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P. mirabilis-derived pore-forming haemolysin, HpmA drives b
intestinal alpha-synuclein aggregation in a mouse model of
neurodegeneration
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Summary eBioMedicine

Background Recent studies suggesting the importance of the gut-microbiome in intestinal aggregated alpha synuclein 2023,98: 104887
(a-syn) have led to the exploration of the possible role of the gut-brain axis in central nervous system degeneration, ~PuPlished Online 22
Proteus mirabilis (P. mirabilis), a gram-negative facultative anaerobic bacterium, has been linked to brain g;f:}?;g?; 110
neurodegeneration in animal studies. We hypothesised that P. mirabilis-derived virulence factors aggregate e :

1016/j.ebiom.2023.
intestinal a-synuclein and could prompt the pathogenesis of dopaminergic neurodegeneration in the brain. 104887

Methods We used vagotomised- and antibiotic-treated male murine models to determine the pathogenesis of
P. mirabilis during brain neurodegeneration. The neurodegenerative factor that is driven by P. mirabilis was
determined using genetically mutated P. mirabilis. The pathological functions and interactions of the virulence
factors were determined in vitro.

Findings The results showed that P. mirabilis-induced motor dysfunction and neurodegeneration are regulated by
intestinal o-syn aggregation in vagotomised- or antibiotic-treated murine models. We deduced that the specific
virulence factor, haemolysin A (HpmA), plays a role in the pathogenesis of P. mirabilis. HpmA is involved in
o-synuclein oligomerisation and membrane pore formation, resulting in the activation of mTOR-mediated
autophagy signalling in intestinal neuroendocrine cells.

Interpretation Taken together, the results of the present study suggest that HpmA can interact with o-syn and act as a
possible indicator of brain neurodegenerative diseases that are induced by P. mirabilis.

*Corresponding author. Department of Biochemical and Pharmaceutical Sciences, Graduate School, Kyung Hee University, 26 Kyungheedae-ro,
Dongdaemun-gu, Seoul 02447, Republic of Korea.

E-mail address: msohok@khu.ac.kr (M.S. Oh).
"These authors have contributed equally to this work.
"Current address: Department of Formulae Pharmacology, College of Korean Medicine, Gachon University, 1342 Seongnamdae-ro, Sujung-Gu,
Seongnam, Gyeonggi-Do, 13120, Republic of Korea.
"Current address: MThera Pharma Co., 1 Magokjungang 8-ro, Gangseo-gu, Seoul, 07793, Republic of Korea.

www.thelancet.com Vol 98 December, 2023


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:msohok@khu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2023.104887&domain=pdf
https://doi.org/10.1016/j.ebiom.2023.104887
https://doi.org/10.1016/j.ebiom.2023.104887
https://doi.org/10.1016/j.ebiom.2023.104887
www.thelancet.com/digital-health

Articles

Funding This study was supported by a grant from the National Research Foundation of Korea.

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Microbiota-gut-brain axis; Neurodegenerative disease; Alpha-synuclein; Proteus mirabilis; Haemolysin A;

Pore formation

Research in context

Evidence before this study

The gut-brain axis has been conceptualised to contribute to
the pathogenesis of Parkinson’s disease (PD) based on the
Braak hypothesis as alpha-synuclein (a-syn) propagates from
the gut to the brain. Proteus mirabilis (P. mirabilis, 2 x 108 CFU
per mouse for 5 days), a gram-negative facultative anaerobic
bacterium, causes brain neurodegeneration.

Added value of this study
Haemolysin A (HpmA), derived from P. mirabilis oligomerises
with a-syn and itself, activates mTOR-mediated autophagy

Introduction

Parkinson’s disease (PD), a brain neurodegenerative
disease, manifests with motor dysfunction accompanied
by dopamine deficits and alpha synuclein (a-syn) in-
clusion in the brain. Since PD diagnosis occurs in the
late stage of progression, markers of the prodromal
stages, including rapid eye movement sleep behaviour
disorders, olfactory loss, autonomic dysfunction and
constipation are considered observable and predictive of
clinical PD."?

During the prodromal stage, various non-motor
symptoms may appear and are closely related to the
peripheral nervous systems (PNS) as well as the brain’s
central nervous system (CNS). Based on Braak’s hy-
pothesis, which suggests that pathological a-syn as-
cends from the enteric nervous system (ENS)-
innervating vagal fibres to the inferior ganglia of the
vagus nerve and brainstem nuclei, mounting evidence
suggests that the pathology of PD may originate earlier
in the gastrointestinal (GI) tract before progressing in
the brain.** There is epidemiological evidence that
complete vagotomy may decrease the prevalence of
PD.>® In pre-clinical studies, accumulating evidence
shows that a-syn fibrils could progress from the vagus
nerve that innervates the gut to the midbrain in a
retrograde axonal transport or prion-like manner and
cause behavioural dysfunction.”'* Based on clues that
PD may originate in the gut, several studies present a
challenging hypothesis that PD comprises distinct
subtypes: a gut-first (PNS-based) subtype and a brain-
first (CNS-based) subtype.'"'

The microbiota-gut-brain axis (MGB axis) plays a
role in the maintenance of brain physiological

signalling in intestinal cells, and induces brain a-syn
accumulation and neurodegeneration in a mouse model of
PD.

Implications of all the available evidence

HpmA may be involved in PD development and could,
therefore, be an important target for future treatments or a
biomarker of PD.

functions as well as in the pathological progression of
PD."* The gut is colonised by numerous microbiomes
which affect the development and pathophysiological
responses of the nervous system. It has been hypoth-
esised that alterations in the gut microbiota composi-
tion may disrupt the intestinal barrier and trigger
pathological peripheral enteric neuronal responses,
which could contribute to neurodegeneration in the
CNS. In addition, several bacterial-derived factors
abrogate PD progression. For example, Lipopolysac-
charide (LPS) produced by the gut microbiota induced a
significant disruption in tight junction proteins in the
intestine of a-syn overexpressing mice, indicating that
there is an interaction between gut microbiota and PD
development.” In addition to LPS, the gut microbiota
may also affect a-syn aggregation through virulence
factors. Amyloid proteins are produced by several
microorganism, including Escherichia coli, which pro-
duces curli amyloid fibrils that regulate gut and host
physiological functions.'®

Previously, we found that the specific microbiome
Proteus mirabilis (P. mirabilis) induces brain dopami-
nergic neurodegeneration from the gut to the brain."”
Choi et al. identified significantly increased P. mirabilis
levels in the faeces of murine PD models and found
neurodegeneration in the nigrostriatal pathway by neu-
roinflammation and a-syn aggregation, contributing to
motor dysfunction when mice were gavaged with
P. mirabilis. The authors also demonstrated that inocu-
lation of P. mirabilis in the mouse intestine induced
a-syn inclusions and the disruption of enteric neurones
by inducing systemic inflammation. Mechanistic in-
vestigations into the pathological effects of P. mirabilis
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have also been conducted. Based on a previous study, we
focused on the specific virulence factors of P. mirabilis to
elucidate their precise mechanisms.

In this study, we aimed to characterise the mecha-
nisms underlying the pathological effects of P. mirabilis-
induced neurodegeneration in the GI tract. We observed
the aetiology of motor impairment and neuronal cell
death in P. mirabilis as a a-syn pathology both in the
intestine and in the brain. We then identified the spe-
cific bacterial virulence factor of P. mirabilis that induces
PD pathology and revealed its mechanisms by evalu-
ating molecular expressions that are related to auto-
phagy pathways in intestinal cells.

Methods

Bacterial culture conditions

P. mirabilis, isolated in the previous study,” was cultured
in 500 mL of GAM broth at 37 °C for 24 h (optical
density, 1.2-1.5; colony-forming units, >5 x 10® CFU/
mL) under anaerobic incubator (Don Whitley Scientific
Ltd. (West Yorkshire, UK) and centrifuged at 7000 x g at
4 °C for 30 min. The collected cells were suspended in
sterile saline for in vitro and in vivo experiments. Mutated
P. mirabilis (AMrpA, AHpmA, and AUreC) were gener-
ated as previously described'® and cultured in the same
condition as the wild type of P. mirabilis.

Plasmid construction and expression in E. coli
Gene encoding the HpmA was amplified by polymerase
chain reaction (PCR) from P. mirabilis genomic DNA
using forward primer 5-AAA AAA CAT ATG AAA TCA
AAA AAC TTT AAA CTT TC-3' and reverse primer 5'-
AAA AAA CTC GAG CTA TIT TTC AGA AAT AGA
TGC TTT TG-3'. Amplified HpmA gene was directly
cloned to pGEM®-T easy vector (Promega, USA),
referred to as pGEM-T HpmA. The integrity of all se-
quences was verified by DNA sequence analyses.
Plasmid pGEM-T HpmA was digested completely with
Nde I, and then partially with Xho I. Approximately
4.8 kb DNA fragment containing the whole HpmA gene
was subcloned into pET15b (Novagen, USA) plasmids,
resulting in pET15b-HpmA. The pET15b-HpmA
plasmid was transformed into E. coli BL21 (DE3) cells.
Protein expression was induced by the addition of 1 mM
of IPTG and analysed by SDS-PAGE.

Ethics

All animal studies were conducted following the “Prin-
ciples of Laboratory Animal Care” (NIH publication,
1996) and approved by the “Animal Care and Use
Guidelines” of Kyung Hee University, Seoul, Korea
(KHUASP(SE)-18-007 and 20-029).

Animals

Seven-week-old male C57BL/6 ] mice were used. Mice
were housed in cages (eight mice per group) at an
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optimal temperature and humidity (23 £ 1 °C and
60 + 10%) for 7 days. Since the disease model induced
by P. mirabilis was verified only in male mice, female
mice were not used in this study. All the experiments
were grouped based on weight. There is no evidence of a
difference in the means and standard error of mice
weights between groups. We conducted a stratified
randomisation based on the mouse weight and analysed
their differences using one-way analysis of variance
(ANOVA; Experimental 1: F (3, 28) = 0.8810, P = 0.4624;
Experiment 2: F (3, 28) = 0.9632, P = 0.4233; Experiment
3: F (4, 35) = 0.9993, P = 0.4210; Supplementary
experiment 1: F (3, 28) = 1.197, P = 0.3290; Supple-
mentary experiment 2: F (3, 28) = 0.6845, P = 0.5690), so
that the mean weights were the same for the experi-
mental groups.

Experiment 1: Thirty-two mice were used in exper-
iment 1. This experiment aimed to verify whether
pathological manifestations in the brain induced after
the inoculation of P. mirabilis in the intestine. The
mice were divided into four groups as follows: (1)
Control-Vehicle (saline-treated plus phosphate-
buffered saline (PBS)-treated group, n = 8), (2) Con-
trol-P. mirabilis (saline-treated plus P. mirabilis-treated
group, n = 8), (3) ABX-Vehicle group (antibiotic-treated
plus PBS-treated group, n = 8), and (4) ABX-P. mirabilis
(antibiotic-treated plus P. mirabilis-treated group,
n = 8). P. mirabilis was orally administered to the mice
for 5 days (2 x 10® CFU/0.2 mL PBS per mouse). For
antibiotic treatment, the mice were administered cip-
rofloxacin (40 mg/kg per mouse by oral gavage) for 3
days from the day after the end of the P. mirabilis
treatment, based on a previous study.”” An equal
volume of PBS was orally administered to the PBS-
treated group for 5 days. The mice were sacrificed on
the 16th day after the last administration of the
microbiota.

Experiment 2: Thirty-two mice were used in experi-
ment 2. This experiment aimed to investigate whether
pathological ~ brain  manifestations induced by
P. mirabilis are mediated by the vagus nerve. The mice
were divided into four groups as follows: (1) Sham-
Vehicle (sham-operated plus PBS-treated group,
n = 8), (2) Sham-P. mirabilis (sham-operated plus
P. mirabilistreated group, n = 8), (3) VGX-vehicle
(vagotomised plus PBS-treated group, n = 8) and (4)
VGX-P. mirabilis (vagotomised plus P. mirabilis-treated
group, n = 8). Vagotomy was performed as detailed in a
previous study."” Briefly, the mice were incised into the
anterior neck skin to localise the right vagus nerve
bundle. The vagus nerve was carefully cut and the skin
was closed with a surgical suture. The vagal bundles of
sham-operated mice were exposed, but the vagus nerve
was not cut. Seven days after surgery, the mice were
gavaged with P. mirabilis for 5 days (2 x 10® CFU/0.2 mL
PBS per mouse). An equal volume of PBS was orally
administered to the PBS-treated group for 5 days. The
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mice were sacrificed on the 16th day after the last
administration of the microbiota.

Experiment 3: Forty mice were used in experiment 3.
This experiment aimed to identify the pathological
virulence factors of P. mirabilis. The mice were divided
into five groups as follows: (1) Normal (PBS-treated
group, n = 8), (2) P. mirabilis™" (P. mirabilis¥ " -treated
group, n = 8), (3) P. mirabilis®™™P* (P, mirabilis*MPA.

treated group, n = 8), (4) P. mirabilis®"P™A
(P. mirabilis®P™*.treated group, n = 8) and (5)
P. mirabilis®V™C (P. mirabilis® " treated group, n = 8).

Microbiota were orally administered to the mice for 5
days (2 x 108 CFU/0.2 mL PBS per mouse). The Normal
was orally administered an equal volume of PBS for 5
days. The mice were sacrificed on the 16th day after the
last administration of the microbiota.

Supplementary experiment 1: Thirty-two mice were
used in the supplementary experiment 1. The experi-
ment aimed to compare the pathological effects of
microbiota included in Proteus genus. Mice were
randomly divided into four groups as follows; (1)
Normal group (PBS-treated group, n = 8), (2) P. mirabilis
group (P. mirabilis-treated group, n = 8), (3) P. cibarius
group (P. cibarius-treated group, n = 8) and (4) P. vulgaris
group (P. vulgaris-treated group, n = 8). Microbiota was
administered to mice for 5 days (2 x 10° CFU/0.2 mL
PBS per mouse). The normal group was orally admin-
istered an equal volume of PBS for 5 days. Mice were
sacrificed on the 16th day after the last administration of
microbiota.

Supplementary experiment 2: Thirty-two mice were
used in the supplementary experiment 2. The experi-
ment aimed to confirm the pathological effects of
Haemolysin A derived from P. mirabilis. Mice were
randomly divided into four groups as follows; (1)
Normal (PBS-treated group, n = 8), (2) P. mirabilis ™'
(P. mirabilis ¥T-treated group, n = 8), (3) E. coli®'
(E. coli¥"-treated group, n = 8) and (4) E. coli""P™A+/+
(E. coli"™™A*/*treated group, n = 8). Microbiota was
orally administered to mice for 5 days (2 x 10® CFU/
0.2 mL PBS per mouse). The normal group was orally
administered an equal volume of PBS for 5 days. Mice
were sacrificed on the 16th day after the last adminis-
tration of microbiota.

Motor function assessment
Motor function was assessed as described in previous
studies.”” The rotarod test was trained for 2 days. All
experiments were conducted between 10 am and 8 pm
to avoid diurnal variations. The rest of the time was
spent maintaining the experimental conditions.
Open-field test- The mice were tested in a box
(40 x 25 x 18 cm) for 30-min using a computerised
automatic analysis system. The data were used to
calculate the total distance traveled.
Rotarod test- The rotarod unit included a rotating
spindle (7.3 cm diameter, Rotarod apparatus for mouse,

Jeung Do Bio&Plant, South Korea). The day before ex-
amination, the mice were trained on the rods. The rotarod
test was performed at rotation speeds varying from 8 to
10 rpm. During the test session, the rotational speed was
in the range 12-16 rpm. The duration for which each
mouse remained on the rotating rod until falling (latency
time) was recorded using a built-in sensor.

Pole test- A 0.5 m long pole made by custom order,
was placed in the cage. On the test assessment, mice
were placed on the top of the pole with head-up and
timed from the beginning when mice were head-down
to the ending when all limbs were placed on the cage.
Latency time was cross-checking by two independent
experimenters. The landing time was averaged over
three trials. Pole test was conducted between 10 am and
8 pm to avoid diurnal variations. Rest time was spent to
maintain the experimental conditions of mice.

Cells
The STC-1 cell line (CVCL_]J405, Cat. No. CRL-3254,
ATCC) was grown at 37 °C in 5% CO, in DMEM me-
dium (Corning), supplemented with 10% heat-
inactivated foetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin. Mycoplasma testing was
confirmed as negative upon receipt of the cells and
before conducting the experiment, and they were used
in the experiment within one month thereafter.

The experiments were performed 48 h after STC-
1 cell seeding. The cell density of each plate was
0.8 x 10° cells/plate for 60-mm dishes. Cells were
treated with HpmA (0.01, 0.1, 1, or 10 pM) or 10 nM
rapamycin (RAPA) in low-serum media for 48 h and
harvested for protein extraction.

Western blot

To prepare proteins for western or dot blotting, harvested
cell pellets or 15 mg of tissue from the distal colon were
lysed in ice-cold RIPA buffer containing a protease/
phosphatase inhibitor cocktail. Protein extract was sepa-
rated on an 10-12% polyacrylamide gel and transferred to
a PVDF membrane (Millipore). Membranes were
blocked with 5% skim milk in Tris-buffered saline (TBS)
and incubated with primary antibodies overnight at 4 °C
in 1% skim milk in TBS-Tween (TBS-T): anti-a-syn
(AB_398107, 1:5000), anti-All (AB_2536236, 1:1000),
anti-cytochrome C (AB_627385, 1:2000), anti-Bd 2
(AB_2243455, 1:500), anti-Bax (AB_306191, 1:500), anti-
phosphor-mTOR (AB_330970, 1:1000), anti-total mTOR
(AB_330978, 1:1000), anti-LC3B (AB_881433, 1:1000),
anti-Beclinl (AB_490837, 1:1000) and anti-B-actin
(AB_2714189, 1:3000).

To prepare proteins for western blotting of a-syn, a
harvested cell pellet or 15 mg of tissue from the distal
colon was lysed in PBS containing 10% Triton X-100
and protease/phosphatase inhibitor cocktail. After in-
cubation on ice for 20 min, the supernatant was used as
the soluble fraction of monomeric a-syn. Pellets were
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lysed in 50 mM Tris—HCl containing 2% SDS and
protease/phosphatase inhibitor cocktail. Twenty micro-
gram of protein extract were separated on 12% poly-
acrylamide gel and transferred to a PVDF membrane
(Millipore). The membranes were blocked with 5% skim
milk in TBS and incubated overnight at 4 °C in 1% skim
milk in TBS-T containing anti-a-syn (AB_398107,
1:1000) and anti-p-actin  (AB_2714189, 1:3000)
antibodies.

The membranes were washed in TBS-T and incu-
bated in 1% skim milk in TBS-T with goat anti-mouse
HRP or goat anti-rabbit HRP secondary antibody
(1:3000). The membranes were washed and imaged
using Image Lab software (Bio-Rad, CA, USA).

Histology and immunofluorescence

Free-floating brain sections were rinsed with PBS and
treated with 1% hydrogen peroxide. Then they were
incubated overnight with a rabbit anti-TH antibody
(AB_390204, 1:1000) in 0.3% Triton X-100 in PBS and
subsequently incubated with a biotinylated anti-rabbit
IgG antibody (1:200), followed by incubation in ABC
solution. The colour was developed with DAB. The brain
tissue sections were quantified by counting the number
of TH-immunopositive neurones in the Substantia
nigra pars compacta (SNpc) at x 200 magnification and
measuring the optical density of TH-positive fibres in
the ST at x 40 magnification using the Image ] software
(Bethesda, MD, USA).

For proteinase K treatment, ST and SN tissues were
reacted with 10 pg/mL proteinase K in PBS before the
1% hydrogen peroxide reaction. Tissues were incu-
bated overnight with mouse anti-a-syn (AB_398107,
1:1000) antibody in normal goat serum. They were
then incubated with biotinylated anti-mouse IgG
(1:200), followed by incubation in the ABC solution.
The colour was developed with DAB. Quantification of
the brain tissue sections was performed by measuring
the optical density of a-syn -positive signals in the ST
at x 40 magnification and SN at x 100 magnification.
Images were captured using an optical light micro-
scope (Olympus Microscope System BXS51; Olympus,
Tokyo, Japan).

For immunofluorescence, the brain tissues were
rinsed in PBS and incubated overnight with goat or
rabbit anti-TH (1:1000), rabbit anti-aggregated o-syn
(AB_2714215,  1:1000), or mouse anti-Iba-1
(AB_2224402, 1:1000) antibodies. They were then
incubated with goat anti-rabbit DyLight 594
(AB_2336413, 1:500), chicken anti-goat Alexa 488
(AB_2535870, 1:500), or goat anti-mouse Alexa 488
(AB_2534073, 1:500). Images were captured under a
confocal microscopy at x 200 magnification ([K1-Fluo];
Nanoscope Systems, Daejeon, Korea).

For immunofluorescence of STC-1 cells, the fixed
cells were rinsed in PBS and incubated overnight
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with rabbit anti-LC3 (AB_881433, 1:1000) and mouse
anti-phospho a-syn (AB_2819037, 1:5000) antibodies.
They were then incubated with goat anti-rabbit Alexa
488 (AB_143165, 1:500), or goat anti-mouse Alexa
594 (AB_2534073, 1:500). Images were captured
under a confocal microscopy at x 1200 magnification
[K1-Fluo].

Quantitative real-time polymerase chain reaction
(qPCR)

Cells or tissues were dissected and prepared to extract
total RNA using an RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s in-
structions. cDNA synthesis from RNA samples was
performed using TOPscript™ RT DryMIX (Enzy-
nomics, Daejeon, Republic of Korea). cDNA was sub-
jected to qQRT-PCR using TOP real™ qPCR 2X PreMIX
(SYBR Green; Enzynomics, Daejeon, Republic of Korea)
and a CFX Connect real-time PCR system (Bio-Rad
Laboratories, Hercules, CA, United States). Primers,
synthesized at Cosmo Genetech (Seoul, Republic of
Korea), were shown in Supplementary Table S1. As a
loading control, GAPDH or 16 S was used for normal-
isation of the biomarker expression.

Calcein-leakage assay
The calcein-leakage assay method has been reported
previously.”

Calcein-roaded  Liposome-  Briefly, the lipids
(1-Palmitoyl-2-oleoyl-phosphatidylcholine; POPC, 1-
Palmitoyl-2-oleoyl-phosphatidylglycerol; POPG, Choles-
terol) were dissolved at a concentration of 10 mM using
CHCI; at 4 °C. Subsequently, the lipid components
(POPC, POPG, and Cholesterol) were mixed in appro-
priate proportions (60 mol%:30 mol%:10 mol
% = POPC:POPG:Cholesterol). To obtain the lipid film,
CHCl; was gently removed using Argon gas and
desiccated for 1 h. The prepared lipid film was added to
aqueous buffer A (20 mM Na,K-phosphate, 0.8 mM
EGTA, 150 mM NaCl, 10 mM calcein disodium salt, pH
7.2) and mixed by vortexing. The colour was a cloudy
green. To form uniform liposomes, the lipid mixture
was extruded wusing a mini-extruder (cat. No:
NC9273238, Avanti Polar Lipids. Inc., Japan) with a
polycarbonate filter (pore size: 100 nm). To remove
unloaded calcein, dialysis was performed for 2 days in
buffer A.

Prepared  Dodecylphosphocholine (DPC)  suspension-
Briefly, DPC suspension was made in aqueous buffer B
(20 mM Na,K-phosphate, 0.8 mM EGTA, 150 mM NadCl,
30 mM myoinositol, pH 7.2) at a concentration of
8 mM. Then, a-syn, HpmA, and a-syn + HpmA were
dissolved at 200 pM, respectively.

Measurement of released calcein- Before fusion be-
tween DPC and calcein-roaded liposome, DPC was
incubated for 4 h at 4 °C. The DPC suspension
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containing the tested samples was treated with
calcein-loaded liposomes (time point: 50 s). The lipid
concentration was 20 pM. The measurements were
performed using a fluorospectrometer (SHIMADZU
Corp. RF-6000, Japan).

Thioflavin T (Th-T) assay

HpmA and a-syn were diluted in KPi to obtain accurate
concentrations. Samples were incubated in 96-well,
black, flat-bottom plates at 37 °C with Th T. Th T fluo-
rescence was monitored every 15 min for 24 h with a
FLUOstar omega plate reader (excitation: 470 nm;
emission: 520 nm). Thirty seconds of shaking of plate
prior to every measurement was conducted.

Statistics

The primary outcome of animal experiments was the
behavioural abnormalities, and sample size was
calculated with 90% statistical power and a significance
level of 0.05 assuming the results of open-field test
using InVivoStat as described previously.”” Then, we
also set the exclusion criteria as the weight loss of
mouse exceeding 15% with the baseline (the day before
P. mirabilis administration) until the humane
endpoint. No mice were excluded from the study. Ex-
perimenters who could identify groups and mice per-
formed mouse administration and the behavioural and
tissue experiments. However, the study was conducted
and statistical analyses was performed by an experi-
menter who was blinded to the information of each
group. For example, in the case of the behaviour test,
blinding analyses were performed by recording, and
the tissue test results were also analysed by an exper-
imenter who had restricted access to the group
information.

To statistically analyse the data, we first performed
the Shapiro-Wilk test to evaluate normality. Multiple
group comparisons were made using one-way ANOVA
followed by Dunnett’s multiple comparison test (Fig. 1,
Fig. 2, Fig. 3, Fig. 4, Fig. 5). Two-tailed unpaired t-tests
were conducted as shown in Fig. 6. In Fig. 7, statistical
analysis was utilised by one-way ANOVA followed by
Dunnett’s multiple comparison test. P < 0.05 was
considered statistically significant. All data are
expressed as the mean * standard error of the mean
(SEM). Statistical analyses were performed using
GraphPad Prism software (GraphPad Software, La
Jolla, CA, USA).

Role of funders

This study was supported by the Medical Research
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Results

P. mirabilis inoculation in the mouse intestine
induces PD-like brain pathological degeneration
First, we confirmed whether P. mirabilis could affect PD
pathology in the gut of conventional mice (Fig. 1).
P. mirabilis-treated mice showed significant motor
dysfunction compared with vehicle-treated mouse
(Fig. 1b and c and Fig. 2b and c) as well as neuro-
degeneration in the nigrostriatal pathway (Fig. 1d—f and
Fig. 2d-f). P. mirabilis-treated mice had a-syn aggrega-
tion in the SNpc region, while vehicle-treated mice did
not (Fig. 1g and h and Fig. 2g, h). We also examined the
possibility of the pathogenesis of PD induced by Proteus
at the genus level. We used three species: P. vulgaris,
P. cibarius, and P. mirabilis (Supplementary Fig. Sla).
The results showed that only P. mirabilis induced motor
deficits (Supplementary Fig. S1b and d) as well as brain
damage including dopaminergic neuronal death, neu-
roinflammation, and a-syn aggregation (Supplementary
Fig. Sle-k).

To establish whether inoculation with P. mirabilis is
critical for the pathogenesis of PD, we depleted colonic
P. mirabilis in mice that were treated with antibiotic for
3 days after P. mirabilis administration (Fig. 1la).
Without antibiotic administration, P. mirabilis treat-
ment impaired motor function compared with vehicle
treatment (locomotive track length (mean = SEM,
pixels): Control-Vehicle group = 29657.00 + 977.20,
Con-P. mirabilis group = 26016.00 + 726.00; latency
time on rod (mean = SEM, sec): Control-Vehicle
group = 12860 =+ 16.80, Con-P. mirabilis
group = 68.75 + 9.82) in the open-field test (F (3,
28) = 3.695, P = 0.0233, one-way ANOVA measures;
P =0.0161, Dunnett’s posthoc test) and the rotarod test
(F (3, 28) = 2.967, P = 0.0490, one-way ANOVA mea-
sures; P = 0.0392, Dunnett’s posthoc test), respectively;
however, antibiotics-treated mice after gavage with
P. mirabilis recovered P. mirabilis-induced motor man-
ifestations (locomotive track length (mean = SEM,
pixels): P = 0.0456, Dunnett’s posthoc test, ABX-
P. mirabilis group = 29953.00 + 1509.00; latency time on
rotarod (mean = SEM, sec): P = 0.0370, Dunnett’s
posthoc test, ABX-P. mirabilis group = 130.40 + 19.26).
Antibiotic treatment did not affect motor functions in
vehicle-treated mice (locomotive track length:
P = 0.8022, Dunnett’'s posthoc test, ABX-Vehicle
group = 30809.00 + 1048.00 pixels; latency time on
rod: P = 0.7993, Dunnett’s posthoc test, ABX-Vehicle
group = 111.10 + 18.91 s; Fig. 1b and c). The dopami-
nergic neurones that were disrupted in the P. mirabilis-
inoculated mouse SNpc (mean + SEM, cells/mm?;
Control-Vehicle group = 3761.00 + 566.10, Con-
P. mirabilis group = 1991.00 + 264.10) were significantly
reversed when treated with antibiotic (mean + SEM,
cells/ymm?; ABX-Vehicle group = 3025.00 + 205.40,
ABX-P. mirabilis group = 3287.00 + 432.80; F
(3, 28) = 3.459, P = 0.0398, one-way ANOVA measures;
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Fig. 1: P. mirabilis inoculation in the mouse intestine induces PD. (a-h) Mice were gavaged with P. mirabilis with antibiotics (N = 8 per group).
(a) Schematic diagram of the treatment schedule and timeline for behavioural tests. (b and c) Behavioural function investigated with open-field
test and rotarod test. (d-f) Tyrosine hydroxylase (TH)-positive optical density or cells in the striatum (40 x magnification, scale bar = 200 pm;
N = 8 per group) or substantia nigra pars compacta (SNpc; 200 x magnification, scale bar = 100 pm; N = 8 per group). (g and h) Analysis of
aggregated a-syn-positive signals (Red) in the mouse SNpc (200 x magnification, scale bar = 100 pm; N = 8 per group). White line indicated the
region of the SNpc that include TH signals with Green. Data are presented as mean with error bars, SEM. Statistical analyses were performed by
one-way ANOVA with Dunnett’s multiple comparison test. Statistical significances were indicated by * P < 0.05 and ** P < 0.01. This
experiment was repeated twice. Group information: (1) Vehicle + PBS: mice treated with vehicle plus PBS orally; (2) Vehicle + P.m: mice treated
with vehicle plus P. mirabilis orally; (3) ABX + PBS: mice treated with antibiotics plus PBS orally; (4) ABX + P.m: mice treated with antibiotics plus
P. mirabilis orally.

P value compared to Con-Vehicle group: Con-  group = 91.24 <+ 384, ABX-P. mirabilis
P. mirabilis, P = 0.0154; ABX-Vehicle, P = 0.4060, group = 86.26 + 3.39; F (3, 28) = 8.333, P = 0.0024, one-
Dunnett’s posthoc test; P value compared to Con- way ANOVA measures; P value compared to

P. mirabilis group: ABX-P. mirabilis, P = 0.0453, Dun- Con-Vehicle group: Con-P. mirabilis, P = 0.0011; ABX-
nett’s posthoc test; Fig. 1d and f). Similarly, loss of  Vehicle, P = 0.3288, Dunnett’s posthoc test; P value
striatal dopaminergic fibres in P. mirabilistreated  compared to Con- P. mirabilis group: ABX-P. mirabilis,
mice were significantly increased in the antibiotic = P = 0.0440, Dunnett’s posthoc test; Fig. 1d and e). In
group (mean + SEM, % of Control-Vehicle group; addition, P. mirabilis treatment increased brain a-syn
Control-Vehicle group = 100.00 + 3.28, Con-  aggregation compared to the vehicle-treated mice;
P. mirabilis group = 73.43 = 3.89, ABX-Vehicle  however, antibiotics administration inhibited brain
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Fig. 2: P. mirabilis inoculation in the mouse intestine propagates a-syn from the gut to the brain. (a-h) Mice were gavaged with P. mirabilis
after vagotomy. (a) Schematic diagram of the treatment schedule and timeline for behavioural tests (N = 8 per group). (b and c) Behavioural
function investigated with open-field test and rotarod test. (d-f) Tyrosine hydroxylase (TH)-positive optical density or cells in the striatum
(40 x magnification, scale bar = 200 pm; N = 8 per group) or substantia nigra pars compacta (SNpc; 200 x magnification, scale bar = 100 pm;
N = 8 per group). (g and h) Analysis of aggregated a-syn-positive signals (Red) in the mouse SNpc (200 x magnification, scale bar = 100 pm;
N = 8 per group). White lines indicate the region of the SNpc that include TH signals with Green. Data are presented as mean with error bars,
SEM. Statistical analyses were performed by one-way ANOVA with Dunnett’s multiple comparison test. Statistical significances were indicated
by * P < 0.05, ** P < 0.01 and *** P < 0.001. This experiment was repeated twice. Group information: (1) Sham + PBS: Sham-mice treated with
PBS orally; (2) Sham + P.m: Sham-mice treated with P. mirabilis orally; (3) VGX + PBS: Vagotomised mice treated with PBS orally; (4) VGX + P.m:

Vagotomised mice treated with P. mirabilis orally.

a-syn aggregation by half in mice that were gavaged
with P. mirabilis (mean + SEM, cells/ymm?; Control-

Vehicle group = 865.90 =+ 182.10, Con-P. mirabilis
group = 2980.00 + 849.30, ABX-Vehicle
group = 83840 =+ 100.10, ABX-P. mirabilis

group = 1523.00 + 88.52; F (3, 28) = 3.636, P = 0.04210,
one-way ANOVA measures; P value compared to Con-
Vehicle group: Con-P. mirabilis, P = 0.0318; ABX-
Vehicle, P > 0.9999, Dunnett’s posthoc test; P value

compared to Con- P. mirabilis group: ABX-P. mirabilis,
P = 0.2067, Dunnett’s posthoc test; Fig. 1g and h).

P. mirabilis induces PD via propagation of a-syn
from the gut to the brain

To determine the possible pathway of the pathogen-
esis of PD induced by P. mirabilis from the gut to the
brain, we performed a vagotomy before administering
P. mirabilis to the mice (Fig. 2a). Vagotomised-mice
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(b and c) Behavioural function investigated with open-field test and

rotarod test. (d-f) Tyrosine hydroxylase (TH)-positive optical density or cells in the striatum (40 x magnification, scale bar = 200 pm; N = 8 per
group) or substantia nigra pars compacta (SNpc; 200 x magnification, scale bar = 100 pm; N = 8 per group). (g and h) Analysis of activated
microglial cells (Green) in the mouse SNpc (200 x magnification, scale bar = 100 pm; N = 8 per group). White line indicated the region of the
SNpc which included TH signals with Red. Data are presented as mean with error bars, SEM. Statistical analyses were performed by one-way

ANOVA with Dunnett’s multiple comparison test. Statistical significances were indicated by *
P < 0.0001. This experiment was repeated three times. Group information: (1) PBS: mice treated with PBS orally; (2) P.
mice treated with MrpA deleted P. mirabilis orally; (4) P.m
mice treated with UreC deleted P. mirabilis orally.

wild type of P. mirabilis orally; (3) P.m*™PA;

P. mirabilis orally. (5) P.m*U™;

were significantly protected from P. mirabilis-induced
deficits in motor functions in the open-field test
(locomotive track length (mean + SEM, pixels): Sham-
Vehicle group = 26447.00 + 885.70, Sham-P. mirabilis

group = 21003.00 =+ 179.20, VGX-Vehicle
group = 26758.00 =+ 817.70, VGX-P. mirabilis
group = 24665.00 + 807.80; F (3, 28) = 13.07,
P < 0.0001, one-way ANOVA measures; P value

compared to Sham-Vehicle group: Sham-P. mirabilis,
P < 0.0001, Dunnett’s posthoc test; P value compared
to Sham-P. mirabilis group: VGX-P. mirabilis,
P = 0.0039, Dunnett’s posthoc test) and the rotarod
test (latency time on rod (mean + SEM, sec): Sham-
Vehicle group = 72.00 + 14.35, Sham-P. mirabilis
group 26.00 + 561, VGX-Vehicle
group 63.11 =+ 11.16, VGX-P. mirabilis
group = 64.25 + 8.68; F (3, 28) = 3.886, P = 0.0193,
one-way ANOVA measures; P value compared to
Sham-Vehicle group: Sham-P. mirabilis, P = 0.0116,
Dunnett’s posthoc test; P value compared to Sham-
P. mirabilis group: VGX-P. mirabilis, P = 0.00397,
Dunnett’s posthoc test). In addition, vagotomy did not
affect motor function in normal mice (P value
compared to Sham-Vehicle group in open-field test:
VGX-Vehicle, P = 0.9814; P value compared to Sham-
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P < 0.05, ** P < 0.01, *** P < 0.001 and ****
YT mice treated with

AHPMA. mice treated with HpmA deleted

Vehicle group in rotarod test: VGX-Vehicle,

= 0.8786, Dunnett’s posthoc test; Fig. 2b and c).
Histological alterations in the brain that were induced
by P. mirabilis were protected when vagotomies were
performed in the mice. We found that vagus gan-
glionectomy could protect against P. mirabilis-induced
dopaminergic neuronal cells (mean + SEM, cells/
mm?; Sham-Vehicle group = 3617.00 + 434.70, Sham-
P. mirabilis group = 2196.00 + 233.40, VGX-Vehicle
group 3189.00 =+ 287.00, VGX-P. mirabilis
group = 3048.00 + 324.2; F (3, 28) = 3.160, P = 0.0422,
one-way ANOVA measures; P value compared to
Sham-Vehicle group: Sham-P. mirabilis, P = 0.0157;
VGX-Vehicle, P = 0.6778, Dunnett’s posthoc test; P
value compared to Sham-P. mirabilis group: VGX-
P. mirabilis, P = 0.0522, Dunnett’s posthoc test) and
fibres (mean + SEM, % of Sham-Vehicle group; Sham-

Vehicle group = 100.00 + 5.20, Sham-P. mirabilis
group = 76.44 + 2.40, VGX-Vehicle
group = 101.70 =+ 6.52, VGX-P. mirabilis

group = 94.67 + 5.13; F (3, 28) = 5.274, P = 0.0052,
one-way ANOVA measures; P value compared to
Sham-Vehicle group: Sham-P. mirabilis, P = 0.0072;
VGX-Vehicle, P = 0.9901, Dunnett’s posthoc test; P
value compared to Sham-P. mirabilis group: VGX-
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Fig. 4: Haemolysin A-mutated P. mirabilis does not induce the aggregation of a-syn in the mouse brain. (a and b) Analysis of aggregated
a-syn-positive signals (Red) in the mouse substantia nigra pars compacta (SNpc; 200 x magnification, scale bar = 100 pm; N = 8 per group).
White lines indicate the region of the SNpc that include TH signals with Green. (c-e) Proteinase K-resistant a-syn-positive optical density in the
mouse striatum or SNpc (100 x magnification, scale bar = 100 pm; N = 8 per group). Data are presented as mean with error bars, SEM.
Statistical analyses were performed by one-way ANOVA with Dunnett’s multiple comparison test. Statistical significances were indicated by *
P <0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. This experiment was repeated three times. Group information: (1) PBS: mice treated

with PBS orally; (2) P.m"™:
p. mAHpmA

P. mirabilis, P = 0.0425, Dunnett’s posthoc test)
degeneration at a normal level (Fig. 2d—f). The a-syn
aggregation in the mouse SNpc was increased more
than 3-fold by P. mirabilis. Increased a-syn was
reduced by 40% in the vagus nerve resected mouse

SNpc (mean =+ SEM, cellsymm? Sham-Vehicle
group = 96840 =+ 155.90, Sham-P. mirabilis
group = 3032.00 =+ 723.60, VGX-Vehicle
group = 1143.00 =+ 70.81, VGX-P. mirabilis

group = 1873.00 + 327.2; F (3, 28) = 4.069, P = 0.0267,
one-way ANOVA measures; P value compared to
Sham-Vehicle group: Sham-P. mirabilis, P = 0.0175;
VGX-Vehicle, P = 0.9903, Dunnett’s posthoc test; P
value compared to Sham-P. mirabilis group: VGX-
P. mirabilis, P = 0.2756, Dunnett’s posthoc test; Fig. 2g
and h). Collectively, these findings confirmed that the
pathology of P. mirabilis-induced brain degeneration
may be mediated by the vagus pathway.

P. mirabilis-induced PD like motor impairment and
brain neuronal death are related to haemolysin A,
HpmA

To elucidate the key factors in the P. mirabilis-induced
pathophysiology of PD, gene-mutant P. mirabilis was
used for further study. Several virulence factors derived
from P. mirabilis, such as fimbria (MrpA), haemolysin

mice treated with wild type of P. mirabilis orally; (3) P.m

mice treated with HpmA deleted P. mirabilis orally. (5) P.m*V"

AmPA mice treated with MrpA deleted P. mirabilis orally; (4)

: mice treated with UreC deleted P. mirabilis orally.

A (HpmaA), and urease (UreC) are essential elements of
intestinal disruption, inflammation, and Crohn’s.'**
To investigate whether gene-depleted P. mirabilis
(AMrpA, AHpmA, or AUreC) could induce bacterial-
induced PD phenotypes, mice were gavaged with
these factors (Fig. 3a). Surprisingly, the mice that were
treated with HpmA-deleted P. mirabilis showed similar
motor functions as normal mice (locomotive track

length  (mean +  SEM,  pixels):  Normal
group = 23652.00 =+ 1632.00, P. mirabilis™"
group = 19002.00 =+ 179.20, P. mirabilis®™™*
group = 20604.00 =+ 889.00, P. mirabilis®"P™A
group 26787.00 + 937.70, P. mirabilis*V"C
group = 19947.00 + 1183.00; F (4, 35) = 8.132,
P < 0.0001, one-way ANOVA measures; P value

compared to Normal group: P. mirabilis™*, P = 0.0203,
P. mirabilis®"P™A P = 0.1684, Dunnett’s posthoc test.

Latency time on rod (mean + SEM, sec): Normal
group = 139.50 =+ 24.14, P. mirabilis¥"
group = 7788 = 16.82, P. mirabilis®™MPA
group = 57.88 =+ 14.73, P. mirabilis®"P™
group = 11440 =+ 16.24, P. mirabilis®Y™C

group =49.88 + 9.46; F (4, 35) = 6.573, P = 0.0005, one-
way ANOVA measures; P value compared to Normal
group: P. mirabilis™", P = 0.0074, P. mirabilis*"P™4,
P = 0.7048; Dunnett’s posthoc test), whereas mice that
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Fig. 5: Haemolysin A-mutated P. mirabilis does not induce the a-syn aggregation in the mouse colon. (a and b) Representative analysis of
dot blot for the expression of aggregated a-syn in the mouse colon (left). The ratio of each dot density to that of -actin was calculated and the
relative expression levels were normalised by the normal group (Right, N = 8 per group). (c) Representative Western blot analysis for the
expression of a-syn in the mouse colon (N = 8 per group). Proteins were fractionated by 10% Triton X-100 contained PBS. Soluble fraction was
used for monomeric a-syn (upper) and the insoluble fraction was used for aggregated a-syn (bottom). (d and e) The ratio of each band density
to that of B-actin was calculated and the relative expression levels were normalised by the normal group. (d) Expression of Triton X-100-soluble
a-syn in the mouse colon (N = 8 per group). (e) Expression of Triton X-100-soluble a-syn in the mouse colon. Data are presented as mean with
error bars, SEM. Statistical analyses were performed by one-way ANOVA with Dunnett's multiple comparison test. Statistical significances were
indicated by * P < 0.05, *** P < 0.001 and **** P < 0.0001. This experiment was repeated three times. Group information: (1) PBS: mice treated
with PBS orally; (2) P.m"": mice treated with wild type of P. mirabilis orally; (3) P.m*™P": mice treated with MrpA deleted P. mirabilis orally; (4)

P.mAHP™A: mice treated with HpmA deleted P. mirabilis orally. (5) P.m*Y"": mice treated with UreC deleted P. mirabilis orally.

were treated with other gene-deleted P. mirabilis man-
ifested motor dysfunctions similar to those that were
treated with wild-type. In the open-field test, moving
distance was reduced to approximately 80% in the mice
that were treated with mutated P. mirabilis, except for
those that were administered HpmA-deleted
P. mirabilis (P value compared to P. mirabilis®"P™"
group: P. mirabilis¥T, P = 0.0002; P. mirabilis®™*PA
P = 0.0035; P. mirabilis*"™¢, P = 0.0011, Dunnett’s
posthoc test). In addition, mice that were administered
strains other than HpmA-mutated P. mirabilis showed
reduced exercise capacity by half compared to normal
mice in the rotarod test (P value compared to
P. mirabilis®TPmA group: P. mirabilis¥T, P = 0.0854;
P. mirabilis®™PA, P = 0.0278; P. mirabilis®"™,
P = 0.0174, Dunnett’s posthoc test; Fig. 3b and c).
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In the mouse brain, TH-positive signals decreased
with intestinal inoculation of P. mirabilis including
P. mirabilis®™™P* and P. mirabilis®"™C. The striatal
dopaminergic fibres were decreased by P. mirabilis-
treated mice excluding P. mirabilis®"P™ (mean + SEM,
% of Normal group; Normal group = 100.00 + 1.79,
P. mirabilis¥" group = 75.97 + 5.05, P. mirabilis*™™*
group = 83.08 =+ 058 P. mirabilis®PmA
group = 93.09 =+ 287, P. mirabilis®"¢
group = 80.40 + 2.99; F (4, 35) = 9.981, P = 0.0002, one-
way ANOVA measures; P value compared to Normal
group: P. mirabilis™¥*, P = 0.0002, P. mirabilis®"'P™4,
P = 0.3294, Dunnett’s posthoc test). We also found that
the dopaminergic neuronal cells in the SNpc were
degenerated by P. mirabilis-treated mice, excluding
those treated with P. mirabilis®™P™* (mean + SEM,
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between single treatment and co-incubated treatment (N = 3). (c-e) Th-T assay for -sheet aggregation using (c) HpmA, (d and e) a-syn and
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performed by two-tailed t-test. Statistical significances were indicated by * P < 0.05 and ** P < 0.01. This experiment was repeated twice.
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Fig. 7: Haemolysin A exacerbates intestinal synucleinopathy by autophagic disruption. Representative Western blot analysis for the
expression of a-syn in STC-1 cells. Proteins were fractionated by 10% Triton X-100 contained PBS. The soluble fraction was used for monomeric
a-syn and the insoluble fraction was used for aggregated a-syn. The ratio of each band density to that of p-actin was calculated and the relative
expression levels were normalised by the normal group. (a) Expression of Triton X-100-soluble a-syn in haemolysin A (HpmA)-treated STC-
1 cells (N = 4 per group). (b) Expression of Triton X-100-soluble a-syn in HpmA-treated STC-1 cells (N = 4 per group). (c) Representative analysis
of immunofluorescence for the expression of LC3 (Green) and phosphorylated a-syn (Red) in HpmA-treated STC-1 cells (N = 4 x per group,
1200 x magnification, scale bar = 50 pm). (d) Analysis of bax, bcl2, and cytochrome C in HpmA-treated STC-1 cells by Western blot (N = 4 per
group). (e) Expression of Triton X-100-soluble a-syn in HpmA or/and Rapamycin (RAPA)-treated STC-1 cells (N = 4 per group). (f) Expression of
Triton X-100-soluble a-syn in HpmA or/and RAPA-treated STC-1 cells (N = 4 per group). (g) Analysis of phosphorylated mTOR in HpmA or/and
RAPA-treated STC-1 cells by Western blot (N = 4). (h) Analysis of Beclin1, LC3B in HpmA or/and RAPA-treated STC-1 cells by Western blot
(N = 4 per group). The ratio of each band density to that of -actin was calculated and the relative expression levels were normalised by the
normal group. Data are presented as mean with error bars, SEM. Statistical analyses were performed by one-way ANOVA with Dunnett’s
multiple comparison test. Statistical significances were indicated by * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. This experiment
was repeated twice.
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cellsymm? Normal group = 4735.00 + 362.90,
P. mirabilis™ " group = 2921.00 + 72.60, P. mirabilis*™™*
group = 372400 + 179.90, P. mirabilis®P™A
group = 4060.00 =+ 27640, P. mirabilis®"™¢
group = 3134.00 + 221.60; F (4, 35) = 8.599, P = 0.0001,
one-way ANOVA measures; P value compared to
Normal group: P. mirabilis¥", P < 0.0001,
P. mirabilis*™P™A, P = 0.5561, Dunnett’s posthoc test).
In contrast, there was no change in TH-positive signals
in either the ST or SNpc of P. mirabilis®"'P™*-treated
mice compared to those of normal mice (P value
compared to TH-positive signals in P. mirabilis“*"P™*
group mouse ST: P. mirabilis™', P = 0.0079;
P. mirabilis®™M®PA P 0.1009; P. mirabilis®VrC,
P = 0.0203, Dunnett’s posthoc test. P value compared to
TH-positive cells in P. mirabilis®"™* group mouse
SNpc: P. mirabilis™™, P < 0.0001; P. mirabilis®™™*,
P = 0.0575; P. mirabilis®""®, P = 0.0012, Dunnett’s
posthoc test; Fig. 3d-f). Neuroinflammation is another
major pathological characteristic of P. mirabilis. As
shown in Fig. 3g and h, P. mirabilis increased microglial
expression to 222% in the mouse SNpc compared to the

normal group (mean + SEM, cells/mm?® Normal
group = 1117.00 =+ 190.10, P. mirabilis™"
group = 2481.00 + 233.40, P. mirabilis"™M®PA
group = 1807.00 =+ 24050, P. mirabilis"'PmA
group = 1157.00 =+ 173.90, P. mirabilis®"™¢

group = 2028.00 + 134.90; F (4, 35) = 8.380, P = 0.0002,
one-way ANOVA measures; P value compared to
Normal group: P. mirabilis¥', P = 0.0003,
P. mirabilis®"P™A P = 0.9997, Dunnett’s posthoc test);
otherwise, it was significantly suppressed by normal
levels when treated with P. mirabilis®™P™* (P value
compared to P. mirabilis®"™™* group: P. mirabilis¥",
P = 00006, P. mirabilis®*"*, P = 0.0952;
P. mirabilis*V™C, P = 0.0140, Dunnett’s posthoc test). In
addition, we analysed microglial morphology in the SN
to confirm microglial activation. Activated microglia
were observed in mice administered with other strains,
except for mice administered with HpmA-mutated
P. mirabilis (Supplementary Fig. S2).

HpmA in P. mirabilis induces a-syn aggregation in
both the mouse brain and intestine

We examined the aggregation of a-syn in the mouse SNpc
using immunofluorescence. Except for the mice admin-
istered with P. mirabilis*™™P™4, deletion of MrpA and UreC
did not inhibit P. mirabilisinduced o-syn aggregation.
a-syn aggregation in the brain was increased by more than
300% compared to that of normal mice (mean + SEM,
cells/mm?®; Normal group = 802.10 + 91.46, P. mirabilis" -

group = 311400 =+ 28380, P. mirabilis®MPA
group 248200 + 277.00, P. mirabilis®"P™A
group = 81490 =+ 121.10, P. mirabilis*V*¢

group = 2400.00 + 470.40; F (4, 35) = 9.497, P = 0.0005,
one-way ANOVA measures; P values compared with
Normal group: P. mirabilis¥Y, P = 0.0009,
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P. mirabilis® "™, P > 0.9999, Dunnett’s posthoc test. P
value compared to P. mirabilis®™*P™* group: P. mirabilis™'",
P = 0.0009; P. mirabilis*™"™*, P = 0.0069; P. mirabilis*""C,
P = 0.0167, Dunnett’s posthoc test; Fig. 4a and b). Like-
wise, the expression of proteinase K-resistant a-syn in both
ST and SNpc showed a tendency similar to that of
immunofluorescence. In the ST, except for
P. mirabilis®™P™* (mean + SEM, % of Normal group;
98.04 + 14.37%), P. mirabilis™", P. mirabilis*"** and
P. mirabilis®"™C increased proteinase K-resistant a-syn
optical density by 172.60 + 7.09, 182.10 + 15.61, and
212.40 + 6.41, respectively (F (4, 35) = 19.58, P < 0.0001,
one-way ANOVA measures; P value compared to Normal
group: P. mirabilis™, P = 0.0005, P. mirabilis®"P™4,
P = 0.9998, Dunnett’s posthoc test. P value compared to
P. mirabilis® "™ group: P. mirabilis¥', P = 0.0004;
P. mirabilis®™™*, P < 0.0001; P. mirabilis® "™, P < 0.0001,
Dunnett’s posthoc test; Fig. 4a and b). In the SN, the op-
tical density of proteinase K-resistant a-syn was upregu-
lated by P. mirabilis¥', P. mirabilis"™P*  and
P. mirabilis®""*® to 122.20 + 6.09, 117.70 + 4.66 and
125.60 + 3.01%, respectively, compared to the normal.
(P. mirabilis®"P™* group = 104.00 + 5.26% of Normal
group; F (4, 35) = 5.520, P = 0.0012, one-way ANOVA
measures; P value compared to Normal group:
P. mirabilis™", P = 0.0053, P. mirabilis*"""™*, P = 0.9437,
Dunnett's posthoc test. P values compared to
P. mirabilis® "™ group: P. mirabilis™', P = 0.0383;
P. mirabilis®™™*, P = 0.1555; P. mirabilis® """, P = 0.0165,
Dunnett’s posthoc test; Fig. 4c—e). To understand the ef-
fects of HpmA, additional assessments were performed
using the mice that were gavaged with HpmA-expressing
E. coli (E. coli™™A*/*; Supplementary Fig. S3a). Motor
function and brain dopaminergic neurones, microglia, or
a-syn inclusions were partially deteriorated by the admin-
istration of E. coliP™*/* (Supplementary Fig. S3b-i).

To estimate P. mirabilis-derived major factors that affect
intestinal o-syn aggregation, we performed dot blot ana-
lyses to evaluate the expression of a-syn aggregates in the
mouse colon. P. mirabilis-treated mice showed a significant
147% increase in colonic a-syn aggregation compared with
that of normal mice (mean + SEM, a-syn/f-actin intensity:
normal = 06179 + 00281, P. mirabilis" "
group = 0.9856 + 0.0428; F (4, 35) = 4.603, P = 0.0080, one-
way ANOVA measures). These effects were maintained in
the colon of mouse that were gavaged with
P. mirabilis®™P* and P. mirabilis"U™C (mean + SEM,
a-syn/B-actin intensity: P. mirabilis®™™P* = 0.9190 + 0.0814,
P. mirabilis®V™C group = 0.8948 + 0.1577), with the
exception of P. mirabilis®™P™*  (o-syn  intensity:
0.5620 + 0.0961; P values compared to Normal group:
P. mirabilis"'", P = 0.0251, P. mirabilis*"P™4, P = 0.9761,
Dunnett's posthoc test. P values compared to
P. mirabilis®HPmA group: P. mirabilis¥T, P = 0.0123;
P. mirabilis®™"™®, P = 0.0381; P. mirabilis* ", P = 0.565,
Dunnett’s posthoc test; Fig. 5a and b). Furthermore, we
confirmed these results by fractionating the solubility of
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a-syn by Triton-X100. There were no significant differ-
ences of a-syn expression in triton-X100 soluble fraction
between P. mirabilis mutant types-treated mice (F (4,
35) =2.753, P = 0.07, one-way ANOVA measures). On the
other hand, intestinal insoluble a-syn expressions were
significantly increased by P. mirabilis™ ", P. mirabilis*™™P4,

and P. mirabilis"V™C, but not by P. mirabilis®"P™4
(mean =+ SEM, % of Normal group; Normal
group = 10000 + 606, P.  mirabilis¥"
group = 13730 + 465, P.  mirabilis"MPA
group = 15060 =+ 411, P.  mirabilis®"P™A
group 11510 =+ 418, P.  mirabilis®V™¢

group = 135.60 + 3.87% of normal group; F (4, 35) = 18.59,
P < 0.0001, one-way ANOVA measures; P value compared
to Normal group: P. mirabilis¥', P = 0.0002,
P. mirabilis®'P™, P = 0.1092, Dunnett’s posthoc test. P
value compared to P. mirabilis*™ "™ group: P. mirabilis™ ",
P = 0.0141; P. mirabilis®™"™*, P = 0.0003; P. mirabilis*""*C,
P = 0.0235, Dunnett’s posthoc test; Fig. 5c—e). We found
that the aggregation of a-syn in enteroendocrine cells was
induced by a P. mirabilis-sonicated supernatant solution
(Supplementary Fig. S4a) as well as by mutated
P. mirabilis, excluding HpmA, in vitro (Supplementary
Fig. S4D), supporting the idea that the secreted virulence
factor had more effects on PD pathology than those with
attached bacterial walls.

HpmA oligomerises itself and induces pore
formation in the plasma membrane and
aggregation of a-syn

Oligomerisation of a-syn with a ring-like appearance is
known to be toxic. Proteins contained in the haemolysin
class (e.g. a-haemolysin from S. aureus) are known as
bacterial virulence factors that can arrange into a lipid-
soluble toxin with a transmembrane barrel; however,
the molecular mechanisms of HpmA derived from
P. mirabilis have not been elucidated. Before deducing
the possible mechanisms underlying the effects of
HpmA on PD pathology, we performed a leakage assay
to evaluate whether HpmA could insert pores into the
plasma membrane. As shown in Fig. 6a, HpmA
significantly increased membrane permeability in a
dose-dependent manner (EDso = 1.4205 pM). Moreover,
All immunoreactivity was observed to determine
whether HpmA oligomerized, resulting in pore forma-
tion. After incubation with HpmA for aggregation, the
A1l antibody recognised HpmA pores in a dose-
dependent manner (Supplementary Fig.S5a). More-
over, to examine the amyloidogenic nature of HpmA
aggregation, we measured time-dependent changes to
the extent of f-sheet aggregation using the Th-T fluo-
rescence assay. The fluorescence intensity increased
with HpmA during incubation (Fig. 6c).

Our next step was to determine if the oligomerisa-
tion of HpmA could induce the aggregation of a-syn.
Pore formation significantly increased in the plasma
membrane when HpmA co-incubated with a-syn by

more than 2-fold compared to each single treatment
(Calcein  release: o-syn = 3446 = 1.52,
HpmA = 26.42 + 1.14, a-syn + HpmA = 79.05 + 3.67%
of 0.1% tritonX-100; P value compared to a-syn + HpmA
group: a-syn, P = 0.0026; HpmA, P = 0.0016; two-tailed
unpaired t-test; Fig. 6a and b, Supplementary Fig.S6).
Western blotting showed that, HpmA and a-syn
monomer did not react with each other’s antibodies.
Surprisingly, immunoreactivity with the anti-A11 anti-
body increased in the co-incubated condition compared
to that in the monomeric condition (Supplementary
Fig. S5b). Th-T fluorescent signals significantly
increased with co-incubation with each other rather than
the single condition (mean + SEM, % of a-syn 50 pM
fluorescence intensity: HpmA 5 pM = 91.75 = 1.32,
HpmA 50 pM = 15380 =+ 4.62, o-syn
50 pM = 100.00 0.33, a-syn 50 pM + HpmA
5 pM = 119.50 858, a-syn 50 pM + HpmA
5 pM = 119.50 = 8.58; P value compared to a-syn
50 pM + HpmA 5 pM group: HpmA 50 pM, P = 0.0300;
a-syn 50 uM, P = 0.0102; two-tailed unpaired t-test;
Fig. 6d and e). These results indicated the possible ef-
fects of HpmA on aggregation during oligomerisation.

+
+

HpmA exacerbates intestinal synucleinopathy by
autophagic disruption

Membrane pore formation induces an increase in
intracellular calcium influx, resulting in oligomerisation
and neuronal cell death. To estimate the biological
changes induced by HpmA, especially in enteric neu-
rones, STC-1, an enteric neurone-like cell line, was used
in subsequent studies.”* When HpmA was treated in
intestinal cells, a-syn was significantly aggregated into
oligomers and a soluble-phosphorylated form in a dose-
dependent manner and expressions were increased up
to 324% compared to those of the normal (Monomeric
a-syn: F (4, 15) = 1.261, P = 0.3284, one-way ANOVA
measures. Aggregated a-syn (mean = SEM, % of
Control group): Control = 100.00 =+ 10.66,
HpmA 001 pM = 136,50 =+ 11.20, HpmA
0.1 pM =165.00 +12.79, HpmA 1 pM = 178.10 + 19.98,
HpmA 10 pM = 324.90 + 49.43, F (4, 15) = 11.370,
P = 0.0002, one-way ANOVA measures; P value
compared to the control group: HpmA 0.01 pM,
P = 0.2131; HpmA 0.1 pM, P = 0.0182; HpmA 1 pM,
P = 0.0056; HpmA 10 pM, P < 0.0001; Dunnett’s post-
hoc test; Fig. 7a—). We found that phosphor-a-syn
increased by HpmA with the increase of nucleus LC3B
(Fig. 7c). The accumulation of a-syn results in cell
disruption, such as mitochondrial dysfunction. When
treated with HpmA in the enteroendocrine cells, the
ratio of Bax to Bcl 2 and the protein expression of cyto-
chrome C significantly increased up to 1.47-fold and
11.72-fold compared to the control (Ratio of Bax to Bcl2
(mean =+ SEM, % of Control group): HpmA
0.01 pM = 147.10 £ 0.59, HpmA 0.1 pM = 143.40 + 1.45,
HpmA 1 pM = 14350 =+ 0.18, HpmA
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10 pM = 138.40 + 13.30; Cytochrome C (mean + SEM, %
of Control group): HpmA 0.01 pM = 942.00 + 5.83,
HpmA 01 pM = 091840 =+ 20.16, HpmA
1pM =1172.00 + 118.20, HpmA 10 pM = 894.90 + 57.96;
Ratio of Bax to Bcl2 (mean + SEM, % of Control group): F
(4, 15) =5.224, P = 0.0099, one-way ANOVA measures; P
value compared to the control group: HpmA 0.01 uM,
P = 0.0030; HpmA 0.1 pM, P = 0.0056; HpmA 1 pM,
P = 0.0055; HpmA 10 pM, P = 0.0127; Cytochrome C: F
(4, 15) = 24.11, P < 0.0001, one-way ANOVA measures; P
value compared to the control group: HpmA 0.01 pM,
P < 0.0001; HpmA 0.1 pM, P < 0.0001; HpmA 1 pM,
P <0.0001; HpmA 10 pM, P < 0.0001; Dunnett’s posthoc
test); however, a dose-dependent increase was not been
observed (Fig. 7d).

It was inferred that HpmA treatment induced a-syn
aggregation by LC3B and mitochondrial dysfunction. To
investigate this specific mechanism, we attempted to
confirm changes in the expression of autophagy-related
factors at the RNA level in HpmA-treated STC-1 cells.
As a result, it was confirmed that the expression level of
Atg proteins involved in mTOR-mediated signalling was
significantly decreased (Supplementary Fig. S7). Based
on this, we expected that HpmA would stimulate
mTOR-mediated signalling in biological intestinal
samples. The results showed that phosphorylation of
mTOR was significantly increased by HpmA at a con-
centration of 10 pM (mean + SEM, % of Control group;
182.10 + 10.05%; F (4, 15) = 58.99, P < 0.0001; one-way
ANOVA measures; P value compared to the control
group, P < 0.0001; Dunnett’s posthoc test; Fig. 7g). At
the same time, the expression levels of Beclinl and
LC3B2 were also significantly decreased by HpmA
treatment (Beclinl (mean + SEM, % of Control group):
66.48 + 0.82; F (4, 15) = 4.386, P = 0.0292; one-way
ANOVA measures; P value compared to the control
group, P = 0.0155; Dunnett's posthoc test; LC3B2
(mean = SEM, % of Control group): 67.43 = 1.57; F (4,
15) = 10.80, P = 0.0013; one-way ANOVA measures; P
value compared to the control group, P = 0.0391; Dun-
nett’s posthoc test; Fig. 7h). Furthermore, we used the
rapamycin (RAPA), an mTOR inhibitor, to investigate
whether the mechanism of action of HpmA was related
to mTOR signallings. We found that alterations induced
by HpmA could be significantly recovered by RAPA
to the normal levels (phosphor-mTOR (mean + SEM, %
of Control group): RAPA = 4821 =+ 5.8,
RAPA + HpmA = 55.77 = 3.85; P value compared to the
HpmA group: RAPA + HpmA, P < 0.0001; Dunnett’s
posthoc test; Beclinl (mean + SEM, % of Control group):
RAPA =79.41 + 0.66, RAPA + HpmA = 92.60 + 5.80; P
value compared to the HpmA group: RAPA + HpmaA,
P = 0.0794; Dunnett’s posthoc test; LC3B2 (mean + SEM,
% of Control group): RAPA = 120.00 = 14.78,
RAPA + HpmA = 129.5 + 2.03; P value compared to the
HpmA group: RAPA + HpmA, P = 0.0010; Dunnett’s
posthoc test; Fig. 7g and h). These alterations resulted in
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the inhibition of a-syn aggregation in HpmA-treated
STC-1 cells (Aggregated o-syn (mean = SEM, % of
Control  group): HpmA = 147.60 =+ 1042,
RAPA =105.70 + 13.49, RAPA + HpmA = 87.27 + 14.51;
F (4, 15) = 4.219, P = 0.0168; one-way ANOVA measures;
P value compared to the control group: HpmaA,
P = 0.0307; Dunnett’s posthoc test; P value compared to
the HpmA group: RAPA + HpmA, P = 0.0116; Dunnett’s
posthoc test; Fig. 7f). Overall, these data suggest that
HpmA induced enteric neuronal degeneration with the
induction of o-syn aggregation, activation of mTOR-
mediated signalling, and mitochondrial dysfunction.

Discussion

Recent studies have reported that intestinal a-syn pa-
thology could be the part of the pathogenesis of the
brain degeneration, especially for PD. Accordingly, we
hypothesised that virulence factors derived from
P. mirabilis trigger intestinal a-syn aggregation, leading
to the propagation of a-syn and neurodegeneration in
PD. Here, we confirmed the pathogenic effects of
P. mirabilis and identified the specific P. mirabilis-
derived virulence factor, HpmA, as the pathogen
responsible for PD, which induces intestinal a-syn
aggregation.

While previous studies have reported that patholog-
ical changes in the intestine and brain are related to the
induction of neurodegeneration in P. mirabilis, this
study aimed to verify whether P. mirabilis-induced
neurodegeneration is caused by alterations in the in-
testine. We used vagotomised mice to prove that the
signal transmissions of changes in the intestine occur
through the vagus nerve. The results of this study
indicate that the vagus nerve is involved in P. mirabilis-
induced brain pathological alterations. However, addi-
tional investigation of other pathways is needed. In
particular, the blood-circulating system, including LPS
previously reported by our research team,'' various
immune mediators, pathological factors such as a-syn,
and microbiome-derived metabolites are involved in the
pathological mechanisms of brain degenerative diseases
including Parkinson’s disease and autism." In
particular, considering the symptoms that are seen in
patients with PD, such as the leaky gut phenomenon,
P. mirabilis-induced intestinal inflammation is expected
to play a major role in neurological pathology.”*** These
results confirmed the tendency for brain degeneration
in the E. coli wild type (Supplementary Fig. S2). How-
ever, this was shown as an indirect result to act on
motor impairment and dopaminergic neuronal death,
and recently, it has been reported that a-syn pathology
through the vagus nerve is closely related to the
expression of PD-like phenotypes based on the gut-brain
axis. Additional pathological factors were also expected
to be present. In this study, we identified HpmA as a
factor that can affect neurodegeneration, in addition to
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LPS. When comparing the expression of factors related
to LPS biosynthesis in the mutated P. mirabilis that was
used in this study, it was confirmed that there was no
difference in expression between mutated P. mirabilis
(Supplementary Fig. S8). This suggests that other fac-
tors, such as HpmA, may play a role in the action of
LPS, as seen in previous studies.

Antibiotic treatment ameliorated brain neuro-
degeneration that was induced by P. mirabilis. This
suggests that P. mirabilis-induced neurodegeneration is
achieved by the inoculation of P. mirabilis into the in-
testine. Since the antibiotics used in this study targeted
gram-negative bacteria and did not eliminate only
P. mirabilis, the possibility that they acted against strains
altered by P. mirabilis cannot be ruled out. We measured
the abundance of P. mirabilis according to antibiotic
treatment and confirmed that antibiotics significantly
decreased the abundance of P. mirabilis in mouse faeces
(Supplementary Fig. S9). Based on this study, future
research should be conducted with additional consid-
eration of changes in the strain population in the mouse
intestine and the relationship between the altered strain
and neurodegeneration. However, considering that
antibiotic did not induce behavioural and histological
changes in normal mice,” it can be inferred that they
appeared through the effect on strains in the intestine,
not the direct effect of antibiotic drugs on the brain.

Haemolysins lyse of red blood cells by disrupting the
cell membranes. Most haemolysins are pore-forming
toxins that induce blood cell lysis by producing pores
in the cytoplasmic membrane. They are secreted by
several bacteria including, such as Staphylococcus aureus,
Escherichia coli, Vibrio parahemolyticus, and Proteus
spp.”* HpmA, a haemolysin A, forms pores with a
right-handed parallel helix with three adjoining seg-
ments of anti-parallel sheet by cooperative, f-strand in-
teractions between HpmA265 (truncated form of
HpmA) and full-length HpmA.* Unlike other haemo-
lytic proteins, HpmA is secreted via a two-partner
secretion pathway consisting of a passenger protein
and its cognate transporter. In the case of HpmaA,
HpmB, the transporter of HpmA, is an essential
component of its secretion, as verified with other types
of haemolysins.”>*'" Althogh most strains of P. mirabilis
secrete HpmA, there are few bacteria which secrete
HpmaA, such as part of E.coli or Proteus species.* In this
case, we compared the effects of microbiota from the
genus Proteus (Supplementary Table S2) which secretes
HpmA, on the phenotypes of PD. As shown in
Supplementary Fig. S1, we found that only P. mirabilis,
secreting HpmA, induced dopaminergic neuro-
degeneration, a-syn aggregation, neuroinflammation,
and motor impairment, though we only compared part
of the Proteus genus. To establish such an indication,
additional grounds for the secretion of HpmA by the
evaluated Proteus strains must be presented, and addi-
tional related studies are needed.

We investigated the pathological mechanisms of
HpmA on PD. Based on the concept of a-syn propaga-
tion from the gut to the brain, we focused on the in-
teractions between HpmA and a-syn in the intestine.
Recently, it was revealed that the structure of the pores
of a-haemolysin works with a mechanism similar to that
of amyloid proteins in membrane permeabilisation, as
the hairpins in the barrel interact with the cytoplasmic
membranes in a similar manner, owing to their struc-
tural and stoichiometric heterogeneity.**** In this study,
we demonstrated the interaction of HpmA with a-syn in
lipid membranes and their oligomerization, which dis-
played strong reactivity to the oligomer-specific antibody
A11 when both were incubated. Furthermore, it is an
important result that HpmA can react with a-syn as
oligomerisation and increase pore formation in cyto-
plasmic membrane, since the main pathological mech-
anism of oligomeric a-syn has been known as an
interaction with the membrane to form pores, leading to
cellular calcium dysregulation by an increase in intra-
cellular calcium levels, and in turn, the accumulation of
misfolded a-syn and cell death.*>*

This progression usually occurs in neuronal cells
with the disruption of autophagosomes by the activation
of mTOR-mediated signalling. Autophagosomes are
essential for protein clearance. Various factors are
involved in its production, and autophagy proceeds
through the release of Beclinl induced by Bcl2,
including Atg proteins and the ULK complex.” This
induces the release of LC3 into the cytosol, which is
involved in protein degeneration. The mTOR is a
representative regulator of autophagy. In particular,
when mTOR phosphorylation is induced, factors that
form the autophagosome are suppressed, and protein
accumulation is promoted.*® In addition, it is known
that autophagy is inhibited through mTOR phosphory-
lation by the activation of TLR2 receptors, which are
microbial virulence factor receptors, including o-syn.”
These results provide evidence to support the induc-
tion of a-syn aggregation through the activation of
mTOR-mediated signals of P. mirabilis-derived HpmA
identified in this study. mTOR activated by HpmA was
effectively inhibited by rapamycin, and finally, it was
confirmed that a-syn aggregation was diminished. Thus,
it was deduced that HpmA-induced pathological phe-
nomena are caused by mTOR-mediated signals and
various mechanisms of action, such that calcium influx
and TLR2 receptor activation are expected to be possible.
However, additional studies should be conducted to
clearly identify these mechanisms. This study revealed
that a-syn interacts with membranes to affect calcium
signalling in a structure-specific manner and that olig-
omeric sheet-rich a-syn species ultimately lead to ENS
degeneration Dby inhibiting autophagy. Thus, we
demonstrated that the induction of pore formation in
the plasma membrane accelerates intestinal a-syn ag-
gregation by the function of HpmA in ENS-like
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intestinal cells, leading to the deterioration of neurode-
generative diseases. Although part of the mechanism of
action of HpmaA in the intestine was identified in this
study, to confirm whether the actual induction of a-syn
aggregation in the intestinal cells was due to an increase
in a-syn expression levels or an increase in aggregation
itself, it should be verified using a SNCA-KO mouse. In
addition, this study was based on the premise that
HpmA promotes the aggregation of a-syn in the enteric
nerve and interacts with it. Although there are neuropod
cells that are known to be actually connected to the
vagus nerve,” direct evidence on how HpmA commu-
nicates with and affects the vagus nerve must be iden-
tified through future research.

The P. mirabilis-induced mouse model that was used
in this study is an animal model of strain-induced brain
disease that is effective for explaining the gut-brain axis.
The model reflects the gut-brain pathological changes
that are observed in patients with degenerative brain
diseases caused by intervening strains. However, some
limitations need to be addressed. First, it is necessary to
clarify whether the pathological changes caused by
P. mirabilis are actually caused by P. mirabilis or by a
chain reaction. In this study, we confirmed the mecha-
nism of neurodegeneration by HpmA; however, HpmA
is a factor included in strains other than P. mirabilis, and
based on previous studies, LPS may also be a factor.
Given that these factors are not specific to P. mirabilis,
the possibility of changes in the colonisation of the
entire strain owing to the intervention of P. mirabilis
cannot be ruled out. Previous studies have confirmed
that degeneration in the nigrostriatal dopaminergic
neuronal pathway was prominent in brain neuro-
degeneration when P. mirabilis was administered.
Although this is similar to the characteristics of PD, it is
necessary to confirm whether it is related to the actual
characteristics of PD such as non-motor symptoms and
responsiveness to levodopa. In particular, additional
research will be needed, showing a-syn propagation
from the intestine to the brain in PD in this model by
stage. Brain diseases show complex pathological phe-
nomena that can occur according to genetic factors and
the accumulation of toxic substances, and a model for
this has also been established. Therefore, to study the
pathology of degenerative brain diseases, including PD,
various factors, including microbiota colonisation
should be considered.

The results in this study suggests the possibility of a
P. mirabilis strain that induces brain neurodegeneration
but has recently been reported as involved in conditions
such as Crohn’s disease as well as irritable and in-
flammatory bowel syndrome.*' In particular, since a
correlation between intestinal inflammation and brain
neuroinflammation has been reported,” these results
can be used as basic data for research on the patholog-
ical correlation between intestinal and brain diseases.
Moreover, as there have been no comparative studies on
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the distribution of P. mirabilis and the pathological
progression of P. mirabilis according to sex, additional
studies are required.

In summary, the proof-of-concept of this study sup-
ports the notion that microbiota and specific virulence
factors are closely involved in a-syn pathology and
neurodegeneration and that HpmA derived from
P. mirabilis mediates this interaction, at least in part.
Although further studies are required to confirm and
validate these findings, our study suggests that HpmA
from P. mirabilis is a possible pathogenic factor in
neurodegenerative diseases and provides scientific evi-
dence for the role of the gut-brain axis in brain neuro-
degeneration. These findings will serve as a basis for
studies investigating the pathological interactions be-
tween the gut microbiota, including P. mirabilis, and the
host.
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