x PBS for 20 minutes at room tempera-
ture. After 3 washes, cells were incubated with 5% normal
goat serum for 30 minutes for blocking. Next, primary anti-
bodies diluted in Can Get Signal Immunostaining Solution B
(Toyobo, Osaka, Japan) were used, and the samples were
incubated overnight at 4°C. Cells were incubated with the
corresponding secondary antibodies conjugated to Alexa 488
or 555 (Molecular Probes, Eugene, OR, 1:300 or 500) diluted
in Can Get Signal Immunostaining Solution B for 30 minutes
at room temperature in the dark. After additional washes, the
slides were mounted with a fluorescence mounting medium
containing 4’,6-diamidino-2-phenylindole (DAPI; #H-1200;
Vector Laboratories, Burlingame, CA). In some cases, the
slides were incubated with Hoechst 33342 (Fujifilm Wako
Pure Chemical) for 10 minutes and covered with fluorescence
mounting medium (#S3023, DAKO, Carpinteria, CA) and

Figure 8. (See previous page). Internalized A.o MVs are co-localized with mitochondria, leading to its dysfunction by
impairing OXPHOS. (A) Representative fluorescence images of mitochondrial superoxide using Mito-Sox in iCECs at 24 hours
after MV treatments. Scale bars represent 20 um. Right: quantification of the fluorescence levels. Data are shown as mean +
SD of 3 technical replicates (n = 3). Pvalues were calculated using one-way ANOVA followed by Tukey’s test. (B) Mito-
chondrial DNA (mtDNA) levels normalized to nuclear DNA (nDNA) levels in 100 ng of total DNA from iCECs at 24 hours after MV
treatment (n = 3). Data are shown as mean + SD. P values were calculated using one-way ANOVA followed by Tukey’s test. (C)
Representative transmission electron microscopy (TEM) images of mitochondria in iCECs treated with PBS or A.o MVs for 48
hours. Analyses of the area (um?) and length (um) of mitochondria (n > 200) are shown in right panels. Data are shown as mean
+ SD. Pvalues were calculated using the 2-sided Mann-Whitney U test. (D) Representative immunofluorescence images of
TOMM20 in iCECs at 24 hours after A.o MVs treatment (20 ug/mL) or PBS. Scale bars represent 20 um. (E) Western blotting
results of OXPHOS complex subunits (C-I, II, lll, IV, and V) at 48 hours after treatment with PBS or A.o MVs. Relative band
intensities normalized to §-actin are shown in right panels. Data are shown as mean + SD of 3 technical replicates (n = 3). (F)
Real-time OCR was measured during sequential treatments with oligomycin (ATP-synthase inhibitor), FCCP (uncoupler), and
rotenone/antimycin (ETC inhibitors), as shown in left panel. Basal OCR results are shown in right panel. Data are shown as
mean + SD of 5 biological replicates (n = 5). P values were calculated using two-way ANOVA test. (G) Real-time extracellular
acidification rate (ECAR) was measured during sequential treatments with oligomycin, FCCP, and rotenone/antimycin (left
panel). Basal ECAR was also analyzed (right panel). Data are shown as mean + SD of 5 biological replicates (n = 5). Pvalues
were calculated using two-way ANOVA test. (H) Representative confocal fluorescence images demonstrating the co-
localization of A.o MVs (green) and mitochondria (red); cytoskeleton is labeled with phalloidin (ourple). Scale bars represent
5 um. (/) A.o MVs and intact mitochondria mixture subjected to co-immunoprecipitation (IP) using an anti-TOMM20 antibody,
with an anti-isotype antibody (normal mouse immunoglobulin G) as negative control. Precipitated proteins analyzed by
Western blotting using antibodies against TOMM20 and LTA. A portion of the mixture was used as the input for the analysis.
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observed using DMi8 (Leica, Wetzlar, Germany). The anti-
bodies used are listed in Table 1.

Paraffin-embedded intestinal sections of human iPSC-
derived intestinal organoids and BALB/c mouse colon tis-
sues were used for immunofluorescence analyses. The sec-
tions were deparaffinized with Histo-Clear (National
Diagnostics, GA) and ethanol, followed by antigen retrieval
with an autoclave at 121°C for 10 minutes. After incubation
with the blocking buffer (10% goat serum in PBS) at room
temperature for 30 minutes, sections were stained with the
primary antibodies diluted in Can Get Signal Immunostain
Solution B at 4°C overnight. After three 5-minute washes in
PBS, tissues sections were reacted for 1 hour at room
temperature with corresponding secondary antibodies
diluted in Can Get Signal Immunostain Solution B. After
additional washes, coverslips were applied using a DAPI-
containing embedding medium (#H-1200; Vector Labora-
tories). Images were acquired using a DMi8 fluorescence
microscope. The primary antibodies used are listed in
Table 1. The fluorescence intensity of the images was
quantified using Image] software.

Immunohistochemistry

Paraffin-embedded intestinal organoids and mouse
colon tissues were used. After deparaffinization and an-
tigen retrieval, endogenous peroxidase activity was
blocked by 3% hydrogen peroxide for 10 minutes. After
blocking for 30 minutes, the sections were incubated
overnight at 4°C with primary antibody, followed by in-
cubation with  horseradish  peroxidase-conjugated
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secondary antibodies (Nichirei Bioscience, Tokyo, Japan)
for 30 minutes. Probes were visualized using 3,3'-
diaminobenzidine in the buffered substrate (Nichirei
Bioscience). Images were acquired using the Olympus
DP72 microscope digital camera system. The primary
antibodies used are listed in Table 1.

RNA Isolation, Reverse Transcription, and
Quantitative Polymerase Chain Reaction

Total RNA was isolated using an ISOGEN II (Nippon
Gene) according to the manufacturer’s protocol. Comple-
mentary DNA was synthesized using the ReverTra Ace qPCR
RT Master Mix with gDNA Remover (Toyobo). To determine
IL-6, IL-8, and TNF« levels, quantitative reverse transcription-
polymerase chain reaction was performed using SYBR qPCR
Mix (Toyobo) with the StepOnePlus Real-Time PCR System
(Life Technologies, Carlsbad, CA). The average threshold cycle
number (Ct) values were normalized to those of actin and
calculated using the delta-delta Ct (ddCt) method. The primer
sequences used are listed in Table 2.

Cell Attachment Assay

The assays were performed as previously described.'”
Briefly, cells were seeded in 24-well plates at 8.0 x 10*
cells per well in the growth medium and grown until 100%
confluency. Bacteria were added to the cells at a multiplicity
of infection of 50. After incubation at 37°C in 5% CO, for 1
hour, the cells were washed 3 times with PBS (pH 7.1)
supplemented with Ca?"and Mg®". Next, the cells were
lysed with water for 20 minutes at 37°C. The lysates serially

Table 1.Antibodies Used in This Study

Antibodies Application, dilution Catalog no. Supplier
IkBa WB, 1:20,000 ab32518 Abcam
Phospho-IkBa WB, 1:1000 9246 Cell Signaling Technology
B-actin WB, 1:10,000 5125 Cell Signaling Technology
NF-xB p65 IFC, 1:800 6956 Cell Signaling Technology
Toll-like receptor 2 WB, 1:1000 12276 Cell Signaling Technology
MYD88 WB, 1:1000 4283 Cell Signaling Technology
Lipoteichoic acid WB, 1:1000; IFC, 1:100 HM2048 Hycult Biotech
Peptidoglycan WB, 1:1000 GTX39437 GENETEX
Phospho-Histone H2A.X (YH2AX) WB, 1:1000; IFC, 1:800; IF, 1:800; IHC, 1:480 9718 Cell Signaling Technology
P21 Waf1/Cip1 WB, 1:1000 2947 Cell Signaling Technology
Villin IHC, 1:100 ab130751 Abcam
Lysozyme IHC, 1:50 ab108508 Abcam
Chromogranin A (Chr-A) IHC, 1:50 sc-393941 Santa Cruz Biotechnology
CDX2 IF, 1:250 ab76541 Abcam
Alpha-smooth muscle actin (a-SMA) IF, 1:200 ab7817 Abcam
Cadherin-17 IF, 1:100 MAB1032 R&D Systems
MUC2 IF, 1:180 ab90007 Abcam
Dynamin (DNM) | WB, 1:200 sc-58260 Santa Cruz Biotechnology
Dynamin (DNM) Il WB, 1:100 sc-166669 Santa Cruz Biotechnology
TOMM20 IP, 1:200; WB, 1:1000 ab56783 Abcam
Normal mouse I1gG IP, 1:200 140-09511 Fuijifilm Wako Pure Chemical
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diluted were plated onto agar plates. After 2 days of incu-
bation at 37°C, bacterial colonies in the plates were counted.
The attachment levels were determined as the percentage of
bacteria recovered after cell lysis compared with the total
number of bacteria initially added.

Transwell Co-culture Assay

Cells were seeded in the bottom chamber of 6.5-mm
Transwell inserts (#3470, Corning, Tewksbury, MA) at
8.0 x 10* cells, and bacteria were seeded in the top chamber
at a multiplicity of infection of 50 for the indicated time.

MV Isolation and Examination of the Quantity and
Size Distribution

MVs were isolated on the basis of previous reports.”®"’
Bacteria were cultured in broth until 1.8 at OD 600 nm
measured by CO 8000 Biowave Personal Cell Density Meter
(WPA, Biochrom Ltd, Cambridge, UK). After twice centrifu-
gation of bacterial cultures at 10,000g for 10 minutes, the
supernatants were filtered through 0.45 and 0.22 um pol-
yvinylidene difluoride filters. The filtered supernatants were
concentrated and removed small molecules using an Amicon
Ultra-15 100K (Merck Millipore). The MVs were pelleted
from the concentrated supernatants by ultracentrifugation
at 100,000g for 2 hours at 4°C. The MVs were then resus-
pended in 150 uL PBS to prepare crude MVs. For qEV size
exclusion chromatography, qEV columns (single 35) with an
automated fraction collector (Izon Science, Christchurch,
New Zealand) were used according to the manufacturer’s
instructions. Briefly, the column was flushed with 10 mL
PBS before use. Then, 150 uL of crude MVs was loaded into
the top filter of the column. The automated fraction collector
was programmed to discard the first 1 mL, and 0.6 mL
fraction was collected. The protein concentration of isolated
MVs was determined by the Qubit Protein Assay kit

Table 2.Primers Used in This Study

Gene Sequence (5’ — 3')

Fw: CTTGTCATTGCCAGCTGTGT

Rv: TGACTGTGGAGTTTTGGCTG

Human TNF« Fw: CAGAGGGAAGAGTTCCCCAG

Rv: CCTTGGTCTGGTAGGAGACG

Fw: CTGTGCTACGTCGCCCTGG

Rv: GCCACAGGACTCCATGCCC

Human dynamin-1 Fw: GCTGACTGCTGAGAATCTGTCC

Rv: GTGTCTCACAGGCTAGCTCCAG

Fw: CATGATCCTGCAGTTCATCAGC

Rv: CTTCTCAACGGGAGCAACTTGT

Human dynamin-3 Fw: ACTCCAGCCAACACTGATCTTGC

Rv: CCCCTGCGAAGAGGCAACAGT

Fw: TAGTCCTTCCTACCCCAATTTCC

Rv: TTGGTCCTTAGCCACTCCTTC

Mouse TNFa Fw: AAGCCTGTAGCC CACGTCGTA
Rv: GGCACCACTAGTTGGTTGTCTTTG

Fw: AGTGTGACGTTGACATCCGT
Rv: GCAGCTCAGTAACAGTCCGC

Human IL-8

Human g-actin

Human dynamin-2

Mouse IL-6

Mouse g-actin

Gut Bacteria-derived Membrane Vesicles in CRC 761

and Qubit 4 Fluorometer (Thermo Fisher Scientific,
Waltham, MA).

The quantity and size distribution of isolated MVs were
determined using nanoparticle tracking analysis by Nano-
Sight LM10 (Malvern Instruments Ltd, UK) as previously
described.®® Briefly, MVs were diluted in PBS (-) at a final
concentration of 108-10° particles per mL according to the
manufacturer’s guidelines. Capture settings were as follows:
camera gain of 13, camera level of 10, and detection
threshold of 5. Reads of 60-second duration were performed
5 times per sample at 25°C. Analyses were performed ac-
cording to the manufacturer’s protocol.

Luciferase Assay

Cells cultured in the 6-cm dish were transfected with 0.2
ug of pGL4.74[hRluc/TK] and 2 ug of NF-kB luc used
FuGene 6 Transfection Reagent (Roche, Basel, Switzerland).
After 24 hours, the transfected cells were split into 12-well
plates at 4.0 x 10* cells per well. The next day, stimulators
were added for the indicated time, and the cells were har-
vested. The cellular lysates were analyzed for luciferase
activity using Dual-Luciferase Reporter Assay System
(Promega, Madison, WI). The firefly luciferase activity
values were corrected using the values obtained from the
Renilla luciferase activity as a control.

Gene Knockout

CRISPR-mediated gene knockout in iCECs was carried
out as follows: designed guide RNAs were cloned into
LentiCRISPRvZ neo (#98292, Addgene, Cambridge, MA). To
produce and package infectious lentivirus, HEK293T cells
(ATCC) were co-transfected with LentiCRISPRv2-sgRNA and
lentiviral plasmid packaging mix (pPACK Lentivector Pack-
aging Kit, System Bioscience, Palo Alto, CA) using the
Effectene Transfection Reagent (Qiagen, Gelderland,
Netherlands). After 48 hours, the supernatant was collected
and passed through a 0.45-um filter. Viruses were concen-
trated using the PEG-it virus precipitation solution (System
Biosciences, Mountain View, CA). After precipitating for 24
hours, the viruses were collected and diluted with PBS (-)
Cells seeded in 6-well plates were transduced with the
diluted viruses using polybrene (10 ug/mL, Santa Cruz
Biotechnology, Dallas, TX). After 48 hours, cells were sub-
jected to G-418 sulfate (#074-06801, Fujifilm Wako Pure
Chemical) for 7 days. Western blotting was done to confirm
the efficient knockout of the target gene.

siRNA-mediated Gene Silencing

For siRNA-mediated knockdown, cells were transfected
with siRNAs at the following concentrations: 10 umol/L
DNM1 siRNA (Dharmacon, ON-TARGETplus SMARTpool
siRNA, catalog no. L-003940-00-0005) or 10 umol/L DNM2
siRNA (Dharmacon, ON-TARGETplus SMARTpool siRNA,
catalog no. L-004007-00-0005). For the control sample, cells
were transfected with 10 umol/L non-targeting pool siRNA
(Dharmacon, ON-TARGETplus, catalog no. D-001810-10-
05). The transfection was performed using Lipofectamin
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RNAIMAX Transfection Reagent (#13778075, Invitrogen,
CA), according to the manufacturer’s protocol.

Extraction of the Lysate and the Membrane

Protein of A odontolyticus

A odontolyticus lysate was extracted according to the
methods described previously.®® Briefly, A odontolyticus
were grown overnight at 37°C in 200 mL of GAM broth; the
bacteria were collected by centrifugation at 16,000g for 10
minutes and washed twice with PBS. After centrifugation,
cell pellets were resuspended in TE buffer and sonicated 30
seconds x 10, 30-second intervals. Then the solution was
centrifuged at 16,000g x 0 min. The supernatant was
collected and measured concentrations using a Protein
Assay kit and Qubit 4 Fluorometer and stored at -20°C until
use.

The membrane proteins of A odontolyticus were extrac-
ted according to the methods described previously.®* 4
odontolyticus were grown overnight at 37°C in 200 mL of
GAM broth; the bacteria were collected by centrifugation at
16,000g for 10 minutes and washed twice with PBS. After
centrifugation, cell pellets were resuspended in 40 mL of
osmotic digestion buffer containing 20% sucrose in 20
mmol/L Tris-HC], pH 7.0, 10 mmol/L MgCl,, protease in-
hibitor cocktail (Sigma-Aldrich) and 10 U of mutanolysin
(Sigma-Aldrich), followed by shaking 2 hours at 37°C. Then,
the solution was centrifuged at 3000g for 1 hour to remove
protoplasts, followed by centrifugation at 16,000g for 30
minutes to remove cell debris. The supernatant was
collected and measured concentrations using the Protein
Assay kit and Qubit 4 Fluorometer.

LTA Inactivation

LTA inactivation was performed with platelet-activating
factor-acetylhydrolase®® or NaOH.°* For diacylation by
platelet-activating factor-acetylhydrolase, A.o MVs were
incubated with 30 pug/mL of platelet-activating
factor-acetylhydrolase (#2544185, Fujifilm Wako Pure
Chemical) at 37°C for 12 hours. After incubation the reac-
tion mixture was inactivated by adding 100 umol/L Pefa-
bloc SC (#76307, Sigma-Aldrich). For degradation by NaOH
hydrolysis treatment, 9 volumes of A.o MVs were added to 1
volume of 2 N NaOH and incubated at 37°C for 2 hours.
After incubation, the mixture was neutralized with 6 N HCI
to obtain a pH of 6.5-7.5.

Examination of the Internalization of MVs

To visualize MVs fluorescently, A.o MVs were labeled
using the ExoSparkler Exosome Membrane Labeling Kit-Red
(Dojindo, Kumamoto, Japan), which can label lipid bilayers,
according to the manufacturer’s instructions. To examine
the endocytosis, cells were cultured on u-slide (#ib80421,
ibidi GmbH, Munich, Germany) for 24 hours. Labeled MVs
and ECGreen-Endocytosis Detection Dye (Dojindo), which is
not membrane permeable and internalized by endocytosis,
were added and incubated at 37°C for 4 hours. After 3
washings, DMEM was added in the chambers and observed
living cells using a DMi8 fluorescence microscope. For
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assessment of the inhibition of endocytosis, cells were
cultured on 4-well chamber slides for 24 hours. After
endocytosis inhibitors were preincubated for 1 hour,
labeled MVs were added and incubated for 4 hours. After
washing 3 times, cells were fixed with 4% para-
formaldehyde in 1x PBS for 15 minutes at room tempera-
ture, and the slides were mounted with fluorescence
mounting medium containing DAPI. The fluorescence
observation was performed using DMi8.

Transmission Electron Microscopy

To visualize MVs, transmission electron microscopy was
performed. MVs were fixed in phosphate-buffered 2%
glutaraldehyde and stained with uranyl acetate. MVs were
then examined using a JOEL JEM 2000EX transmission
electron microscope (Hanaichi Ultrastructure Research
Institute, Japan).

Transmission electron microscopy ultrathin sections
were used to visualize MVs at the bacterial surface or the
morphology of the mitochondria. Bacterial pellets or iCECs
cultured to 100% confluently in 6-well plates were fixed in
phosphate-buffered 2% glutaraldehyde and subsequently
post-fixed in 2% osmium tetraoxide for 2 hours in the ice
bath. Then, the specimens were dehydrated in graded
ethanol and embedded in epoxy resin. Ultrathin sections
were obtained by ultramicrotome technique and were
stained with uranyl acetate for 15 minutes and with a
staining solution for 2 minutes. Stained samples were sub-
jected to transmission electron microscopy observation at
100 kV (JEM-1400Flash, JEOL). Mitochondrial length and
area were analyzed using Image] software (National In-
stitutes of Health).

Proteomic Analyses of MVs by Liquid
Chromatography—Mass Spectrometry

After 2 ug of MVs was separated by SDS-polyacrylamide
gel electrophoresis, the gel was stained using a silver
staining kit (Integrale, Tokushima, Japan). Selected bands
were cut out, and the corresponding peptides were identi-
fied using liquid chromatography-mass spectrometry
(Integrale). All mass spectrometry data were analyzed using
Mascot (Matrix Science, London, UK; version 2.8.0.1). The
mascot was set up to search the UniProtKB_Schaalia odon-
tolytica_220207 database (13,736 entries) assuming the
digestion enzyme trypsin. Mascot was searched with a
fragment ion mass tolerance of 0.020 Da and a parent ion
tolerance of 5.0 PPM. Oxidation of methionine and propio-
namide of cysteine was specified in Mascot as variable
modifications. Scaffold (version Scaffold_5.1.2, Proteome
Software Inc, Portland, OR) was used to validate the mass
spectrometry-based identification of the peptides and pro-
teins using the specific threshold for their accuracy. Proteins
that contained similar peptides and could not be differen-
tiated on the basis of the mass spectrometry analyses were
grouped to satisfy the principles of parsimony. Proteins
sharing significant peptide sequences were grouped into
clusters.



2024

Measurements of Cellular ROS Levels

Cellular ROS levels were measured using the ROS-Glo
H202 Assay Kit (Promega). Briefly, 1.0 x 10* cells were
cultured in 96-well white-walled plates with clear bottoms.
After treating for 24 hours, 20 uL of the H,0, substrate
solution was added, followed by incubation for 2 hours.
Then, 100 uL of ROS-Glo Detection Solution was added, the
plate was incubated at room temperature for 20 minutes,
and luminescence was measured using a GloMax 96
Microplate Luminometer (Promega).

Cell-Cycle Analyses

Cells cultured in a 6-well plate were treated with A.o
MVs for 48 hours and then harvested. The cells were fixed in
ice-cold 70% ethanol and incubated overnight at -20°C. The
fixed cells were washed twice with PBS and resuspended in
990 uL of PBS. RNA contamination was excluded by adding
10 uL ribonuclease solution (Nippon Gene; 10 mg/mL) and
incubating for 30 minutes at room temperature. Cellular
DNA was stained by adding 50 uL of propidium iodide (1
ug/uL in PBS, Fujifilm Wako Pure Chemical) and incubated
for 1 minute at room temperature in the dark. Flow
cytometry analyses were done using the Guava Easy Cyte
Plus instrument (GE Healthcare).

Colony Formation Assay

iCECs were seeded in a 12-well plate, treated with 20
ug/mL of A.o MVs or PBS every 3 days, and passaged every
7 days. After 3 months, a colony formation assay using the
soft agar was performed as follows. First, 6-well plates were
bottom-layered with 2 mL of 0.6% agarose and 10% fetal
bovine serum and 1% penicillin-streptomycin supple-
mented DMEM. After the bottom layer solidified, the top
layer containing 1.0 x 10* cells/plate, 0.35% agarose, and
10% fetal bovine serum-supplemented DMEM was added.
The plates were incubated at 37°C for another 2 weeks.
Finally, colonies were stained with 0.005% crystal violet.
The images of the plates were analyzed using Image]
software.

Cytotoxicity by Endocytosis Inhibitors

Cell Counting Kit-8 (Dojindo) was used for the cytotox-
icity test. The 1.0 x 10* cells were seeded onto 96-well
plates and incubated at 37°C. On the next day, cells were
treated with inhibitors or dimethyl sulfoxide as a control.
After 24 hours, 10 uL of CCK-8 solution was added to each
well, and the cells were incubated for 3 hours. Absorbance
at 450 nm was measured to calculate the cell viability using
a microplate reader (Thermo Fisher Scientific). The absor-
bance values were standardized against those from the
blank well.

Organoid Model

The human induced pluripotent stem cell-derived apical-
out gut organoids, purchased from Dai Nippon Printing
(Tokyo, Japan), were cultured without Matrigel or extra-
cellular matrix, as reported previously.®” The organoids
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were cultured in xenogeneic-free medium containing 85%
Knockout DMEM (Life Technologies, Carlsbad, CA) and 15%
CTS Knockout SR XenoFree Medium (Life Technologies)
supplemented with 2 mmol/L GlutaMAX supplement (Life
Technologies), 0.1 mmol/L MEM Non-Essential Amino Acids
solution (Life Technologies), 1% penicillin-streptomycin
(Sigma-Aldrich), 50 pug/mL L-ascorbic acid (Fujifilm Wako
Pure Chemical), 10 ng/mL heregulin-g-1 (Fujifilm Wako
Pure Chemical), 200 ng/mL recombinant human IGF-1
(Fujifilm Wako Pure Chemical), and 10 ng/mL FGF2 (Fuji-
film Wako Pure Chemical). The organoids were cultured
with 20 ug of A.o MVs for 7 days. After treatment, the
organoids were fixed at 4% paraformaldehyde for 3 hours
at room temperature. Preparation of paraffin-embedded
tissue sections, H&E staining, and alcian blue staining was
performed by Septsapie (Tokyo, Japan).

Animal Studies

Following the current protocol, which allows for the use
of sex- and age-matched mice,®®®” we used 8-week-old fe-
male BALB/c mice (CLEA Japan, Tokyo, Japan). To each
mouse, 20 ug A.o MVs diluted in 100 uL PBS were injected
transanally weekly for 2 months. Control mice were injected
with the same volume of PBS. The mice were euthanized at
3 days after the final injection. For the preparation of H&E
stained or paraffin-embedded tissue sections, tissues were
fixed in 10% formalin.

Mitochondrial Superoxide Levels

Mitochondrial superoxide levels were determined using
MitoSOX Red (#M36008, Invitrogen). Briefly, 5.0 x 10> cells
were cultured on u-slide for 24 hours. After MVs treatment
for 6 hours, cells were washed with PBS and incubated with
5 umol/L of MitoSOX Red reagent in phenol red-free me-
dium for 10 minutes, according to the manufacturer’s pro-
tocol. The living cells were then gently washed 3 times with
warm buffer and counterstained with Hoechst 33342. The
fluorescent intensities were observed using the DMi8.

Quantification of Mitochondrial DNA Copy
Number

The total DNA was isolated from 1.0 x10° cells using the
QIAamp DNA Mini Kit (QIAGEN) according to the manu-
facturer’s protocol. Using the SYBR qPCR Mix (Toyobo), 100
ng of total DNA was subjected to quantitative polymerase
chain reaction. The average Ct values of mitochondrial and
nuclear DNAs were obtained. The relative levels of mito-
chondrial DNA were normalized to the levels of nuclear
DNA. Human Mitochondrial DNA Monitoring Primer Sets
(TaKaRa Bio, Shiga, Japan) targeting ND1 and ND5 as
mitochondrial DNA and SLCO2B1 and SERPINA1 as nuclear
DNA were used for the quantitation.

Detection of MVs and Mitochondrial Co-

localization
To investigate the co-localization of MVs and mitochon-
dria, MVs labeled with the ExoSparkler Exosome Membrane
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Labeling Kit-Green (Dojindo) were added to iCECs seeded
on 4-well chamber slides. The cells were incubated at 37°C
for 4 hours. After 3 PBS washes, the cells were incubated
with 500 nmol/L MitoTracke Red CMXRos at 37°C for 15
minutes and washed 3 times with PBS. The cells were fixed
with 4% paraformaldehyde for 15 minutes at room tem-
perature and permeabilized with 0.1% Triton-X in 1x PBS
for 20 minutes at room temperature. Subsequently, the
cytoskeleton was fluorescently labeled using the Phalloidin-
iFluor 680 conjugate (AAT Bioquest, Sunnyvale, CA),
following the manufacturer’s protocol, and the nuclei were
stained with DAPI. Images were captured using a spinSR10
confocal microscope imaging system (Evident, Japan).

Extraction of Intact Mitochondria

To extract intact mitochondria from cells, we established
polyclonal iCECs stably expressing HA-MITO (HA-MITO
iCECs) using pMXs-3XHA-EGFP-OMP25, as previously
described.®® After 1 wash with PBS, the cells were harvested
in 1 mL of mitochondrial buffer (75 mmol/L sucrose, 225
mmol/L mannitol, 20 mmol/L HEPES, 0.5 mmol/L EDTA, pH
7). The cell suspension was centrifuged at 1000g for 2 mi-
nutes, the supernatant was discarded, and the cell pellet
was resuspended in 500 uL of the same buffer. After cell
homogenization, the homogenate was centrifuged at 1000g
for 2 minutes, the supernatant was collected, and intact
mitochondria were purified using the HA-tagged Protein
Magnetic Purification Kit (#3342, Medical & Biological
Laboratories, Tokyo, Japan) according to the manufacturer’s
protocol. All procedures were performed on ice.

Immunoprecipitation

Immunoprecipitation was performed to assess the
binding of A.o MVs to the mitochondrial outer protein. This
procedure used a TOMM20 antibody and Pierce Protein A/G
Magnetic Beads (#88802, Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol. In brief, MVs were
incubated with intact mitochondria extracted from HA-
MITO iCECs, with rotation at room temperature for 3
hours. The mixture was incubated with the TOMM20 anti-
body or normal mouse immunoglobulin G (140-09511,
Wako) as a negative control, with rotation overnight at 4°C.
Subsequently, 50 uL of magnetic beads was added to the
mixture and rotated for 30 minutes at 4°C. The beads were
then separated using a magnetic separator and washed 3
times in buffer. Proteins bound to the beads were eluted
using a low-pH solution and immediately neutralized. The
eluates were mixed with 4 x SDS sample buffer (0.25 mol/L
Tris-HCl, 8% SDS, 40% glycerol, and 0.02% bromophenol
blue, pH 6.8) and boiled at 95°C for 5 minutes. Western
blotting was subsequently performed as previously
described. To detect the proteins, TrueBlot anti-mouse
immunoglobulin G horseradish peroxidase (diluted
1:1,000; Rockland Immunochemicals, Limerick, PA) was
used as the secondary antibody to minimize interference
from the heavy and light chains derived from the immuno-
precipitated immunoglobulin.
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RNA Sequencing

RNA sequencing was performed at the Rhelixa Co.
(Tokyo, Japan). The total RNA of iCEC cells treated with or
without 10 ug/mL of A.o MVs was isolated using ISOGEN II
as described above and was treated by DNase. The purity
of the total RNA samples was confirmed with an RNA
integrity number >7, determined by a Bioanalyzer (Agi-
lent), followed by the cDNA library preparation. Total RNA
was converted to complementary DNAs with oligo dT
primers using the NEBNext Poly (A) mRNA Magnetic
Isolation Module (cat. no. E7490) and the NEBNext Ultra-
TMII Directional RNA Library Prep Kit (cat. no. E7760).
Complementary DNA libraries were sequenced with the
NovaSeq 6000 system (Illumina) to produce 150 base pair-
end reads.

Oxygen Consumption Rate and Extracellular
Acidification Rate

OCR and extracellular acidification rate were measured
using an extracellular flux analyzer (XFe 24; Agilent Tech-
nologies Inc, Santa Clara, CA), according to the manufac-
turer’s protocols. Briefly, the Seahorse utility plate (Agilent
Technologies Inc) containing calibrant media together with
Seahorse injector port and probe plate was incubated
overnight at 37°C without CO,. On the day of the assay, the
cell culture medium was replaced with a Seahorse XF assay
buffer (supplemented with 10 mmol/L glucose, 1 mmol/L
sodium pyruvate, and 2 mmol/L L-glutamine) and incu-
bated in CO, free incubator at 37°C for at least half an hour.
Then 8 x 10* cells were seeded in XF24 cell-culture
microplates (#100777-004, Agilent Technologies Inc).
OCR and extracellular acidification rate were measured
after treatment with 20 ug/mL A.o MVs or PBS as a control
for 4 or 48 hours. The designated injector ports were
filled with the following MitoStress Test inhibitors:
0.5 wpmol/L Oligomycin, 1 umol/L Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), and 0.25 umol/
L Rotenone and Antimycin. Oligomycin, FCCP, Rotenone, and
Antimycin were purchased from Sigma-Aldrich.

Statistical Analyses

Statistical analyses were conducted using GraphPad
Prism 9 (GraphPad Software, San Diego, CA). Continuous
variables are reported as mean =+ standard deviation (SD).
Two-sample comparisons were performed using the 2-sided
Welch t-test or two-way analysis of variance (ANOVA) test,
and multiple comparisons were performed by the one-way
ANOVA followed by Tukey test or Dunnett test. The 2-
sided Mann-Whitney U test was used to compare data
with a non-normal distribution. In all analyses, P <.05 was
taken to indicate statistical significance.
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